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Editorial on the Research Topic 
Natural fractures in deep and unconventional reservoirs


As the global oil and gas demands continue to grow, deep and unconventional reservoirs have become the main areas for increasing reserves and improving production, and are increasingly valued by various countries and oil companies. However, deep and unconventional oil and gas reservoirs often have poor matrix physical properties, development of natural fractures, and strong heterogeneity. Natural fractures at different scales and types are the main storage space and important seepage channels of these tight reservoirs, which control the migration, accumulation, preservation, and single-well productivity of oil and gas, and affect fracture propagation mode and fracturing performance.
The study of natural fracture distribution is of great significance for guiding deep and unconventional oil and gas exploration (such as selection of high-quality reservoir, evaluation of the integrity of cap rock, evaluation of gas storage safety) and development (such as fracture propagation, drilling, and completion methods, etc.). In recent years, the development of deep and unconventional reservoir research has produced innovations in methods and technologies. Many advances have been made in the quantitative characterization and predictive modeling of fracture systems, which have improved our understanding of formation mechanisms and the dynamic evolution processes of natural fractures. A total of 28 manuscripts were received for this Research Topic, covering rock types such as shale, tight sandstone, carbonate, and bedrock.
Shale oil and gas reservoirs have been a research hotspot in recent years (Gale et al., 2014; Gong et al., 2021a; Salem et al., 2022). Natural fracture system plays a key role in the enrichment and high production of shale reservoirs (Zeng et al., 2016; Gong et al., 2021b). Zhang et al. analyzed micro-nano fractures and pore types at organic matter in shale rocks, and discussed their evolution behaviors controlling factors using X-ray diffraction, scanning electron microscopy, nitrogen adsorption and other experiments. Zhou et al. analyzed and discussed development characteristics and main controlling factors of fractures at Niutitang shale in northern Guizhou area, as well as impact of fractures on natural gas enrichment based on detailed fracture description. They pointed out that the strong tectonic movement developed throughgoing fractures and faults, destroying overpressure environment and losing shale gas. It was beneficial to shale gas enrichment in the positions where small-scale fractures were developed with no throughgoing fractures and faults.
The analysis of fracture effectiveness evolution and quantitative prediction of fracture distribution are critical to investigate fractures at deep and ultra-deep tight sandstone reservoirs (Ju et al., 2015; Gong et al., 2019; Zeng et al., 2022). Wang et al. firstly evaluated static parameters quantitatively based on the fluid production profiles, e.g., fracture density, opening and filling behaviors, and then established fracture effectiveness evaluation method for ultra-deep tight sandstone reservoirs from three aspects: fracture activity, fracture opening and fracture connectivity. Xu et al. used the volume-based structural framework modeling technology to construct a three-dimensional heterogeneous rock mechanics field, and predict fracture distribution in deep tight sandstone reservoirs with finite element numerical simulation method. They analyzed fracture effectiveness and stability in different directions through studying the current stress field. Liu et al. analyzed fracture distribution at deep tight sandstone reservoirs from different structure units, and evaluated fracture effectiveness. They pointed out that multi-stage tectonic movement led to fracture development at the study area, especially developing a large number of tensile fractures at the top of anticlines, which effectively improved reservoir seepage capacity and was the primary oil and gas channels.
Exploration activities in recent years have confirmed that fault-controlled paleokarst reservoir was an important type of fracture-vuggy carbonate reservoirs (Burberry and Peppers, 2017; Liu et al., 2021). Geng et al. systematically investigated deformation mechanism and internal structures of overthrust fault belts in carbonate rocks based on detailed outcrop data, discussed their impact on reservoir property. They believed that damage zones were “sweet spots” for oil and gas enrichment at carbonate rocks, which were distributed along faults with a strip pattern. Zhang et al., classified structures of fault-controlled paleokarst reservoir in Tahe Oilfield based on multi-scale data, and put forward a modeling framework called “constrained by structure classification, controlled by genesis, and modeling step by step”.
Paleostress inversion is an important approach to investigate crustal deformation history and dynamic mechanism. The paleostress determination is of great significance for restoring regional tectonic history, predicting fracture distribution, explaining fault nature, and clarifying control of fractures on fluid flow (Ju and Sun, 2016). Ping et al. proposed to use seismic interpretation data to invert the paleostress of Xicaogu structure belt at Shulu sag during subsidence periods based on sliding trend algorithm. This paper put forward a new stress inversion method based on seismic data, which is expected to become a new and independent stress evaluation method. It has universal practicability and popularization in oil and gas industry, and can provide a solid foundation for fracture prediction and oil and gas exploration and resource evaluation.
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Continental tight sandstone oil reservoirs have strong heterogeneity, and staged fracturing technology of horizontal well is a crucial measure for successful development of oil and gas. In this study, the fracturing effect of horizontal wells in tight oil reservoirs of Yanchang Formation in the western Ordos Basin was systematically studied using the rock mechanics, array acoustic and microseismic testing data and the staged fracturing technology. The hydraulic fracturing method was used to calculate the horizontal principal stress difference (σH-σh). It showed that as the buried depth increases, σH-σh tends to decrease first and then increase. Small-scale fracturing should be used for areas with smaller σH-σh values. Fracturing construction parameters have an impact on oil production capacity, which is mainly manifested in that the usage of prepad fluid, sand-carrying fluid and proppant is proportional to productivity. Excessive displacement and construction scale should not be used in the fracturing process, and the fracture height of the target layer should be strictly controlled within the range of 26 m. The analysis of the “rupture points” in the fracturing curves shows that wells with relatively obvious rupture points usually have a higher oil production capacity. These wells have a good fracturing effect and an effective fracture network was formed in the tight oil reservoir. The optimization simulation results of the horizontal well pattern form show that the seven-point combined well pattern is the best well pattern, which is suitable for the development of tight oil sandstone in the Yanchang Formation.
Keywords: Ordos Basin, Yanchang formation, tight oil, staged fracturing technology, hydraulic fracture, numerical analysis
INTRODUCTION
Continental tight sandstone reservoir is a “hot spot” field for increasing oil and gas reserves and production capacity in the future (Chitrala et al., 2013; Bhatti et al., 2020; Hong et al., 2020; Abouzar and Ghanbarian., 2021). Strongly heterogeneous continental tight sandstones have a complex geological structure with frequently interbeded sandstones and mudstones (Eyal et al., 2001; Hong et al., 2020; Abouzar and Ghanbarian., 2021). The change of stress during fracturing and the evolution of fracturing fractures are the most important research content for the staged fracturing of horizontal wells in tight sandstone oil reservoirs (Du and Aydin., 1993; Gurocak et al., 2012; Dong et al., 2020).
Generally, compared with vertical wells, horizontal wells can expose the reservoir to a greater extent and can ultimately increase the oil recovery rate of the entire reservoir significantly (Jaeger and Cook., 1976; Kang et al., 2010; Huang et al., 2019; Jiang et al., 2019; He et al., 2020). Staged horizontal well fracturing was first proposed in 1985, and subsequently achieved great success in Danish and Valhall oil fields (Fan, 2010; He et al., 2015; Li et al., 2020). Fractured horizontal wells will produce a series of fracture networks including transverse fractures, axial fractures and horizontal fractures. The effect of hydraulic fracturing of horizontal wells is controlled by the geostress state in the tight oil reservoir and the fracturing construction measures (Li and Zhang, 1997; Liu et al., 2015; Lommatzsch et al., 2015; Li et al., 2018; Luo et al., 2018).
The sedimentary evolution of the Yanchang Formation in the Ordos Basin was a complete sedimentary cycle record from the formation, development, and extinction of the continental lake basin (Zhang et al., 2017; Zhao et al., 2017; Luo et al., 2019). According to the sedimentary characteristics, the Yanchang Formation oil layers were divided into 10 oil sub-layers (or Members), and the target layers in this study are the Chang 6, Chang 7 and Chang 8 oil layer groups. In this paper, the fracturing effect of horizontal wells in tight oil reservoirs of the Yanchang Formation was systematically studied using the rock mechanics, array acoustic and microseismic testing data, and the staged fracturing technology. This study can provide a reference for improving the volume fracturing effect of tight sandstone oil reservoirs.
DATABASES AND METHODS
Geological Background
The study area is located in Block L in the west of the Ordos Basin. The overall structural morphology of this area is a western-leaning monoclinic which belongs to the western Ordos Basin, and the structural fluctuation per kilometer is less than 20 m. Some low-amplitude structures (or nose-like uplifts) are mainly locally developed with ranges between 1 and 10 km2. The target layer is a typical continental river sediment, and its sedimentary microfacies include distributary channels and bays between channels. The lithology of the target sandstone is mainly feldspar sandstone, and the percentage of feldspar is generally greater than 50%.
Intergranular pore is the pore type with the largest proportion in the target layer (Figure 1). For other types of pores, such as feldspar dissolution pores, intergranular dissolution pores, cement dissolution pores and microfractures, they also account for a certain proportion in the target layers (Figure 1). The intergranular pores in the target layer are absolutely dominant, and most of them have irregular triangular, quadrilateral or polygonal pore structures (Figures 1A,D). Porous cementation can occur inside the intergranular pores of the rock.
[image: Figure 1]FIGURE 1 | Microscopic images of tight sandstone samples collected from the target layer. Notes: (A) Well Y4, 1 731.46 m, intergranular pores, Chang 6 Member; (B) Well Y6, 1 839.71 m, lithic dissolution pores, Chang 6 Member; (C) Well Y6, 1 839.71 m, feldspar dissolution pores, Chang 6 Member; (D) Well F6, 1 857.87 m, intergranular pores, Chang 7 Member; (E) Well F6, 1 857.87 m, microfractures, Chang 7 Member; (F) Well DT4, 2 212.99 m, intergranular pores and feldspar dissolution pores, Chang 8 Member; (G) Well DT4, 2 213.00 m, lithic dissolution pores, Chang 8 Member; (H) Well DT4, 2 244.80 m, microfractures, Chang 8 Member.
The dissolution pores in the target layer in this area are mainly distributed in feldspar, cement and rock debris components (Figures 1B,C,F,G). Observations under the microscope showed that, the diameter of dissolution pores in the target layer is generally less than 10 μm. The size of dissolution pores is related to mineral and fluids components. In addition, the microfractures in the target layer (Figures 1E,H) improved the connectivity between the pores. The ranges of porosity and permeability of the target layer are distributed between 5 and 12% and 0.01–1.5 mD, respectively.
Rock Mechanics and Acoustics Experiments
The rock mechanics and acoustics experiments were completed by the rock physics testing system of the Beijing SGS Experimental Testing Center. There are 10 groups of rock mechanics test samples, and each group contains four samples. The samples are small cylinders with a diameter of 2.5 cm and a height of 5 cm. The applied confining pressures were 0, 10, 20 and 35 MPa respectively. Moreover, the acoustic experiment results include longitudinal and transverse wave velocities obtained under the confining pressure of 35 MPa. All samples were saturated with formation brine. The stress error of the rock physics testing system was less than 1%, and the systematic error of the displacement was less than 0.000 1 mm.
Full Wave Array Acoustic Wave Tests
The full wave array acoustic wave test was completed by the North China Branch of PetroChina Logging Co., Ltd. The full wave array acoustic logging can measure the full wave array information of the strata. In particular, it can obtain high-quality transverse wave data. Acoustic test results are calibrated on the LEAD Software Platform with the completion natural gamma curve as the reference curve.
Staged Fracturing Technology
In this paper, the hydraulic fracturing data was used to conduct geostress calculation of the Chang 6 to Chang 8 Members (McBride, 1989; Nelson et al., 2005; Mahmoodi et al., 2019). Generally, only the in-situ stresses determined by the differential strain experiments or the hydraulic fracturing tests are the most reliable (Nelson et al., 2005). The fracturing construction of horizontal wells of the target layers adopts the staged fracturing technology of hydraulic sandblasting perforation + annulus sand addition. This technology can increase the scale and volume of sand body reconstruction, and improve the supporting capacity and flow conductivity of hydraulic fractures. In addition, slippery water and GUAR gum fracturing fluid were used to complete the fracturing of the reservoir. This fracturing method uses slippery water to make artificial fractures fully communicate with natural fractures. Moreover, the subsequent sand-carrying method ensures the maintenance of the flow conductivity of fractures.
The proppant type was selected according to the closure pressure of the individual wells. Closure pressure refers to the effective stress acting on the proppant. The bottom-hole production pressure of the oil wells is generally very low in the later stages of production. Therefore, the absolute value of the closure pressure is adopted as the criterion for proppant preference. The closure pressure of the target layer is mainly distributed in 15–20 MPa. Therefore, we use low-density, low-strength ceramsite (or quartz sand) as the proppant to ensure that the fractures have sufficient supporting capacity and fluid conductivity.
Fracturing Monitoring Technology
In this paper, a microseismic detection system was adopted to monitor artificial fractures. Microseismic observation stations are distributed around the fractured wells centered on the fractured zone. The microseismic observation station can monitor and map the shape, orientation, height and occurrence of artificial fractures on site. In addition, continuous real-time monitoring was used to map the fracture network formed in the sand body.
Coupling Simulation of Well Pattern and Fracturing
The development of horizontal wells in the study area includes combined well patterns and pure horizontal well patterns. Through numerical simulation, the coupling effect of horizontal well patterns and fracturing has been optimized. The mechanism model was established with a 10 m × 10 m grid. The combined pattern of horizontal and vertical wells and the pattern of pure horizontal wells were constructed separately. The three-dimensional two-phase black oil model in Eclipse was used to analyze the productivity changes of different types of well patterns. Eclipse reservoir simulation software is an integrated simulation software that integrates the main simulation calculation model with its pre- and post-processing functions. In addition, it was used to build a grid model that meets the characteristics of actual reservoir development by matching the production history of actual wells.
RESULTS
Logging Interpretation of Rock Mechanics Parameters
The full-wave array acoustic wave tests were conducted in wells Y4 and D4 in the study area, and reliable longitudinal and transverse wave velocity data were obtained for the Chang 6 to Chang 8 Members. The fitting results show that there was a linear positive correlation between the longitudinal and transverse wave time differences (Figure 2). Therefore, the shear wave time difference of rocks in wells that have not been subjected to full-wave array sonic logging can be predicted using the fitting formula in Figure 2.
[image: Figure 2]FIGURE 2 | Relationship between longitudinal and transverse wave time differences obtained by the full-wave array acoustic wave tests. DTC- longitudinal wave time difference; DTS- transverse wave time difference.
Based on the calculation formula extraction results of shear wave time difference and the following physical equations (Eqs 1–2), the dynamic Young’s modulus and Poisson’s ratio of formation rock can be obtained.
[image: image]
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Where Ed is the dynamic Young’s modulus calculated based on acoustic data, GPa; Δtp and Δts are the longitudinal and transverse wave time differences, μs·ft−1; ρb is the rock bulk density, g•cm−3.
The dynamic and static elastic parameters of different kinds of rocks are different. The dynamic parameters are calculated through acoustic wave parameters, while the static parameters are directly obtained through mechanical tests (Salamon, 1984; Peng et al., 2018). Therefore, the static elastic parameters are more in line with engineering construction requirements. The difference between dynamic and static elastic parameters is related to factors such as microfractures, pore fluids, mineral components and microfabric differences in the rock. The dynamic elastic parameter value are generally greater than the static elastic parameter value. Figure 3 shows the quantitative conversion relationship between the static and dynamic mechanical parameters based on the triaxial rock mechanics tests. The fitting formulas in Figure 3 were used for logging interpretation of Young’s modulus and Poisson’s ratio of all single wells.
[image: Figure 3]FIGURE 3 | Correlation between dynamic and static rock mechanics parameters of the target layer. Ed, Es, νd and νs are dynamic and static Young’s modulus, and dynamic and static Poisson’s ratios, respectively.
In-situ Stress Calculation Using Hydraulic Fracturing Data
High pressure fluid is injected into the underground rock during the fracturing process. Then, the fracture pressure (Pf) of the rock can be obtained directly from the pressure curve in the first fracturing stage. According to the basic principle of hydraulic fracturing, the closure pressure (Pc) equals to the minimum horizontal stress (σh) (Fan, 2010; Kang et al., 2010; Jiang et al., 2019). Before the fracture is closed, the fracturing fluid will spontaneously percolate into the surrounding formation. According to the pressure drop curve data, the fracture closure pressure (Pc) can be obtained using FracproPT Software.
For the calculation of maximum horizontal principal stress (σH), the following formula was adopted: σH = 3σh-Pf-Pp+σt. Where Pf is the fracture pressure; Pp is the formation pressure. From top to bottom, the formation pressure coefficients of the Chang 6, Chang 7 and Chang 8 Members in the study area are 0.73, 0.74 and 0.75, respectively. σt represents the tensile strength, which is 10% of the compressive strength of the formation rock.
Figure 4 shows the variation characteristics of the three principal stresses with buried depth. As the buried depth increases, the stress values of all stresses show an increasing trend. Meanwhile, the principal stresses satisfy: σv>σH>σh (where σH, σh and σv are maximum, minimum, and vertical stresses respectively). This shows that the present-day in-situ geostresses of the Chang 6 to Chang 8 Members basically present a relatively relaxed normal stress environment.
[image: Figure 4]FIGURE 4 | The vertical distribution characteristics of each principal in-situ stress in the target layer of the study area.
Hydraulic Fracturing Construction Parameters and Productivity
Volume fracturing is the main form of reservoir reconstruction and obtaining commercial production capacity. It requires water of sand proppant and chemicals to be poured into the reservoir to crush the formation and form a complex fracture network. After fracturing, a new fluid channel can be produced between the oil layer and the wellbore, and the oil production capacity will increase substantially.
The fracturing measures of the target layers adopts multi-cluster, staged sand fracturing. Figure 5 shows the corrections among the amount of prepad fluid, sand-carrying fluid, proppant and oil production capacity.
[image: Figure 5]FIGURE 5 | Relationship between fracturing parameters and productivity.
A well positive correlation is presented between the daily oil production capacity and the daily fluid production capacity of all single wells in Figure 5A. It could be found that the greater the liquid production capacity, the better the oil production capacity. The production wells were divided into two categories according to their oil production capacities. Wells with a single well daily productivity greater than 2 tons were “normal productivity wells,” and wells with a single well daily productivity less than 2 tons were “low-productivity wells.” Low-yield wells cannot reach a commercial oil production capacity.
According to Figure 5B, the amount of prepad fluid is positively correlated with oil production capacity. That is, as the amount of prepad fluid used increases, the production capacity increases. For low-yield wells, the use of prepad fluid has a poor correlation with productivity (Figure 5B). That is, as the amount of prepad fluid used changes, its production capacity is basically unchanged.
Similarly, a well positive correlation is presented between the amount of sand-carrying fluid and the productivity of wells with relatively high productivity (Figure 5C). That is, with the increase in the amount of sand-carrying liquid, the production capacity gradually increases. However, as the amount of sand-carrying fluid used in low-yield wells changes, the productivity is basically unchanged (Figure 5C).
As shown in Figure 5D, the proppant usage amount is positively correlated with the oil production capacity. However, for low-yield wells, there is no obvious correlation between them (Figure 5D).
It can be seen from the above analysis that the fracturing construction parameters have an apparent influence on the oil production capacity. The usage of prepad fluid, sand-carrying fluid and proppant is proportional to oil production capacity. However, the correlation between the total liquid volume entering the formation and the daily oil production is not obvious, indicating that it is not a higher fracturing scale will bring a higher production capacity. In the fracturing process, the scale of fracturing construction should be controlled reasonably by controlling the usage of prepad fluid, sand-carrying fluid and proppant.
DISCUSSION
Horizontal Principal Stress Difference (σH-σh)
σH-σh is considered to be one of the key parameters affecting the fracturing effect of tight reservoirs (Fan, 2010). The varition characteristics of σH-σh of the target layer with depth are shown in Figure 6. It could be found that, as the buried depth increases, σH-σh first decreases and then increases. Therefore, there is a “turning point” for the stress difference, and the turning point of the stress difference is about 2,000 m (Figure 6). When the rock is at a shallow depth, the larger stress difference is related to the strong crustal activity. Furthermore, as the buried depth increases, the degree of rock compaction gradually increases, and the stress difference gradually decreases as well. When the depth exceeds 2,000 m, the compaction effect is not so significant. At this time, the brittle rock gradually transforms into a rock with strong plasticity. Thus the stress anisotropy will increase significantly, and the stress difference continue to increase (Figure 6).
[image: Figure 6]FIGURE 6 | Variation characteristics of horizontal principal stress difference with depth in the target layer.
Tight reservoir fracturing measures can be divided into two types, namely small-scale fracturing and large-scale reservoir reconstruction fracturing. Small-scale fracturing generally selects small fluid volume, small displacement and low sanding strength; while large-scale fracturing usually uses large fluid volume, large displacement and high sanding strength. Generally, for areas with high σH-σh values, artificial fractures may easily penetrate the sand layer, thereby affecting the effect of oil and gas development. Therefore, small-scale fracturing should be used in such areas. An appropriate fracturing scale is more conducive to the reconstruction of thin sand body reservoirs with strong heterogeneity.
Microseismic Monitoring Analysis
The microseismic monitoring system was adopted to monitor the fracturing process of Well X4-1. Figure 7 shows the distribution characteristics of fracturing detection points and artificial fractures. The bullseye positions are calculated based on the well coordinates. Then, with the bullseye as the center, 6 monitoring sub-stations are arranged around, and GPS is used for positioning measurement (Figure 7A).
[image: Figure 7]FIGURE 7 | Microseismic fracture detection in Well X4-1. Notes: (A) Distribution of monitoring stations around the well; (B) Fracture orientation; (C) Fracture length; (D) Fracture occurrence.
From the fracture detection results, the hydraulic fracture in Well X4-1 is an approximately straight main vertical fracture, and the fracture orientation is NE65° (Figure 7B). The hydraulic fracture is a vertical fracture with two basically symmetrical wings, and its long axis is 114 m long (Figure 7C). The east wing is 54 m long, the west wing is 60 m long, and the fracture height is 15 m (Figure 7D).
Since the two wings of the main hydraulic fracture are relatively balanced, it shows that the target layer is relatively homogeneous, and the development of natural fractures in the target layer is not high. This is consistent with the observation results of core fractures. According to the observation results of fractures in the 196 m cores from 10 wells in the study area, high-angle near-vertical shear fractures (Figure 8A) and tensile fractures (Figure 8B) were mainly developed in cores. Shear fractures have the highest degree of development, and the fracture surface is straight and scratches are common. The density of core fractures in the target layers is generally distributed whthin the range of 0.2 strips/m. When artificial fractures encounter natural fractures, the extension direction of the main artificial factures may be deflected, thereby inducing secondary fractures and finally forming a complex fracture network (Salamon, 1984).
[image: Figure 8]FIGURE 8 | Developmental characteristics of core fractures in the target layers. Notes: (A) High-angle shear fracture (Well J3, Chang 8 Member); (B) High-angle tensile fracture (Well Y6, Chang 6 Member).
Analysis of Hydraulic Fracture Parameters
In this paper, FracproPT Software was used for fracturing simulation. We completed the fracturing analysis in the “Fracture Analysis” module. First, we take X1 horizontal well as an example to illustrate the setting of fracturing parameters. The target layer of the X1 well was reconstructed by hydraulic sandblasting tubing with sand adding staged single cluster fracturing. The horizontal fracturing interval was divided into 7 segments, each of which contains 2 clusters. Based on the log interpretation results of rock mechanic parameters, it can be obtained that the Young’s modulus of the target sandstone layer in X1 well was 25 GPa, and the Poisson’s ratio was 0.23; while the Young’s modulus of the roof and floor mudstone layers in X1 well was 15 GPa, and the Poisson’s ratio was 0.28. The total amount of liquid injected into the ground in the first interval of the target layer was 150 m3, the total sand addition was 20 m3, the average sand ratio was 24%, the tubing injection displacement was 1.8 m3/min, and the annulus injection displacement was 0.5 m3/min. Finally, the simulated artificial fracture morphology of the first interval in the target zone of Well X1 is obtained, which is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Fracture morphology of the first fracturing segment in the target zone of Well X1.
The artificial fracture parameters obtained by the fracturing simulation are shown in Table 1. The half-lengths of the supporting fractures of the wells are mainly distributed from 108.5 to 141.6 m, with an average value of 119.5 m; the fracture heights are mainly distributed from 20.2 to 38.2 m, with an average value of 25.5 m; the hydraulic fracture widths are mainly distributed from 0.48 to 1.09 cm, with an average value of 0.60 cm. The microseismic artificial fracture detection results of Well X1 show that the fracture half-fracture length is 115 m, and the fracture height is 26 m. Therefore, the artificial fracture simulation results are consistent with the measured results.
TABLE 1 | Numerical simulation results of various fracture parameters in fractured horizontal wells.
[image: Table 1]Comparing the artificial fracture parameters and the productivity of a single well, it can be seen that there is no significant correlation between fracture half-length, fracture width and productivity (Figures 10A,B). However, it can be seen that when the artificial fracture height of a fractured well is greater than 26 m, it corresponds to a low-productivity well (Figure 10C). This shows that excessive displacement and construction scale should not be used in the fracturing process, and the fracture height should be strictly controlled. Although the increase in fracture height can increase the volume of reservoir reconstruction to a certain extent, an excessively high fracture height will also lead to the opening of migration channels between the reservoir and the overlying strata. When the reservoir is connected to the overburden caps or the adjacent water layers, it may cause the escape of oil and gas or the occurrence of flooding of the reservoir. From Figure 10C, it can be seen that the fracture heights of normal productivity wells are all distributed between 20 and 26 m.
[image: Figure 10]FIGURE 10 | Relationship between fracture parameters and productivity of fractured wells.
The relationship between the reformed reservoir volume of fractured horizontal wells and the daily oil production capacity is shown in Figure 10D. It can be seen that there is no significant correlation between them. This also shows that the productivity or fracturing effect of tight oil reservoirs is not only controlled by the scale of fracturing volume. An excessively large fracturing scale does not necessarily help increase production capacity. The formulation of reasonable fracturing measures is crucial to improve the development effect of tight sandstone oil reservoirs.
Rupture Point
The fracturing construction curves are used to identify the significance of the “rupture point” in the fracturing segments (Shuai et al., 2013; Wu et al., 2017; Santosh, and Feng., 2020; Yoshida and Santosh., 2020). The “rupture point” corresponds to the point where the oil pressure rises and drops sharply during the first fracturing process (Zou et al., 2013; Zhao et al., 2020). Therefore, it could be seen that the rupture point in Figure 11A is obvious, but there is no rupture point in the fracturing curve of Figure 11B. In addition, for the situation where the oil pressure curve rises sharply and then slowly drops, we believe that its “rupture point” is “not obvious” or “relatively obvious.” From the identification results (Table 2), there are a total of 7 wells without obvious rupture points, of which 42.9% of the wells have reached an ideal productivity, and 57.1% of the wells are low-yield wells. For wells without obvious rupture points, the formation may not be pressed open or there may be natural fractures in the formation. If natural fractures are developed in the formation rocks, fractured horizontal wells can also obtain a higher oil production capacity.
[image: Figure 11]FIGURE 11 | Fracturing construction curves of X14 and X23 wells.
TABLE 2 | Statistical results of the obviousness of rupture points in fractured horizontal wells.
[image: Table 2]There are a total of two wells with the most obvious rupture points, both of which have reached high productivity (Table 2). The fracturing effect of this type of well is good. The reservoir has been well reformed to form a good and complex fracture network. So this type of well is easy to form a higher productivity. For the wells with relatively obvious rupture points, there are a total of five wells. Among them, 60% of the wells have reached the ideal productivity, while 40% of the wells are low-productivity wells (Table 2). These wells have a relatively poor fracturing effect, but high productivity can still be obtained under better oil-bearing conditions.
Coupling Simulation of Well Pattern and Fracturing
Horizontal well pattern and fracturing simulation needs to first construct a production dynamic model in Ecilpse Software, that is, dynamic parameters (fracturing operation history and production history) are input into Ecilpse software system. The system will automatically generate a “stream file” associated with time, which is the production dynamic model. In this study, when performing reservoir numerical simulation productivity fitting, the fitting error is controlled within 2%. The basic parameters of the Yanchang Formation oil layer in the study area are: the original formation pressure is 11 MPa, and the crude oil viscosity is 1.682 mPa s, the comprehensive compressibility is 15.7 × 10–4 MPa−1, and the formation crude oil density is 1.213 g/cm3.
At present, the development pattern of horizontal wells in the study area is mainly composed of pure horizontal well patterns and combined vertical and horizontal well patterns. Horizontal well patterns seldom consider water injection. Pure horizontal well patterns mainly include five-point well pattern and parallel well pattern; combined well patterns mainly include joint five-point well pattern and joint seven-point well pattern.
The azimuth of the horizontal section is perpendicular to the principal stress direction. Therefore, well pattern research mainly considers the following methods, parallel well patterns and five-point well patterns of pure horizontal wells; joint five-point well patterns and joint seven-point well patterns of combined well patterns (Figure 12).
[image: Figure 12]FIGURE 12 | Design of different injection and production well patterns.
The simulation results of the cumulative oil production capacity of different types of well patterns are shown in Figure 13. It can be seen from the simulation results that after 30 years of cumulative production, the cumulative oil production of horizontal wells in well pattern two is higher than other well patterns, reaching 33,000 t, followed by well pattern 1, with a cumulative oil production of 22,000 t. Pure horizontal well patterns (pattern three and pattern 4) have high initial production and a rapid increase in cumulative oil production, but in the later stage, due to serious formation energy deficits, daily oil production declines greatly. The cumulative oil production of well pattern three and well pattern four is close, both are about 20,000 t.
[image: Figure 13]FIGURE 13 | Changes in cumulative oil production of different injection-production well patterns.
Comprehensive comparison shows that the seven-point joint well pattern (well pattern 2) is the best well pattern. The other three types of well patterns have high initial productivity, but the decline in productivity is significantly faster than well pattern 2. This means that well pattern 2 has a longer stable production period and higher cumulative oil production. On the whole, the simulation results are consistent with the actual production conditions of the oilfield, and the seven-point joint well pattern is more suitable for the development of tight oil sandstones in the Yanchang Formation.
CONCLUSION

1) In this paper, the fracturing effect of horizontal wells in tight sandstone oil reservoirs of the Yanchang Formation was systematically studied using the rock mechanics, array acoustic and microseismic testing data, and the staged fracturing technology.
2) The hydraulic fracturing method is used to calculate the horizontal principal stress difference (σH-σh). It shows that as the buried depth increases, σH-σh tends to decrease first and then increase. Small-scale fracturing should be used for areas with smaller σH-σh.
3) Fracturing construction parameters have a certain impact on productivity, which is mainly manifested in that the usage of prepad fluid, sand-carrying fluid and proppant is proportional to productivity. Microseismic testing showed that a main fracture was produced by fracturing, and two wings were evenly distributed on both sides of the main fracture. This shows that the target layer is relatively homogeneous and the overall development of natural fractures is not high.
4) There is no significant correlation between the modified fracture half-length, fracture width and productivity. But for the fracture height, when it is greater than 26 m, the fractured well is generally a low-production well. This shows that excessive displacement and construction scale should not be used in the fracturing process, and the fracture height of the target layer should be strictly controlled within the range of 26 m. The analysis of the “rupture points” in the fracturing curves shows that wells with relatively obvious rupture points usually have higher productivity. These wells have a good fracturing effect and an effective fracture network is formed in the reservoir.
5) The optimization simulation results of the horizontal well pattern form show that the seven-point combined well pattern is the best well pattern, which is more suitable for the development of tight oil sandstone in the Yanchang Formation.
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Research on microscopic pore and fracture system of shale is a hot spot in the field of unconventional petroleum geology. Micro- and nano-scale organic matter pores in shale play a vital role in the accumulation of hydrocarbons. Research on the types, evolution rules and controlling factors of organic matter pore-fracture system in shale reservoirs can provide scientific guidance for the prediction of shale “sweet spots”. In this paper, taking the shales from the Napo Formation, Oriente Basin, the Shahejie Formation, Zhanhua Sag, Bohai Bay Basin, and the Longmaxi and Wufeng Formations, Sichuan Basin as an example, the developmental characteristics of organic matter pore-fracture system were systematically studied using thin section, argon ion profiling scanning electron microscopy, X-ray diffraction, N2 adsorption and desorption, geochemistry experiments, and image processing technology. The types of shale organic matter pores were divided into kerogen-hosted pores, organic matter microfractures (intra-organic matter and organic matter edge microfractures), and asphalt pores (or intra-asphalt pores). The circumferences of organic pore were generally within 100 nm, and the areas of most pores were smaller than 1,000 nm2. Face rates of the organic pores were generally less than 1.5%, and the proportion of shale samples with a shape factor of 1 reached more than 50%. In addition, the deviation angles of organic matter pores at (0°, 45°) reached 90%, which showed that most of the organic matter pores tended to be oriented pores. The increase in the degree of thermal evolution provided driving force for the formation of circular pores in the organic matter. Internal factors (abundance of organic matter, kerogen types, and maturity) and external factors (diagenesis and mineral composition) controled the development of shale organic matter pores. Maturity, TOC content and inorganic minerals such as clay and pyrite content were positively correlated with the development of organic matter pores. However, brittle minerals caused a decrease in the face ratio of organic matter pores. Diagenetic compaction caused the organic matter pores being deformed or eventually disappeared. This research can provide scientific guidance for the high-efficiency exploration of hydrocarbons in shale.
Keywords: shale reservoir, organic matter pores, pore-fracture system, pore evolution law, controlling factors
INTRODUCTION
With the successful development of the North American shale gas industry, research on the microscopic pore structures in shale has become an emerging hot topic (Curtis, 2002; Zou et al., 2010; Zou et al., 2011; Dong et al., 2012; Santosh and Feng., 2020). According to the previous studies, unconventional gas shale has special reservoir structures and hydrocarbon accumulation mechanism (Zhang et al., 2004; Dong et al., 2009). The microscopic pore structures of shale affected its hydrocarbon storage capacities significantly (Zou et al., 2011; Ko et al., 2016; Sun et al., 2016; Nie et al., 2018). Nano-scale pores and microfractures were well developed in organic-rich shales. Since microfractures were mainly developed in organic matter, therefore, the evolution of microfractures was affected by the evolution of organic matter significantly (Ko et al., 2016; Sun et al., 2016). The developmental characteristics of organic pores in shales with different sedimentary systems, maturities and depths were quite different (Chalmers and Bustin, 2007; Curtis et al., 2012). At present, the quantitative characterization methods of pores in porous media mainly include image analysis, fluid injection, nuclear magnetic resonance (NMR) and three-dimensional CT scanning methods (Wang et al., 2020). Nano-scale pores in shales can be observed through image analysis (SEM, TEM, etc.) (Reed et al., 2007; Zou et al., 2011). However, the image analysis method can only be used to observe the features of pores on the surface of the sample. On the contrary, fluid injection (MIP, nitrogen and carbon dioxide adsorption etc.), NMR, and nano-CT methods have effectively overcame this deficiency. Different fluid injection measurements can be applied to satisfy requirements of different pore size (Chen et al., 2013; Yang et al., 2013; Gai et al., 2016; Zhao et al., 2020). NMR and nano-CT tests can be used to characterize the morphology, connectivity, pore size, and distribution of pores in shale reservoirs (Chen et al., 2012; Curtis et al., 2012; Li et al., 2012; Chen, 2014; Tian et al., 2016).
The previous have proposed some classification standards for shale micro-pores (Loucks et al., 2009; Slatt and O’Brien, 2011; Yu, 2013). For example, according to the scheme proposed by Loucks et al. (2009), shale pores were classified into three categories: Intergranular, intragranular, and organic matter pores. However, there was no more detailed classification scheme for the types of organic pores. For organic-rich shales, organic pores play a vital role in the total pore space of shale (Jarvie et al., 2007; Chalmers et al., 2009; Curtis et al., 2012; Wang et al., 2018). Organic matter coexisted with inorganic minerals, and they can influence each other (Zhang et al., 1996). For example, montmorillonite has strong adsorption and ion exchange ability, it can be transformed into a clay-organic matter complex with a strong catalytic ability in the hydrocarbon generation process (Gao et al., 1990; Liu, 1995). In addition, high organic matter contents, high maturity, and high-quality kerogen types all can promote the development of organic pores (Chen et al., 2016).
In this paper, taking the typical organic-rich shales in the Bohai Bay Basin, the Oriente Basin and the Sichuan Basin as an example, the developmental characteristics of organic matter pore-fracture system were systematically studied using thin section, argon ion profiling scanning electron microscopy, X-ray diffraction, N2 adsorption and desorption, geochemistry experiments and image processing technology. This research can provide scientific guidance for the extraction of reservoir parameters, gas-bearing indicators and the rational deployment of exploration and development plans of shale reservoirs.
SAMPLES AND METHODS
Materials
In this study, 21 groups of shale samples were collected from three regions and three layers, namely the Napo Formation, Oriente Basin, Ecuador, the Shahejie Formation, Zhanhua Sag, Bohai Bay Basin, and the Longmaxi and Wufeng Formations, Sichuan Basin (Figure 1). These three types of shale samples were collected from different regions and different depositional environments. However, all these shale samples have good hydrocarbon generation conditions. Among them, the Napo Formation shales are stable shallow sea shelf deposits with high organic matter content and dominated by Type II kerogen (Ro is greater than 0.5%); the Shahejie Formation shales are shallow lake-semi-deep lake deposits with large shale thickness and high organic matter abundance; the Longmaxi and Wufeng Formations are deeper shallow shelf facies deposits, with high organic matter abundance, large shale rock thickness and high maturity. The differences in sedimentary environment will cause differences in the composition, type and abundance of organic matter within the rock. Moreover, the thermal evolution degrees of shales in different regions are quite different, which may be the controlling factors that cause the differences in the development of organic matter pore systems.
[image: Figure 1]FIGURE 1 | Location and geological background of the study area. Notes: The study area is located in the Sichuan Basin in China, the Orient Basin in Ecuador and the Zhanhua Sag in the Bohai Bay Basin in China (A). The shale samples in the Sichuan Basin (B) were collected from the Silurian Longmaxi and Wufeng Formations; the shale samples in the Orient Basin (C) were collected from the Cretaceous Napo Formation; and the shale samples in the Zhanhua Sag of the Bohai Bay Basin (D) were collected from the Paleogene Shahejie Formation.
Experiments

1) Petrology, geochemistry and isothermal N2 adsorption experiments.
A Quanta 200F field emission environmental scanning electron microscope was used to observe the microscopic pore structures of the shale samples. The samples were cut into blocks of 1.5 cm × 1 cm × 3 mm and subjected to argon ion polishing treatment. The image information of the organic pores on the shale surface was obtained by scanning electron microscope observations. Moreover, the composition of minerals were determined through energy spectrum analysis.
The mineral composition detections of shale samples were realized via a D8 ADVANCE X-ray diffractometer; and the XRD experiments were used to obtain the content of main minerals and clay minerals in the samples. In addition, a CS230 analyzer was used to obtain the organic carbon content of shale after removing inorganic carbon. Geochemical parameters such as pyrolysis peak temperature Tmax and hydrogen index HI were obtained using a Rock-Eval 6 Standard pyrolysis apparatus. The maturity of organic matter was obtained by the extraction of kerogen from shale combined with a vitrinite reflectance measuring instrument.
The isothermal N2 adsorption experiments used a Quantachrome®Autosorb- iQ2-MP instrument from China University of Petroleum (Beijing). This instrument was used to measure the volume, specific surface area, and diameter of shale pores. BET (Brunauer Emmett Teller) equation was used to calculated the pore surface area, while the pore volume and pore size distribution were obtained using the Barrett, Johner and Halenda (BJH) methods.
2) Image processing technology.
In this paper, ImageJ Processing Software was used to perform pore segmentation on SEM images after argon ion polishing. The software can perform threshold segmentation of organic matter pores, and the pore structure parameters such as the area shape coefficient and face ratio of the organic pores in the field of view can be obtained. Among them, the Feret diameter is the distance between the two furthest points of the organic pores. The two-dimensional morphological features of pores were used to describe the roughness of organic pores, which was defined as:
[image: image]
Where ff is the shape factor, S is the pore area, and C is the pore circumference (Jiao, 2015).
The cross-sectional shapes of different regular aggregates represent pores (Figure 2) (Yao and Zhao, 2010). At present, it is difficult to accurately extract the proportion of pores on organic matter. Thus, the percentage of organic matter pore area to the total area under the same view field was used to characterize the pore content.
[image: Figure 2]FIGURE 2 | Classification of pore shape factors (After Yao and Zhao, 2010, modified).
In addition, the measured 135° circular organic matter pore angle was used as a statistical baseline. The difference between the measuring angle of Feret diameter and 135° was used to describe the directional properties of organic pores, which was defined as:
[image: image]
Where G is the deviation angle and F is the measurement angle of Feret’s diameter.
EXPERIMENTAL RESULTS
Petrology and Geochemical Parameters
The results of whole rock and clay content XRD experiments were shown in Table 1. Experiments showed that the black shale of the Shahejie Formation was dominated by clay minerals and calcareous minerals; among them, the content of calcareous minerals ranged from 28 to 82%; while the content of clay minerals was only 7–35%; the content of the Imon mixed layers in clay minerals was between 51 and 77%. The Napo Formation samples were mainly composed of clay minerals and quartz; the content of clay minerals was high, ranging from 61.3 to 79.9%. The Longmaxi and Wufeng Formation shale samples contained extremely high quartz content, ranging from 36.5 to 69.7%; while the content of clay minerals was relatively low; the content of illite accounted for about 88–90% of the total clay minerals. The content of the main minerals (Figure 3A) and clay minerals (Figure 3B) of the shale samples in the three regions has a certain difference.
TABLE 1 | Composition and content of minerals in shale samples in the study area.
[image: Table 1][image: Figure 3]FIGURE 3 | Mineral composition and content of the shale samples. Notes: “Napo”- Napo Formation shales in Orient Basin; “S”- Shahejie Formation shales in Bohai Bay Basin; “L + W”- Longmaxi and Wufeng Formation shales in Sichuan Basin.
Shale samples from 15 wells in three study areas were selected to determine the abundance, type and maturity of organic matter. The results are shown in Table 2. The TOC content of the Napo Formation samples ranged from 1.69 to 2.15%; Type II kerogen (mainly Type II2) was developed; Ro ranged from 0.646 to 1.087% (mature stage). The TOC content of the Shahejie Formation samples ranged from 0.65 to 4.8%; Type I and II kerogen (II1 and II2) were developed; Ro ranged from 0.524 to 3.314%. The Longmaxi and Wufeng Formation samples have a high TOC content ranging from 3.41 to 3.99%; Type I kerogen was developed; Ro ranged from 3.08 to 3.26%. On the whole, the Longmaxi and Wufeng Formation shales have the strongest hydrocarbon—generating ability, followed by the Shahejie Formation, while the hydrocarbon—generating ability of the Napo Formation is relatively poor.
TABLE 2 | Experimental results of geochemical parameters of the shale samples in the study area.
[image: Table 2]Pore Structure Parameters
Studies have shown that the higher the thermal evolution degree of organic matter, the more developed the organic matter pores (Milliken et al., 2013). Therefore, shale samples with different thermal evolution degrees were selected for comparative research on the development characteristics of organic pores, which can help us better understand the evolution mode of organic pores (Milliken et al., 2013).
Data statistics and analysis of 29 representative images in 6 wells showed that the organic pore diameter (Figure 4A) and circumference (Figure 4B) of different shale samples generally within 100 nm. In this interval, the proportion of organic matter pores are all greater than 50%. Meanwhile, the statistical results of the pore area (Figure 4C) showed that the area of most pores was smaller than 1,000 nm2, but there were also many pores with an area greater than 5,000 nm2. The difference in pore diameter, circumference and area content of organic matter pores is obviously affected by the degree of thermal evolution (Cui et al., 2012).
[image: Figure 4]FIGURE 4 | Distribution characteristics of pore structure parameters of shale samples. Notes: (A) Pore diameter distribution; (B) Pore circumference distribution; (C) Pore area distribution; (D) Face rate distribution; (E) Shape factor distribution; (F) Deviation angle distribution.
The face rate of the organic matter pores in the argon ion polished scanning electron microscope images was calculated (Figures 4D–F). The results showed that the face rate of the Longmaxi and Wufeng Formation shales was relatively low, which was generally less than 1.5%. Except for the Lb-1 well, the shale samples of the other wells have a face rate of less than 1%. The shale samples from Well BS5 of Shahejie Formation have a significantly higher face rate than samples from the Longmaxi and Wufeng Formations. This may be due to the fact that the field of view is less, and there is a larger error (Loucks et al., 2009; Li et al., 2020).
The range of pore diameters of the shale samples measured by the nitrogen adsorption experiments is shown in Table 2. The pore diameters of the Napo shale samples ranged from 1.688 to 5.199 nm; the pore diameters of Longmaxi and Wufeng Formation (L, W) shales ranged from 1.432 to 3.794 nm, and their pore volume and specific surface area were larger than those of the other two regions; the pore diameters of the Shahejie Formation (S) shales ranged from 1.432 to 29.396 nm, and the pore diameter varies greatly.
The pore volume of all shale samples ranged from 0.001 to 0.019 cc/g. Among them, the samples of Longmaxi and Wufeng Formations have a larger average pore volume, ranging from 0.011 to 0.019 cc/g, while those of the Napo Formation have the smallest average pore volume, ranging from 0.001 to 0.011 cc/g. The test results of the specific surface area are similar to the pore volume. The samples of the Longmaxi and Wufeng Formations have the largest specific surface area, ranging from 15.24 to 18.085 m2/g, while the samples of the Napo Formation have the smallest specific surface area, ranging from 0.167 to 4.66 m2/g.
DISCUSSION
Developmental Characteristics of Organic Matter Pores
Observations under the microscope showed that organic pores have various shapes, including round, elliptical, triangular, slit-shaped, honeycomb, beaded, and irregular (Figure 5). The structural parameters of organic pores in shale can well characterize the development characteristics of pores. Moreover, the shape, connectivity, concentration and directional properties of pores all have a significant influence on the large-scale accumulation of shale gas and the formulation of development plans (Hao et al., 2006; Houben et al., 2013; Kuila et al., 2014; Wu et al., 2014; Wu et al., 2015; Jiao et al., 2017).
[image: Figure 5]FIGURE 5 | Argon ion polishing scanning electron microscope images of shale samples from Oriente Basin, Bohai Bay Basin and Sichuan Basin. Notes: (A) Well Lc-1, 2,483 m, round and elliptical organic matter pores with good connectivity; (B) Well WF-1, 2,455 m, irregular and elliptical pores; (C) Well Lc-1, 2,483 m, organic pores distributed in a beaded shape, with good orientation; (D) Well Lb-1, 2,483 m, triangular and long strip-shaped organic pores, the pores are disorderly distributed; (E) Well Lc-1, 2,483 m, flower-like distribution of organic matter pores; (F) Well Lc-1, 2,483 m, interconnected organic matter pores; (G) Well Lb-1, 2,483 m, pore clusters randomly distributed along the organic matter; (H) Well La-1, 2,480 m, different pore development levels on the same piece of organic matter; (I) Well WF-1, 2,455 m, symbiotic organic matter and pyrite accompanied by oval organic matter pores; (J) Well Lc-1, 2,483 m, organic pores developed at the boundary between organic matter and titanium dioxide; (K) Well BS5, 4,761.55 m, organic matter microfractures; (L) Well Y120, 3,507.2 m, organic shrinkage microfractures developed at the edge of organic matter; (M) Well Y120, 3,507.2 m, organic shrinkage microfractures; (N) Well BS5, 4,764.45 m, intra-organic pores and dissolution pores; (O) Well Y115, 4,004.1 m, matrix microfractures.
Micron and nano-scale organic pores are mostly round (shape factor 0.89–1), indicating that their initial shapes are usually round (Figures 5A–E). The larger the pores, the more complex their morphology. Observations showed that there were few circular pores for the larger pores, and the morphology of these pores tended to be elliptical or irregular (Figures 5F–H). As the maturity of shale increased, organic pores of various shapes were formed, which was also the main reason for the formation of irregular pores. In addition, the organic pores may merge together, and then became flower-like (Figure 5E) or irregular pores with good connectivity (Figure 5B). Some pores have even undergone severe deformation or collapse due to strong compaction (Figure 5D).
Organic matter pores have strong heterogeneity. The more pores develop inside the rock, the better its connectivity (Figure 5D). For low maturity shale, there were few organic pores, so the connectivity of pores and microfractures in the rock was poor. The spatial distribution of organic pores were classified into two categories: directional type and chaotic type. When the external pressure was high, the long axis direction of the organic pores was consistent with the extension direction affected by plastic deformation (Figure 5E).
The distribution of pores in the same piece of organic particles was usually similar (Figure 5A). However, there were also cases where even within the same organic matter, the size and development of pores were quite different (Figure 5H). This was because, as the thermal evolution continued, the small pores became larger and merged into large pores (Figure 5H). Then, the shape and development of pores became complex, and the heterogeneity of shale pore structures gradually became significant. In some microscopic views, large numbers of organic pores merged to form pore clusters, while in other microscopic views, isolated organic pores may be still the main ones. The symbiosis of organic matter and pyrite was easy to be observed in shale samples, and the pyrite intercrystalline pores and oval organic pores were mainly developed (Figure 5I). In the shale sample of Well Lc-1 (2,483 m), it was also found that some extremely small organic pores appeared on the boundary between organic matter and titanium dioxide (Figure 5J).
In addition to organic matter pores, organic matter microfractures were also very developed in shale samples. In this study, organic matter microfractures were further divided into intra-organic matter microfractures (Figure 5K) and organic matter edge microfractures (Figures 5L,M). Organic matter microfractures generally had a long strip or slit-shaped structure, and their formation was closely related to the diagenetic shrinkage of kerogen (Figures 5N,O).
The statistical results showed that the proportion of shale samples with a shape factor of 1 reached more than 50%. Moreover, the proportion of pores with a shape factor of 0.89–1.00 was close to 10%, that is, the pores in the samples were mainly round or close to round. This showed that during the thermal evolution process, the pore morphology tended to develop into circular pores. The proportion of pores that tended to be square (0.60–0.89) was between 8.32 and 37.57%. While the proportion of organic pores with a shape factor of 0–0.60 was between 9.86 and 22.75%, and its content was similar to that of pores that tended to be square (Figure 4E).
According to Figure 6B, for shale samples in the same area or in different areas, the deviation angle of the organic matter pores was mainly less than 45°. The proportion of shale samples with deviation angles less than 45° was absolutely dominant, with an average content of more than 80%. Oriented pores refer to pores that are round and had a deviation angle of 0°, and their proportion was generally greater than that of pores whose deviation angle was between 0° and 45°, but their proportions were relatively close (Figure 4F).
[image: Figure 6]FIGURE 6 | Comparison of the development degree of shale organic matter pores under different thermal evolution degrees. Notes: (A) Well TP1-1, 1,586.2 m, Ro = 0.65%; (B) Well Lc-1, 2,477 m, Ro = 3.02%.
Statistics found that the deviation angle of organic matter pores in shale reservoirs at (0°, 45°) can reach 90% (Figures 4E,F). This showed that most of the organic matter pores tended to be oriented pores as a whole, and only part of the pores are randomly distributed. When the maturity of the organic matter was low, the organic matter pores were mainly small, round pores, and the degree of orientation was very good. However, as Ro continued to increase, the disordered distribution of organic pores gradually became significant. When the shale reached a large depth, the organic pores will undergo strong compaction and deformation, and the strong directional environmental stress may improve the directional properties of the pores. The increase of brittle minerals can increase the anti-compaction ability of organic pores, thereby weakening the directional properties of pores (Chalmers et al., 2009).
Classification of Organic Matter Pores
The previous have conducted preliminary studies on the microscopic pore classification in shale. For example, Zhang et al. (2016) divided shale pore system into pores and microfractures, while shale pores were further divided into matrix pores (intercrystalline pores and intragranular pores) and organic pores. However, there is no further fine division for the types of shale organic matter pores.
In this paper, organic pores in shale were divided into three major categories and four sub-categories combining research in this paper and the classification schemes given by the previous (Jarvie et al., 2007; Loucks et al., 2009; Milliken et al., 2013; Yu., 2013; Lu et al., 2015; Zhang et al., 2016). The classification scheme in this study comprehensively considered the shapes, structures, location, origin and size of shale pores (Table 3).
TABLE 3 | Classification of organic pore types in shale reservoirs.
[image: Table 3]According to Table 3, organic pores were divided into organic matter pores, organic matter microfractures and asphalt pores. Organic matter pores were kerogen-hosted pores. They have round, elliptical and irregular structures, and were mainly formed in the main hydrocarbon generation period. In addition, organic matter microfractures were divided into intra-organic matter microfractures and organic matter edge microfractures, both of which were related to organic matter shrinkage and are mainly formed in shales with low maturity. Moreover, the second cracking of asphalt for hydrocarbon generation can also form a large number of organic pores, and the shape, size and occurrence of the pores were similar to those of kerogen-hosted pores (Table 3).
Influence of Abundance and Maturity of Organic Matter on Development Degree of Organic Matter Pores
For the coupling relationship between organic pores and the maturity, it was found that the higher the shale maturity, the more organic pores develop. For example, in Figure 6A, the maturity of the shale sample from Well TP1-1 (1,586.2 m) is low, and its Ro is 0.65%. Observations under the microscope showed that the organic pores of the shale sample from Well TP1-1were not developed. In contrast, for the shale sample from Well Lc-1 (2,477 m) in Figure 6B, the Ro is 3.02%. Observations under the microscope showed that the organic pores were very developed.
The study also found that when the Ro of the shale samples was equivalent to immature and low-maturity conditions, there were few organic pores in the shale, but large numbers of organic matter edge microfractures existed in the shale, such as the Well Y120 sample shown in Figure 7A (3,570.50 m, Ro = 0.59%) and the Well Y117 sample shown in Figure 7B (3,401.93 m, Ro = 0.56%).
[image: Figure 7]FIGURE 7 | Changes in the morphology of organic matter pores under different thermal evolution degrees. Notes: (A) Well Y120, 3,507.2 m, Ro = 0.59%, argon ion polishing image; (B) Well Y117, 3,401.93 m, Ro = 0.56%, argon ion polishing image; (C) Well BS5, 4,764.45 m, Ro = 1.73%, argon ion polishing image; (D) Well Lc-1, 2,477 m, Ro = 3.02%, argon ion polishing image.
Under mature and high-maturity conditions, strong hydrocarbon generation will promote the formation of a large number of organic matter shrinkage microfractures and intra-organic matter microfractures, such as the Well BS5 sample shown in Figure 7C (4,764.45 m, Ro = 1.73%).
When the shale reached the over-mature stage, almost all the pores are intra-organic matter pores, and almost all organic matter microfractures disappear. Meanwhile, organic matter edge microfractures can be transformed into organic pores, such as the Well Lc sample shown in Figure 7D (2,477.00 m, Ro = 3.02%).
The enrichment degree of organic pores are affected by many factors (Pommer and Milliken, 2015). These factors can be divided into two categories: internal factors (kerogen type, abundance, and maturity) and external factors (diagenesis and mineral composition). The study showed that as the shale maturity increased, the pore volume and specific surface area of the shale samples in the study area had the same changing trend (Figure 8). However, the pore structure parameters were in a fluctuating state as the shale maturity increased, that is, they didn’t show a single upward or downward changing trend. In addition, the morphology of the correlation curves between pore diameter and cumulative pore volume can also be divided into three regions with significant differences (Figure 9). Therefore, the use of TOC or Ro alone cannot determine the changing trend of pore structure parameters well. This feature also reflected that the development characteristics of organic pores were not only controlled by a single factor (Li., 2021).
[image: Figure 8]FIGURE 8 | Changes of pore volume and specific surface area of shale samples under different maturity conditions.
[image: Figure 9]FIGURE 9 | Relationship between pore diameter and cumulative pore volume of shale samples in the study area.
From Figure 10, it can be found that the relationship between TOC content and pore structure parameters of shale samples in different regions has a certain difference. The correlation of L-W sample data was very poor (Figures 10A,B), but when all Longmaxi and Wufeng Formation samples were integrated, the data showed a good linear relationship (Figures 10C,D). For the samples from the Napo and Shahejie Formations dominated by inorganic pores, the correlation between specific surface area and pore volume and TOC was not obvious, and there were many abnormal points (Figures 10A–D). The abundance of organic matter provides a material basis for the evolution of organic matter pores. Generally, the higher the abundance of organic matter, the more abundant the organic matter pores. However, organic matter pores can develop in large quantities only when the organic matter reached mature stage. Therefore, the poor correlation showed that TOC content was not the only factor that affects the pore structures.
[image: Figure 10]FIGURE 10 | Relationship between pore structure parameters and TOC content and Ro of the shale samples. Notes: (A) Correlation between TOC content and specific surface area; (B) Correlation between TOC content and pore volume; (C) Correlation between TOC content and specific surface area; (D) Correlation between TOC content and pore volume; (E) Correlation between Ro and specific surface area; (F) Correlation between Ro and pore volume; “Napo”- Napo Formation shale samples; “S”- Shahejie Formation shale samples; “L-W”- Longmaxi and Wufeng Formation shale samples; “L”- Longmaxi Formation shale data from Ji et al., 2016.
The types of kerogen mainly affect the development degree and morphology of organic matter pores. Many scholars have studied the differential evolution of shale organic matter pores (Bernard et al., 2012; Dong et al., 2015; Ma et al., 2017). The pore evolution process of different types of kerogen was different. For example, Dong et al. (2012) proposed that Type I kerogen was a “shrinkage type” and Type III kerogen was a “porous type”, and partial sapropel kerogen was much more conducive to the development of organic pores. Jarvie et al. (2007) found that Type II kerogen was more prone to produce organic pores than Type I and III kerogens. Some scholars have found that when the chloroform bitumen “A” in shale was extracted, the pores increased significantly. Therefore, the retained oil will occupy the pore space generated by the hydrocarbon generation of organic matter. The kerogen in the Zhanhua Sag of the study area was dominated by Type I kerogen. During the rapid oil generation stage, as the degree of thermal evolution increased, the specific surface area and pore volume didn’t show an increasing trend but decreased gradually (Figure 7). This may be due to the fact that the generated oil directly filled the pores. However, when Ro was high enough, different types of organic matter can generate a lot of pores, and then the kerogen type was no longer the main controlling factor of organic matter pores.
The correlation between Ro and pore structure parameters showed that the pore volume and specific surface area of Longmaxi and Wufeng Formation shales increased with the increase of Ro; however, this relationship was poor in Napo and Shahejie Formation shale samples (Figures 10E,F). Moreover, the pore volume and specific surface area of the Longmaxi and Wufeng Formations were much larger than those of the other two regions. The organic matter abundance and Ro of the Longmaxi and Wufeng Formation shale samples were high, and the Ro of the samples were all above 2%, which belong to the high-mature-over-mature shale. High-mature- over-mature shale mainly generated dry gas, and the escape of hydrocarbons will cause a significant increase in pore volume and specific surface area. The Napo and Shahejie Formation shale samples had a low degree of thermal evolution. In the immature-low maturity stage, the organic matter pores were relatively underdeveloped, and the organic matter shrinkage microfracture was an important pore type.
Some samples have higher Ro values. With the increase of Ro, the organic pores in shale develop from underdeveloped to highly developed, from small size to large size, from organic microfractures to organic pores, and from good orientation to disorderly development. Some correlations in Figure 10 were poor, indicating that the influencing factors of the development of organic matter pores were complex, which were affected by the geological factors such as organic matter abundance, kerogen type, and different mineral composition.
Influence of Mineral Components and Diagenesis on Development Degree of Organic Matter Pores
Diagenesis and mineral composition also have a significant impact on the development of organic pores. Diagenesis has a great impact on the preservation of organic matter pores. Strong compaction can cause the organic pores to be compressed, deformed, elongated, or even disappeared (Hao et al., 2006; Jiao et al., 2017; Wang et al., 2020). According to Figure 11, the pore volume and specific surface area values of the Longmaxi and Wufeng Formation samples were inversely proportional to the content of brittle minerals (Figures 11A,B), and directly proportional to the content of clay minerals (Figures 11C,D); however, these relationships were not significant for the Napo Formation shale samples.
[image: Figure 11]FIGURE 11 | Relationship between pore structure parameters and content of different mineral components of the shale samples. Notes: (A) Correlation between brittle mineral content and specific surface area; (B) Correlation between brittle mineral content and pore volume; (C) Correlation between clay mineral content and specific surface area; (D) Correlation between clay mineral content and pore volume; “Napo”- Napo Formation shales; “L-W”- Longmaxi and Wufeng Formation shales; “L”- Longmaxi Formation shale data from Ji et al., 2016.
A weaker hydrodynamic environment was conducive to the growth and reproduction of organisms, and thus the organic matter components will be relatively enriched. However, the content of clay minerals in this kind of sedimentary environment will be higher, and the content of brittle minerals dominated by terrigenous clastics will be less. Therefore, the increase in the content of brittle minerals reflected a gradually stronger hydrodynamic condition, which was not conducive to the evolution and preservation of kerogen. Meanwhile, the clay minerals coexisting with organic matter had a catalytic effect on the maturation of organic matter, which in turn facilitated the evolution of kerogen-hosted pores and will cause the specific surface area and pore volume being greatly improved. Therefore, the development of organic pores was positive to the content of clay minerals, and it was negative to the content of brittle minerals (Figure 11). It can also be seen from Figure 11 that the correlation between the pore structure parameters and mineral components of the high maturity shales (Longmaxi and Wufeng Formation shales) was very good; however, the correlations between these parameters was poor in low-maturity shales (Napo Formation shales). This was because the Napo Formation shales have low maturity and underdeveloped organic pores, so the controlling factors of pore structure parameters were much more complicated.
Development Mode of Organic Matter Pores
In summary, the development of pores in shale reservoirs are affected by internal and external factors. Internal factors include organic matter abundance, kerogen type and maturity; and external factors include mineral components (brittle minerals, clay minerals and FeS) and diagenesis.
Organic carbon is the material basis of organic pores (Morozov et al., 2021). The higher the degree of thermal evolution of organic matter, the more developed the organic pores in shales (Wu et al., 2021). The kerogen type of organic matter is an important factor controlling the differential evolution of organic matter pores. Under the same or similar TOC and Ro conditions, the specific surface area and pore volume of the microscopic pores of shales dominated by Type II kerogen were better than those of Type I kerogen, however, the organic pores in shale dominated by Type III kerogen were relatively underdeveloped (Figure 12). Organic matter maturity provides the driving force for the evolution of organic matter pores. Under the same TOC content, the higher the maturity, the more organic matter pores will develop.
[image: Figure 12]FIGURE 12 | Influence of thermal maturity-related parameters on the development degree of shale organic matter pores. With the increase of Ro, during the early-to-mid mid-diagenesis period, the microfractures were developed. In the mid-to-late mid-diagenesis period, the organic matter was in the mature-over-mature stage, a large number of organic matter pores were formed and the organic matter microfractures disappeared gradually.
However, under immature and low-maturity conditions, organic matter microfractures were developed in all types of kerogen. These microfractures were mainly organic-edge shrinkage microfractures, and organic pores were relatively underdeveloped (Figures 7A,B). With the increase of Ro, during the early-to-mid mid-diagenesis period, the microfractures developed at the edge of organic matter gradually transitioned into the interior of organic matter. However, in the mid-to-late mid-diagenesis period, the organic matter was in the mature-over-mature stage, a large number of organic matter pores were formed and the organic matter microfractures no longer developed (Figure 12).
Diagenesis and different mineral compositions are external factors that affect the development of organic pores. Strong compaction can cause the organic pores deformed or even disappeared. Clay minerals and pyrite can promote the development of organic pores, while brittle minerals (such as quartz, feldspar and carbonate minerals) can inhibit the development of organic pores.
Overall, the development mode of organic pores in shale reservoirs is the coupling results of multiple geological factors (Figure 12). TOC and kerogen type are the most direct controlling factors. Under the premise of high degree of thermal degree, the higher the abundance of organic matter, the more organic pores developed; and under the same thermal degree, the development of organic pores satisfies: Type II kerogen > Type I kerogen > Type III kerogen. Thermal evolution or Ro is the source of organic matter pores. Only when the organic matter reaches the mature to high maturity range, the organic matter pores will develop in large numbers in the shales and have good connectivity.
CONCLUSION

1) In this paper, taking the typical shales from the Bohai Bay Basin, the Oriente Basin, and the Sichuan Basin as an example, argon ion profiling scanning electron microscopy, N2 adsorption and desorption, geochemistry experiments and ImageJ software image processing technology were used to study the types and evolution of micro- and nano-scale organic matter pores in shale reservoirs.
2) The circumferences of organic pore were generally within 100 nm, and the areas of most pores were smaller than 1,000 nm2. Face rates of the organic pores were generally less than 1.5%, and the proportion of shale samples with a shape factor of 1 reached more than 50%. In addition, the deviation angles of organic matter pores at (0°, 45°) can reach 90%, which showed that most of the organic matter pores tended to be oriented pores.
3) The organic pores of shale were divided into kerogen-hosted pores, organic matter microfractures (intra-organic matter and organic matter edge microfractures) and asphalt pores (intra-asphalt pores). As the degree of thermal evolution increased, the organic pores gradually tend to be round, and the directional properties of the pores was strengthened.
4) The development of shale organic pores was controlled by internal factors (abundance of organic matter, kerogen type and maturity) and external factors (diagenesis and mineral composition). Maturity promoted the development of organic pores; TOC content was positively correlated with the development of organic pores; and there were significant differences in the degree of development of organic pores in shale organic matter of different sedimentary conditions.
5) Clay minerals and pyrite can promote the development of organic pores, while brittle minerals can cause a decrease in the face ratio of organic pores. The diagenetic compaction will cause the organic pores to deform or eventually disappear. Finally, the development mode of shale organic matter pores was clarified combined with the development characteristics and influencing factors of organic matter pores.
6) Through this study, the development characteristics, evolution process and controlling factors of organic pores in shales formed in different sedimentary environments were compared. This research can provide scientific guidance for the extraction of evaluation parameters and gas-bearing indicators and the rational deployment of exploration and development plans of shale reservoirs.
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Accurate prediction of the fracture geometry before the operation of a hydraulic fracture (HF) job is important for the treatment design. Simplified planar fracture models, which may be applicable to predict the fracture geometry in homogeneous and continuous formations, fail in case of fractured reservoirs and laminated formations such as shales. To gain a better understanding of the fracture propagation mechanism in laminated formations and their vertical geometry to be specific, a series of numerical models were run using XSite, a lattice-based simulator. The results were studied to understand the impact of the mechanical properties of caprock and injection parameters on HF propagation. The tensile and shear stimulated areas were used to determine the ability of HF to propagate vertically and horizontally. The results indicated that larger caprock Young’s modulus increases the stimulated area (SA) in both vertical and horizontal directions, whereas it reduces the fracture aperture. Also, larger vertical stress anisotropy and tensile strength of caprock and natural interfaces inhibit the horizontal fracture propagation with an inconsiderable effect in vertical propagation, which collectively reduces the total SA. It was also observed that an increased fluid injection rate suppresses vertical fracture propagation with an insignificant effect on horizontal propagation. The dimensionless parameters defined in this study were used to characterize the transition of HF propagation behavior between horizontal and vertical HFs.
Keywords: hydraulic fracture, laminated formations, stimulated reservoir area, stress anisotropy, fracture propagation, fracture geometry, XSite, lattice numerical simulation
INTRODUCTION
Hydraulic fracturing is a widely used stimulation technology in unconventional reservoirs. Due to the sedimentation process, the reservoirs and the over- and underlying formations are formed in a laminated form, which is known as the transverse isotropic medium. In general, sediments are horizontal layers, with the axis of symmetry perpendicular to the lamination; therefore, they are referred to as a vertical transversely isotropic medium (VTI or TIV). Figure 1A shows an example of fracture propagation from a stiff layer to another one, penetrating through a soft layer in between. Based on several published studies, it is well known that the fracture geometry in laminated formations is a function of stress anisotropy, the contrast between the mechanical properties of the reservoir formation and caprocks, and, to some extent, the operational aspects, such as the injection rate and fluid properties (Zhou et al., 2016; Li et al., 2017; Zeng et al., 2018; Aimene et al., 2019; Dou et al., 2019). Understanding hydraulic fracture (HF) propagation in laminated reservoirs is important to accurately predict the fracture geometry for the treatment design.
[image: Figure 1]FIGURE 1 | (A) Hydraulic fracture propagation in the alternation of stiff and soft layers (Afsar, 2014). (B) Interaction modes between the hydraulic fracture and a natural interface (Sarmadivaleh, 2012).
Figure 1B presents the four observed interaction mechanisms (modes) when an HF intersects a natural interface (e.g., natural fracture or lamination). These are crossing, opening (HF only propagates along the interface), offsetting (HF reinitiate on the other side of the interface after a short propagation along the interface), and arresting (HF cannot cross or open the interface) mechanisms (Guo et al., 2017). Bakhshi et al. (2019) performed hydraulic fracture simulations based on a lattice-based method to investigate the interaction modes between the hydraulic fracture and natural interfaces considering the variable shear strength of interfaces. All simulation results are consistent with the laboratory experiment results(Sarmadivaleh and Rasouli, 2015) and proved the applicability and accuracy of the lattice-based method, which will be used in this article.
Based on the laboratory experimental and field data, some researchers concluded that the contrast in the mechanical properties of adjacent layers primarily determines the fracture height growth (Simonson et al., 1978). They outlined that HF would be contained if the stiffness of the pay zone was less than that of the adjacent caprock layers; otherwise, fracture penetration would occur. However, some scholars claimed that the fracture containment was ascribed not only to stiffness between layers but also to interface properties and interlayer stress differences (Warpinski et al., 1982; Teufel and Clark, 1984; Smith et al., 2001; Gu and Siebrits, 2005; Daneshy, 2007; Zhou et al., 2017). In addition, the interfacial shear strength and the angle of approach between the HF and natural interface may play an important role in HF containment. Essentially, the effect of the angle of the approach is also realized by affecting the shear strength of the interface. Some laboratory experiments performed to study the influence of the interfacial shear strength effect on HF interactions with natural fractures showed that a strong interface reduces the possibility of interfacial slippage but benefits HF penetration (Sarmadivaleh, 2012; Sarmadivaleh and Rasouli, 2015).
In recent decades, with the rapid development of computer science, numerical techniques have been developed to simulate HF based on different methods such as the boundary element method (BEM), finite element method (FEM), extended finite element method (XFEM), finite difference method (FDM), displacement discontinuity method (DDM), discrete element method (DEM), and some hybrid methods (Wu and Olson, 2015; Khoei et al., 2018; Vahab et al., 2019; Xie et al., 2020). Some fluid–solid models, based on the DEM, were conducted to demonstrate that the vertical heterogeneity can influence HF extension (Chen et al., 2015; Haddad et al., 2017; Wang et al., 2017; Zhang et al., 2017; Liu et al., 2019; Liu et al.,2020). The interaction modes between the HF and discontinuities were modeled to predict the possible fracture extension path (Zhang and Jeffrey, 2012; Weng et al., 2018).
In this article, XSite, a DEM-based software with high computational efficiency, was used to simulate HF propagation and its geometry in laminated formations (Damjanac et al., 2013). The tension and shear damaged zones, which are known as stimulated reservoir areas (SRAs), and the potential slippage of HF and the natural interface were determined. The impact of mechanical properties of the reservoir formation and caprocks, the stress anisotropy, natural interface properties, and injecting fluid properties was investigated. The results are presented in the following sections.
XSITE FORMULATION
The lattice simulation used in this study consists of a series of quasi-randomly distributed, non-linear spring-connected nodes as a representation of the nodal and rock matrices. Fluid flow throughout the node network, including pre-existing joints and newly developed fractures as well as the rock matrix, and the resulting pressures are used to calculate the effective stresses (i.e., conditions that cause deformation and affect damage). To better simulate non-linear behaviors, such as fracture, sliding, and fracture opening/closing, all codes use display solutions. The discrete fracture network (DFN) is overlaid on a lattice spring network, assigning elasticity and strength parameters of the crack to the spring. If two nodes of a spring are placed on opposite sides of a joint plane, the spring will obey the smooth joint model (SJM) approach. During the analysis, only the direction of the discontinuity plane is considered, rather than the direction of the individual springs along the joint plane. The angle of the plane becomes the dominant direction when the joint plane cuts the spring (instead of the direction of the spring) (Damjanac and Cundall, 2016).
The following central difference formulas of linear momentum equilibrium and displacement–velocity relation are used for each node to simulate the translational motion of each node (Damjanac et al., 2016):
[image: image]
where, [image: image]and [image: image]are the velocity and position of component i (i = 1, 3) at time t, respectively, and [image: image] is the sum of all force components acting on mass within the time step of [image: image]. Likewise, the angular velocities, [image: image], of the component can be calculated as follows:
[image: image]
where, [image: image] is the sum of all moment components acting on the node of the moment of inertia I.
Flow in a crack, either pre-existing (specified as model input) or newly created (by breaking lattice springs), is solved in a network of fluid nodes connected by pipes (one-dimensional flow cells). Fluid pressure is present in fluid nodes that act as microcracks located on broken springs or springs crossed by pre-existing joints. The crossed cracks are connected by pipes that allow the fluid to flow between the fluid nodes. Specifically, fluid nodes are connected to all fluid nodes within a distance equal to the lattice resolution multiplied by the fluid resolution, which is a user-specified dimensionless parameter between 0.6 and 1.2 (default value is 0.8). The flow velocity is calculated for each flow pipe. The geometry of the flow model is a function of the crack geometry in the solid model and is automatically generated and updated according to the evolution of the solid model (i.e., new cracks are generated). Initially, at the beginning of the simulation, the flow network is generated in a specified pre-existing joint (i.e., DFN). Due to the forces in the joints, the joints’ springs break, resulting in microcracks, so the code automatically creates new fluid nodes and connects them using flow pipes based on the spatial relationship with the existing flow network (Damjanac and Cundall, 2016).
MODEL SETUP
In this study, a two-caprock layer model with laminations in a horizontal direction was established for simulation purposes. The model, as shown in Figure 2A, has a length (along the X-axis), width (along the Z-axis), and height (along the Y-axis) of 10, 8, and 8 m, respectively. The reservoir layer of 2 m height is located in the middle of the model. The caprocks are homogenous materials with 1 m thickness placed above and below the reservoir formation. The six zero-thickness interfaces 1 m apart from each other, as labeled from 1 to 6 in Figure 2B, were used to characterize the cemented natural interface between layers. The principal stresses were considered as σh = 5 MPa, σv = 10 MPa, and σH = 8 MPa in X, Y, and Z directions, respectively. It is important to note that in order to speed up the simulations, the stress differences were applied to the model, rather than the total stresses. This will have no impact on the fracture geometry but only fracture pressures. The fracture is initiated from a cluster in the middle of a horizontal wellbore, which is placed along the X-axis (or σh) direction. The spherical cluster is the point of fracturing fluid injection, and a small starter crack (notch) is placed perpendicular to σh in order to facilitate fracture initiation.
[image: Figure 2]FIGURE 2 | Sketch of the numerical model: (A) front view (X-Y plane), (B) side view (Y-Z plane).
The mechanical properties of this model, which are typical values of a tight unconventional formation, are listed in Table 1. The injection fluid is slick water with a viscosity of 0.002 Pa.s. The simulation was run in a mechanical step for 0.1 s to achieve an initial model equilibrium and continued in the fluid–solid coupling mode after starting the fluid step.
TABLE 1 | Input parameters of the simulation models.
[image: Table 1]RESULTS AND ANALYSIS
Complex fracture geometries consist of tensile and shear fractures (Settgast et al., 2017). To quantify the simulation results of HF propagation in a laminated reservoir, the concept of the stimulated area (SA) is proposed to evaluate the fracture area generated by HF. The shear stimulated area (SSA) is defined as the region containing natural discontinuities that are subjected to shear slippage. By contrast, the tensile stimulated area (TSA) refers to the area where tension fractures form. These two parameters are used to describe the HF extensional patterns in laminated formations. The SSA may represent the area along the natural interface that is stimulated by HF. A higher SSA along an interface means larger fracture connectivity. On the other hand, the TSA may be more representative of the vertical extension of HF (i.e., fracture height). The greater the TSA in the vertical direction, the larger will be the fracture penetration. In the following sections, the effect of caprock Young’s modulus, stress anisotropy, interface properties, and injecting fluid rate on SSA and STA, and hence, fracture geometry will be modeled and the results discussed.
Young’s Modulus
The effect of Young’s modulus on HF geometry is presented here. The caprock Young’s modulus varied from 20 MPa to 27.7, 40, 50, and 60 MPa, while reservoir formation Young’s modulus remained unchanged at 27.7 MPa. The front view (X-Y plane) and side view (Y-Z plane) of the simulation results are shown in Figures 3A,B. As shown in Figure 3A, the yellow wellbore is oriented horizontally, two dark gray layers serve as the caprock of the model, HF is shown in blue propagating vertically, and some fluid flows into the natural fracture along the interface. The results illustrate that the caprock inhibits HF vertical propagation but promotes its extension along the interfaces between adjacent layers, particularly the inner interfaces near the injection point. In order to examine the effect of the angle of the approach, the models were run at inclinations of 0°, 10°, and 20°. The results show the greater the inclination, the larger will be the slippage area. This is in agreement with previously published results (Goldstein and Osipenko, 2015).
[image: Figure 3]FIGURE 3 | Effects of caprock’s inclination and Young’s modulus on fracture propagation in a laminated reservoir. The images show the model (A) front view and (B) side view with Young’s modulus of 20 MPa, 27.7 MPa, 40 MPa, 50 MPa, and 60 MPa.
Figure 4 presents the TSA and SSA corresponding to the results of Figure 3. The total SA is the sum of the TSA and SSA. The results of this figure show that TSA and SSA values are increasing in lockstep as the caprock Young’s modulus increases. However, the change in inclination for TSA and SSA shows the opposite trend. Larger inclinations correspond to higher SSAs but lower TSAs. This is due to the fact that when the HF intersects the natural interface orthogonally (i.e., the layers’ inclination is 0°), as opposed to the lower angle of approaches, the crossing interaction mode is more favorable to occur. This finding agrees with previous research works (Gu and Weng, 2010).
[image: Figure 4]FIGURE 4 | Effect of caprock Young’s modulus and inclination on tension and shear stimulated areas (TSA and SSA).
When the caprock’s stiffness is increased, an increase in the TSA and SSA is observed. To elucidate this conclusion further, a detailed analysis of the HF aperture was performed, and the corresponding results are shown in Figures 5A,B. The aperture profiles in the Y-Z plane for cases involving caprocks with a Young’s modulus of 20 and 60 MPa are shown in this figure. Figure 5A shows a smooth decline of the aperture along the Y axis, whereas an obvious drop occurs at the interface between the reservoir and caprock layer. This is because Young’s modulus is a mechanical property that quantifies the relationship between tensile stress and axial strain; thus, when a fracturing fluid with uniform fluid pressure transits from a high– to low–Young’s modulus layer, the high-modulus rock will exhibit a relatively small strain. Additionally, to illustrate an increase in the SSA, or the natural interface slippage area, profiles of natural fractures aperture are shown in Figures 5C, D for Young’s modulus values of 20 and 60 MPa in the Y-Z plane. When natural interfaces in the same position are compared, the lower stiffness case exhibits a larger aperture value. Additionally, for a single case, one can observe that the interfaces between the reservoir and caprock layer exhibit a greater aperture than those farther from the injection point, particularly in the area contacted by HF interfaces.
[image: Figure 5]FIGURE 5 | Profiles of the HF aperture in the YZ plane at X = −5 m for caprock Young’s modulus of (A) 20 MPa and (B) 60 MPa. The wellbore injection point is at Y = 0 m. Profiles of the natural interface aperture in the XZ plane at Z = 4 m for caprock Young’s modulus of (C) 20 MPa and (D) 60 MPa. The HF cross section appears at X = −5 m. The diagram in the upper right shows the position of the corresponding natural fracture in the model.
Vertical Stress Anisotropy
To investigate the effect of vertical stress anisotropy (or differential stresses), the vertical stress (σv) was changed from 8 MPa to 10 MPa, 12 MPa, and 14 MPa, while the minimum horizontal stress remained constant at σh = 5 MPa. The front (X-Y plane) and side view (Y-Z plane) of the simulation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Effects of caprock’s inclination and stress anisotropy on fracture propagation for vertical stresses of 8 MPa, 10 MPa, 12 MPa, and 14 MPa. (A) The model front view and (B) the model side view.
Figure 7 presents the TSA and SSA corresponding to Figure 6. From these figures, it is seen that as σv increases, the total-SA decreases. Specifically, the SSA has the largest proportion of the contribution to the total SA decline compared to the TSA, implying that high-stress anisotropy results in less stimulation of the interface during HF operation. This finding is also reported by previous research, which claimed a higher differential stress causing a shorter offset in the interfaces (Chuprakov et al., 2010).
[image: Figure 7]FIGURE 7 | Effect of caprock vertical differential stress and inclination on tension and shear stimulated areas.
Tensile Strength
In this section, the impact of the tensile strength (T) of both caprocks and interfaces on HF propagation is studied by changes in the T values from 0.5 MPa to 3.5 MPA and 5.0 MPa. The front and side views of the models are depicted in Figures 8A,B.
[image: Figure 8]FIGURE 8 | Effects of caprock’s inclination and tensile strength on fracture propagation for tensile strengths of 0.5, 3.5, and 5.0 MPa. (A) The model front view and (B) the model side view.
Figure 9 presents the TSA and SSA corresponding to Figure 8. A noticeable reduction in the total SA is observed when the tensile strength increases from 0.5 MPa to 5.0 MPa. This is contributed largely by reduction of the SSA from approximately 25 to 5 m2, while a little change is observed in the TSA. The induced stress of the fractures in the reservoir and the weak cementation of the natural fractures make the natural fracture faces susceptible to shear slip, thus creating the so-called hydraulic aperture to facilitate fluid leakage into the natural interfaces. Therefore, the magnitude of natural interface tensile strength is lower than that of the main formation; tensile normal stress on the natural fracture may cause its opening and activation in preference to local growth along its original path (Daneshy, 2019).
[image: Figure 9]FIGURE 9 | Effect of tensile strength and inclination on tension and shear stimulated areas (TSA and SSA).
Injection Rate
The injection rate (Q) is one of the controllable operational parameters during the HF operation; therefore, it is important to understand its impact on fracture propagation. Five different models with variable injection rates of 0.02 m3/s, 0.04 m3/s, 0.06 m3/s, 0.08 m3/s, and 0.1 m3/s were considered while keeping other parameters the same for simulation purposes. Figures 10A,B show the results of the aperture as a function of the injection rate. It is seen that as the injection rate increases, the HF aperture in the reservoir increases, but the TSA decreases.
[image: Figure 10]FIGURE 10 | Effects of caprock’s inclination and the fluid injection rate for injection rates of 0.02 m3/s, 0.04 m3/s, 0.06 m3/s, 0.08 m3/s, and 0.1 m3/s. (A) The model front view, (B) the model side view.
The results in Figure 11 indicate that the total SA decreases as the fluid injection rate increases, and it is seen that this reduction is more contributed by the TSA and a little impact by the SSA. However, the general consensus regarding the effect of the injection rate is that an increase in the injection rate contributes to the tensile failure and results in more tensile fracture, whereas a low injection rate favors the formation of natural interface shear failure and act as a lubricant to reduce friction and accommodate shearing (Beugelsdijk et al., 2000; Zou et al., 2016; Yu et al., 2019). This can be explained by Figures 12A,B, which illustrate that a high–injection rate case forms a high-pressure zone, with a breakdown pressure of 87.6 MPa, compared to 27.5 MPa, in a short time around the injection point and has a larger aperture in the reservoir layer, resulting in less fluid energy available to pressurize and extend the fracture in the vertical direction. Also, from the results of Figures 12C,D, one can observe that a high injection rate results in a greater interfacial extension and wider fractures than the case of lower injection rates. This is because the high–flow rate HF has higher hydraulic pressure at the intersection point (x = −5 m in Figures 12C,D) when it contacts with natural interfaces than the low-rate case; hence, the HF prefers to propagate along the interface.
[image: Figure 11]FIGURE 11 | Effect of the fluid injection rate and inclination on tension and shear stimulated areas (TSA and SSA).
[image: Figure 12]FIGURE 12 | Profiles of the HF aperture in the YZ plane at X = −5 m for injection rates of (A) 0.02 m3/s and (B) 0.1 m3/s. The wellbore injection point is at Y = 0 m. And profiles of the natural interface aperture in the XZ plane at Z = 4 m for injection rates of (C) 0.02 m3/s and (D) 0.1 m3/s. HF in this plane is at X = −5 m. The diagram in the upper right shows the position of the corresponding natural fracture in the model.
DISCUSSION
To assess that the previous results hold true universally, the considered parameters are transformed into a dimensionless space. The elastic modulus was defined as the ratio of the modulus in the caprock layer to the modulus of the reservoir, denoted as effective Young’s modulus (EE); the ratio of the tensile strength of the natural interface and caprock layer (which was assumed the same in this study) to the tensile strength of the reservoir formation was denoted as effective tensile strength (TE); the effective stress anisotropy (SE) was defined as the ratio of the vertical to the minimum horizontal principal stresses; and the effective injection rate (QE) was defined as the ratio of the injection rate to the minimum value used in each case. All of these dimensionless parameters were calculated to see if they present a meaningful trend for the quantitative analysis of HF propagation and its geometry.
The stimulated area ratio (SAR), defined as the ratio of the TSA to the SSA, was also used here. These larger SARs indicate more penetrability of the fracture versus connectivity or larger height (vertical extension) as opposed to horizontal extension. The relationship between effective Young’s modulus and the SAR is presented in Figure 13A, which shows minor changes to the SAR as the stiffness of the caprock increases. This may be explained that fluid pressure restricted by the stiff caprock boosted both the TSA and SSA. Figure 13B shows the change in the SAR as a function of the effective stress anisotropy. It is seen that the SAR increases as stress anisotropy increases, a result which is consistent with the previous findings of this study which showed that high maximum horizontal stress reduces the SSA along the natural interfaces. The relationship between the SAR and the effective tensile strength is presented in Figure 13C. The results of this figure show a significant increase in the SAR when tensile strength increases. This is due to the fact that high tensile strength prevents further opening of the fractures formed by the interfacial slip. Figure 13D illustrates the effect of the injection rate on the SAR, indicating that there is a general tendency for the SAR to decrease as the injection rate increases, with slight variations due to changes in inclinations. In a nutshell, the previous results suggest that the larger Young’s modulus and injection rate favor horizontal propagation of HF (Figure 14B), whereas larger stress anisotropy and tensile strength favor vertical propagation of HF (Figure 14A).
[image: Figure 13]FIGURE 13 | Effect of (A) Young’s modulus, (B) stress anisotropy, (C) tensile strength, and (D) injection rate on stimulated area ratio (SAR).
[image: Figure 14]FIGURE 14 | Illustration of the three HF geometries: (A) a vertical HF, (B) a horizontal HF, and (C) HF network. (D) Schematic evolution of HF propagation modes in dimensionless space.
The evolution of HF from vertical to horizontal propagation modes can be visualized schematically in Figure 14D, where the bottom left and top right vertexes represent the vertical hydraulic fracture (VHF) and horizontal hydraulic fracture (HHF) propagation, respectively. In this figure, the bottom right and top left vertices represent the tension and shear stimulated areas, respectively. The transition between VHF and HHF propagation regimes is determined by the SAR. This means that the tensile strength and stress anisotropy enable HF to evolve from HHF to VHF via the path close to the SSA, whereas the injection rate evolves from the VHF to HHF via the path along the TSA. Furthermore, Young’s modulus has an effect on the propagation mode through the TSA and SSA, causing it to follow a nearly diagonal path along the rectangle. Further investigation is needed to better understand the relationships between the SAR, the total stimulated area, and the HF network (HFN).
CONCLUSION
Based on the lattice-based numerical simulation of HF propagation in a laminated model presented in this work, the following conclusions were drawn:
1) Higher caprock Young’s modulus promotes HF vertical and horizontal extensions. Higher vertical stress anisotropy inhibits HF horizontal extension. The higher tensile strength of the interface and caprock prevents HF horizontal propagation. A higher injection rate promotes HF width growth in the reservoir.
2) The tension stimulated area (TSA) and shear stimulated area (SSA) were used to determine the vertical and horizontal extendibility of HF. The TSA shows HF’s ability to penetrate the interface and propagate vertically, whereas the SSA represents the ability of HF to form interface slippage or horizontal propagation of the fracture. These two parameters can quantitatively describe the behavior of HF propagation when it interacts with natural interfaces.
3) The ratio of the TSA to SSA, known as the stimulated area ratio (SAR), was used as a parameter to show how HF propagation transition occurs between vertical and horizontal directions. The greater the SAR, the greater will be the HF penetrability. A dimensionless space was used to demonstrate how mechanical and operational factors affect the propagation of HFs along different pathways in a laminated formation.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
DQ contributed to writing–original draft–and Methodology. JZ assisted with project administration and writing–review and editing. YL contributed to writing–review and editing. JL contributed to writing–review and editing. MR contributed to writing–review and editing. VR helped with supervision and writing–review and editing. BD contributed to resources, software, and writing–review and editing. RH helped with writing–review and editing.
FUNDING
The research was supported by the National Natural Science Foundation of China (U1960101), the National Natural Science Foundation of China Youth Foud (52004065), the Research start project of Northeast Petroleum University (NO. 1305021857), and the Northeast Petroleum University Youth Talent Training Project (15041260501).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank the provision of the XSite license by the Itasca Group.
REFERENCES
 Afsar, F. (2014). Fracture Propagation and Reservoir Permeability in limestone-marl Alternations of the Jurassic Blue Lias Formation. eDiss. Bristol Channel Basin , UK ). 
 Aimene, Y., Hammerquist, C., and Ouenes, A. (2019). Anisotropic Damage Mechanics for Asymmetric Hydraulic Fracture Height Propagation in a Layered Unconventional Gas Reservoir. J. Nat. Gas Sci. Eng. 67 (April), 1–13. doi:10.1016/j.jngse.2019.04.013
 Bakhshi, E., Rasouli, V., Ghorbani, A., Fatehi Marji, M., Damjanac, B., and Wan, X. (2019). Lattice Numerical Simulations of Lab-Scale Hydraulic Fracture and Natural Interface Interaction. Rock Mech. Rock Eng. 52 (5), 1315–1337. doi:10.1007/s00603-018-1671-2
 Beugelsdijk, L. J. L., De Pater, C. J., and Sato, K. (2000). “Experimental Hydraulic Fracture Propagation in a Multi-Fractured Medium,” in Proceedings of the SPE Asia Pacific Conference on Integrated Modelling for Asset Management,  (April 2000). Yokohama Japan. 177–184. doi:10.2523/59419-ms10.2118/59419-ms
 Chen, Z., Jeffrey, R. G., Zhang, X., Kear, J., Operations, S. C. T., Zhang, X., and Kear, J. (2015). “Finite Element Simulation of a Hydraulic Fracture Interacting with a Natural Fracture,” in Proceedings of the Society of Petroleum Engineers - SPE Asia Pacific Unconventional Resources Conference and Exhibition.  (Noveber 2015). Brisbane Australia. doi:10.2118/176970-ms
 Chuprakov, D. A., Akulich, A. V., Siebrits, E., and Thiercelin, M. (2010). Hydraulic Fracture Propagation in a Naturally Fractured Reservoir. J. Nat. gas Sci. Eng . 68. doi:10.2118/128715-ms
 Damjanac, B., and Cundall, P. (2016). Application of Distinct Element Methods to Simulation of Hydraulic Fracturing in Naturally Fractured Reservoirs. Comput. Geotechnics 71, 283–294. doi:10.1016/j.compgeo.2015.06.007
 Damjanac, B., Detournay, C., and Cundall, P. A. (2016). Application of Particle and Lattice Codes to Simulation of Hydraulic Fracturing. Comp. Part. Mech. 3 (2), 249–261. doi:10.1007/s40571-015-0085-0
 Damjanac, B., Detournay, C., Cundall, P. A., and Varun, (2013). Three-dimensional Numerical Model of Hydraulic Fracturing in Fractured Rock Masses. ISRM Int. Conf. Eff. Sust. Hydraulic Fracturing , 819–830. doi:10.5772/56313
 Daneshy, A. A. (1978). Hydraulic Fracture Propagation in Layered Formations. Soc. Pet. Eng. J. 18 (01), 33–41. doi:10.2118/6088-pa
 Daneshy, A. (2019). “Three-dimensional Analysis of Interactions between Hydraulic and Natural Fractures,” in Proceedings of the Society of Petroleum Engineers - SPE Hydraulic Fracturing Technology Conference and Exhibition.  (February 2019). Texas USA. doi:10.2118/194335-ms
 Dou, F., Wang, J. G., Wang, H., Hu, B., and Li, C. (2019). Discrete Element Analysis for Hydraulic Fracture Propagations in Laminated Reservoirs with Complex Initial Joint Properties. Geofluids 2019, 1–23. doi:10.1155/2019/3958583
 Goldstein, R. V., and Osipenko, N. M. (2015). Initiation of a Secondary Crack across a Frictional Interface. Eng. Fracture Mech. 140, 92–105. doi:10.1016/j.engfracmech.2015.03.036
 Gu, H., and Siebrits, E. (2008). Effect of Formation Modulus Contrast on Hydraulic Fracture Height Containment. SPE Prod. Operations 23 (2), 170–176. doi:10.2118/103822-pa
 Gu, H., and Weng, X. (2010). “Criterion for Fractures Crossing Frictional Interfaces at Non-orthogonal Angles,” in Proceedings of the 44th US Rock Mechanics Symposium and 5th U.S. -Canada Rock Mechanics Symposium,  (June 30 2010). Utah USA. 1–6. 
 Guo, J., Luo, B., Lu, C., Lai, J., and Ren, J. (2017). Numerical Investigation of Hydraulic Fracture Propagation in a Layered Reservoir Using the Cohesive Zone Method. Eng. Fracture Mech. 186, 195–207. doi:10.1016/j.engfracmech.2017.10.013
 Haddad, M., Du, J., and Vidal-Gilbert, S. (2017). Integration of Dynamic Microseismic Data with a True 3D Modeling of Hydraulic-Fracture Propagation in the Vaca Muerta Shale. SPE J. 22 (6), 1714–1738. doi:10.2118/179164-pa
 Khoei, A. R., Vahab, M., and Hirmand, M. (2018). An Enriched-FEM Technique for Numerical Simulation of Interacting Discontinuities in Naturally Fractured Porous media. Comp. Methods Appl. Mech. Eng. 331, 197–231. doi:10.1016/j.cma.2017.11.016
 Li, H., Zou, Y., Liu, S., and Valko, P. P. (2017). “Numerical Investigation of Multi-Well, Multi-Stage Hydraulic Fracture Height Growth in Laminated Shale Reservoirs Using Finite-Discrete Element Method,” in Proceedings of the 51st US Rock Mechanics/Geomechanics Symposium,  (San Francisco, California, June 2017), 3. 
 Liu, X., Qu, Z., Guo, T., Sun, Y., Wang, Z., and Bakhshi, E. (2019). Numerical Simulation of Non-planar Fracture Propagation in Multi-Cluster Fracturing with Natural Fractures Based on Lattice Methods. Eng. Fracture Mech. 220 (March), 106625. doi:10.1016/j.engfracmech.2019.106625
 Liu, X., Rasouli, V., Guo, T., Qu, Z., Sun, Y., and Damjanac, B. (2020). Numerical Simulation of Stress Shadow in Multiple Cluster Hydraulic Fracturing in Horizontal wells Based on Lattice Modelling. Eng. Fracture Mech. 238 (June), 107278. doi:10.1016/j.engfracmech.2020.107278
 Sarmadivaleh, M. (2012). Experimental and Numerical Study of Interaction of a Pre-existing Natural Interface and an Induced Hydraulic Fracture. Curtin University. Australia. doi:10.13140/RG.2.1.1286.2882
 Sarmadivaleh, M., and Rasouli, V. (2015). Test Design and Sample Preparation Procedure for Experimental Investigation of Hydraulic Fracturing Interaction Modes. Rock Mech. Rock Eng. 48 (1), 93–105. doi:10.1007/s00603-013-0543-z
 Settgast, R. R., Fu, P., Walsh, S. D. C., White, J. A., Annavarapu, C., and Ryerson, F. J. (2017). A Fully Coupled Method for Massively Parallel Simulation of Hydraulically Driven Fractures in 3-dimensions. Int. J. Numer. Anal. Meth. Geomech. 41 (5), 627–653. doi:10.1002/nag.2557
 Simonson, E. R., Abou-Sayed, A. S., and Clifton, R. J. (1978). Containment of Massive Hydraulic Fractures. Soc. Pet. Eng. J. 18 (1), 27–32. doi:10.2118/6089-pa
 Smith, M. B., Bale, A. B., Britt, L. K., Klein, H. H., Siebrits, E., and Dang, X. (2001). Layered Modulus Effects on Fracture Propagation, Proppant Placement, and Fracture Modeling. SPE Annu. Tech. Conf. Exhibition , 2919–2932. doi:10.2118/71654-ms
 Teufel, L. W., and Clark, J. A. (1984). Hydraulic Fracture Propagation in Layered Rock: Experimental Studies of Fracture Containment. Soc. Pet. Eng. J. 24 (1), 19–32. doi:10.2118/9878-PA
 Vahab, M., Khoei, A. R., and Khalili, N. (2019). An X-FEM Technique in Modeling Hydro-Fracture Interaction with Naturally-Cemented Faults. Eng. Fracture Mech. 212 (December 2018), 269–290. doi:10.1016/j.engfracmech.2019.03.020
 Wang, T., Hu, W., Elsworth, D., Zhou, W., Zhou, W., Zhao, X., et al. (2017). The Effect of Natural Fractures on Hydraulic Fracturing Propagation in Coal Seams. J. Pet. Sci. Eng. 150 (June), 180–190. doi:10.1016/j.petrol.2016.12.009
 Warpinski, N. R., Schmidt, R. A., and Northrop, D. A. (1982). In-Situ Stresses: the Predominant Influence on Hydraulic Fracture Containment. J. Pet. Tech. 34 (3), 653–664. doi:10.2118/8932-PA
 Weng, X., Chuprakov, D., Kresse, O., Prioul, R., and Wang, H. (2018). Hydraulic Fracture-Height Containment by Permeable Weak Bedding Interfaces. Geophysics 83 (3), MR137–MR152. doi:10.1190/geo2017-0048.1
 Wu, K., and Olson, J. E. (2015). A Simplified Three-Dimensional Displacement Discontinuity Method for Multiple Fracture Simulations. Int. J. Fract 193 (2), 191–204. doi:10.1007/s10704-015-0023-4
 Xie, J., Tang, J., Yong, R., Fan, Y., Zuo, L., Chen, X., et al. (2020). A 3-D Hydraulic Fracture Propagation Model Applied for Shale Gas Reservoirs with Multiple Bedding Planes. Eng. Fracture Mech. 228 (January), 106872. doi:10.1016/j.engfracmech.2020.106872
 Yu, H., Dahi Taleghani, A., and Lian, Z. (2019). On How Pumping Hesitations May Improve Complexity of Hydraulic Fractures, a Simulation Study. Fuel 249 (February), 294–308. doi:10.1016/j.fuel.2019.02.105
 Zeng, Q., Liu, W., and Yao, J. (2018). Numerical Modeling of Multiple Fractures Propagation in Anisotropic Formation. J. Nat. Gas Sci. Eng. 53 (March), 337–346. doi:10.1016/j.jngse.2018.02.035
 Zhang, F., Zhu, H., Zhou, H., Guo, J., and Huang, B. (2017). Discrete-element-method/computational-fluid-dynamics Coupling Simulation of Proppant Embedment and Fracture Conductivity after Hydraulic Fracturing. SPE J. 22 (2), 632–644. doi:10.2118/185172-PA
 Zhang, X., and Jeffrey, R. G. (2012). Fluid-driven Multiple Fracture Growth from a Permeable Bedding Plane Intersected by an Ascending Hydraulic Fracture. J. Geophys. Res. 117 (12), a–n. doi:10.1029/2012JB009609
 Zhou, J., Zhang, L., Pan, Z., and Han, Z. (2016). Numerical Investigation of Fluid-Driven Near-Borehole Fracture Propagation in Laminated Reservoir Rock Using PFC 2D. J. Nat. Gas Sci. Eng. 36, 719–733. doi:10.1016/j.jngse.2016.11.010
 Zhou, J., Zhang, L., Pan, Z., and Han, Z. (2017). Numerical Studies of Interactions between Hydraulic and Natural Fractures by Smooth Joint Model. J. Nat. Gas Sci. Eng. 46, 592–602. doi:10.1016/j.jngse.2017.07.030
 Zou, Y., Zhang, S., Ma, X., Zhou, T., and Zeng, B. (2016). Numerical Investigation of Hydraulic Fracture Network Propagation in Naturally Fractured Shale Formations. J. Struct. Geology. 84, 1–13. doi:10.1016/j.jsg.2016.01.004
Conflict of Interest: BD was employed by the company Itasca Consulting Group.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Qiu, Zhang, Lin, Liu, Rabiei, Rasouli, Damjanac and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 01 December 2021
doi: 10.3389/feart.2021.793016


[image: image2]
Internal Structure Characteristics and Formation Mechanism of Reverse Fault in the Carbonate Rock, A Case Study of Outcrops in Xike’er Area, Tarim Basin, Northwest China
Feng Geng1,2, Haixue Wang3,4*, Jianlong Hao2 and Pengbo Gao3
1School of Earth Sciences and Surveying Engineering, China Mining University, Beijing, China
2Sinopec Northwest Oilfield Company Exploration, Development Research Institute, Ulumuqi, China
3CNPC Fault Controlling Reservoir Research Laboratory, Northeast Petroleum University, Daqing, China
4Key Laboratory of Oil and Gas Reservoir and Underground Gas Storage Integrity Evaluation of Heilongjiang Province, Northeast Petroleum University, Daqing, China
Edited by:
Wei Ju, China University of Mining and Technology, China
Reviewed by:
Antonio Casas, University of Zaragoza, Spain
Changyu Fan, Northwest University, China
* Correspondence: Haixue Wang, wanghaixue116@163.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 11 October 2021
Accepted: 11 November 2021
Published: 01 December 2021
Citation: Geng F, Wang H, Hao J and Gao P (2021) Internal Structure Characteristics and Formation Mechanism of Reverse Fault in the Carbonate Rock, A Case Study of Outcrops in Xike’er Area, Tarim Basin, Northwest China. Front. Earth Sci. 9:793016. doi: 10.3389/feart.2021.793016

China’s Paleozoic deep carbonate effective reservoirs, mainly non-porous reservoirs, are generally formed under the interaction of late diagenesis, hydrothermal fluids, and structural fractures. Faults and their deformation mechanism and internal structure of fault zones play an important role in the formation of carbonate reservoirs and hydrocarbon accumulation. Based on the detailed analysis of outcrop data in Xike’er area, Tarim Basin, this paper systematically studies the deformation mechanism and internal structure of reverse fault in the carbonate rock, and discusses the reservoir characteristics, control factors and development rules. The study shows that the deformation mechanism of the fault in carbonate rocks is faulting and fracturing, and the dual structure of fault core and damage zone is developed. The fault core is mainly composed of fault breccia, fault gouge and calcite zone, and a large number of fractures are formed in the damage zone, which are cemented by calcite locally. The mineral composition and rare earth element tests show that the fault core has the dual effect of hydrothermal fluids and atmospheric fresh water, which is easy to be cemented by calcite; while the damage zone is dominated by atmospheric fresh water, which is a favorable zone for the development of fracture-vuggy reservoirs. Therefore, the damage zone is the “sweet spot” area of carbonate oil and gas enrichment, and generally shows strip distribution along the fault.
Keywords: thrust fault, faulting and fracturing, deformation mechanism, damage zone, carbonate, Tarim basin
INTRODUCTION
Carbonate reservoir is an important part of global oil and gas. Its conventional oil and gas reserves account for about 60% of the world’s total reserves, and its production accounts for about 50%. The distribution area of carbonate rocks in China is nearly 3 million square kilometers, and the oil and gas exploration potential is huge. After the discovery of Renqiu oilfield in Hebei Province in the 1970s, China’s marine carbonate oil and gas exploration has successively discovered a number of large oil and gas fields, such as Shanzhong gas field in Ordos basin, Tahe-Lunnan, Tazhong and Shunbei oil and gas fields in Tarim Basin, and Northeast Sichuan gas field in Sichuan basin, etc. In recent years, China’s deep marine carbonate rocks are at the peak of discovery of large oil and gas fields. With the discovery of “fault controlled-karst” reservoirs in Shunbei area of Tarim Basin, exploration practice has proved that fault is not only an important pathway for oil and gas migration, but also an important reservoir space (Jiao., 2018; Cahngyu et al., 2019; Li et al., 2019; Baozeng, 2020; Zhiwen et al., 2020). Fault is a “three-dimensional geological body” with a certain width and containing fault rocks with different characteristics (Xiaofei et al., 2013; Lingdong et al., 2014). Faults zones localize shear deformation and are made up of intensely deformed fault cores encompassed within the fault damage zones (Sibson, 1977; Caine Saul et al., 1996; Shipton and Cowie, 2003; Crider and Peacock, 2004; Agosta and Aydin, 2006; De Joussineau and Aydin, 2007; Wibberley et al., 2008; Faulkner et al., 2010). The fault core has been transformed from the host into new rock types, such as mudstone, cataclastic rock, breccia and mylinite, due to high strain processes such as crushing, cataclastic, brecciation and crystal plasticity (Higgins 1971; Engelder 1974; Sibson 1977; Caine Saul et al., 1996; Evans et al., 1997; Chester et al., 2004; Berg and Skar 2005; Agosta and Aydin 2006; Mort and Woodcock 2008; Mitchell and Faulkner 2009; Faulkner et al., 2010; Michie 2015). Lower strain mechanisms create damage zones surrounding the fault core, such as fracturing and veining in low porosity or overconsolidated rock (e.g. Caine Saul et al., 1996; Chester et al., 2004; Agosta et al., 2007; De Joussineau and Aydin 2007; Gaviglio et al., 2009; Mitchell and Faulkner 2009; Bastesen and Braathen, 2010; Faulkner et al., 2010; Hausegger et al., 2010), or cataclasis and cementation creating deformation bands in high porosity rock (e.g. Shipton and Cowie 2003; Fossen et al., 2007; Schueller et al., 2013). Other processes, such as mineral reaction or precipitation/dissolution, can affect both zones (Kim et al., 2004; Agosta et al., 2007). Beyond the damage zone is the protolith, where no alteration from faulting is observed. The complex structural characteristics of the fault zone are formed due to the combined action of fault deformation and fluid modification. At present, oil and gas drilling in Tarim carbonate strike slip fault zone has achieved good results, but the exploration deployment of reverse fault has not been carried out yet. The fundamental reason lies in the unclear understanding of the internal structure and genetic mechanism of reverse fault. How to scientifically understand the mechanism of fault modification on carbonate reservoir is an important basis for exploration of large-scale reservoirs. Taking the field reverse fault in Xike’er area of Tarim Basin as the anatomical object, the internal structural characteristics and formation mechanism of reverse fault are discussed through the Analysis of internal structure characteristics and geochemical tests of macro to micro fault zone, and the reservoir control mode of reverse fault is clarified, which has important practical significance for improving the success rate of carbonate oil and gas exploration.
Geological Background
Tarim Basin is a multi-cycle, superimposed petroliferous basin composed of Paleozoic craton basin and Mesozoic-Cenozoic foreland basin (Chengzao, 1997). After multi-stage tectonic movement, Tarim Basin was associated with a series of fold and thrust belts. Aksu-Keping area is located in the northwest margin of Tarim Basin, which is the transition zone between the South Tianshan orogenic belt and the Tarim Basin and belongs to Tabei uplift belt. The Keping uplift is divided into Xike’er area, Keping area and Aksu area by Piqiang fault and Yingan mountain. The compression strike slip and thrust nappe are very strong in the area, so the reverse faults are relatively developed. Controlled by the Cambrian Ordovician global inundation event, the early Ordovician to Middle Ordovician in Tarim Basin showed an overall sea-level rise, from semi restricted platform to open platform. The early Ordovician is a large epicontinental sea platform, which basically inherited the Cambrian sedimentary pattern. After the Middle Ordovician, the plate movement in the southern margin of Tarim Basin changed from discrete to convergent. The basin entered the tectonic compression system, the basin pattern evolved to the North-South zoning, and the sedimentary environment also changed from marine facies to marine continental transitional facies (Yang et al., 2016).
The study area is located in the Akesu-Keping area of the Tarim Basin, and comprises the Bachu Uplift in the west (Figure 1A). It is composed of a series of marine carbonate rocks formed in open platform margin and evaporative lagoonal to restricted platform margin during the Cambrian- Lower Ordovician Periods. The Cambrian can be divided into three sub-sequences as follows: the Lower Cambrian includes the Yuertusi, Xiaoerbulake and Wusongger Formations, which contains thick dolomites, limestones, dolomicrites, microbialites/stromatolites bed, characterized by restricted to evaporative-lagoonal carbonate platform and open platform environment (Lin et al., 2009). The Middle Cambrian includes the Shayilike and Awatage Formations, which contains thick gypsum, anhydrite and salt layers. The upper Cambrian consists of the Xiaqiulitage Formation, which contains algae dolomite and argillaceous dolomite, limestone, atromatolitic dolomite etc (Ngia et al., 2019) (Figure 1C). The Lower-Middle Ordovician succession is divided into the Penglaiba Formation and the Yingshan Formation, and is composed mainly of thick bedded dolomites, dolomitic limestones, packstones-grainstones, formed on open platform to platform margins as reef and shoal deposits (Figure 1C) (Lin et al., 2012).
[image: Figure 1]FIGURE 1 | Location and geological map and lithological of the Akesu-Keping area in Tarim Basin. (A) Regional location map of the Tarim Basin. (B) 3D topographic map of the Akesu-Keping area, the Xike’er fault is located in the west of the Piqiang fault, which is a NW reverse fault with a steep dip of 83°, and the surrounding strata are mainly Cambrian, Ordovician and Silurian. (C) Lithologic histogram of Tarim Basin. It can be found in the bar chart that the outcropping strata in the study area are mainly carbonate strata.
The Ordovician carbonate rocks are widely exposed in the Xike’er area, Tarim Basin. The exposed strata are mainly Penglaiba formation (O1p), Yingshan formation (O1-2y) and Yijianfang Formation (O2y) (Figure 1). Different types and characteristics of fault zones are developed in this area (Wenyuan et al., 2002), but reverse faults are the main ones, such as Xike’er fault, the orientation of the reverse fault is NWW or EW. The orientation of the strike-slip faults, such as Piqiang fault, are NNW or NS (Figure 1). This paper mainly studies the structural characteristics and genetic mechanism of reverse fault in the carbonate rock.
Data and Methods
Sample Collection and Processing
Samples were collected from the Xike’er area to capture representative portions of fault rock and undeformed host rock. Block samples with weight greater than 200 g were taken for sample analysis, and polished thin sections were produced for optical microscopy. These samples have been perpendicular to fault strike. Samples were taken adjacent to the representative thin sections, to accurately capture the microstructures fully representing the measured petrophysical properties. Representative oriented host samples have also been collected, with core plugs and thin sections taken. For the Xike’er reverse fault, 16 samples were mainly selected, of which 4 were taken from the host rock, five were taken from the damage zone, six were taken from the fault core, and one was taken from the overlap zone.
All samples were cleaned using carbonate-saturated deionized water to remove salts that were likely to impact the petrophysical property measurements by occluding pore space. Cleaned core plugs were then placed in an oven and heated to 60 °C until dry.
Microstructural Analysis and Petrophysical Measurements
All 16 samples are made of thin slices and observed under a Leica microscope made in Germany. The model of the microscope is DM4P. The maximum available field of view is 25 mm and supports 50-500x zoom. As the porosity of the fault zone samples is difficult to obtain, the porosity can only be reflected by observing the plane porosity of the thin section. The face plane porosity to the visible porosity of the rock under the microscope (without micro-voids), that is, the percentage of the void area to the total area of the observation field. A low-viscosity resin containing blue dye was used to make pore spaces more apparent when viewed in plane polarized light. Optical images from the thin sections were analysed to assess the deformation mechanisms in each sample based on documented deformation and/or diagenetic microstructures. These observations were used to divide samples into different fault rock categories and to interpret how different deformation mechanisms might govern the petrophysical properties of fault rocks.
XRD Analysis and Rare Earth Element Analysis
The whole-rock mineralogy of all samples was determined by X-ray powder diffraction analysis (XRD) performed on randomly oriented powders following the sideloading method (Środoń et al., 2001). The XRD analysis was performed on the Brook X-ray diffractometer of Northeast Petroleum University. The model of the instrument is D8AA25, and the rated voltage and rated current are 60 kV and 80 mA, respectively.Data collection was carried out in the 2θ range -10–168° with a step size of 0.0001°. Operating temperature of 10–40°C and relative humidity less than or equal to 75% are the working conditions of this instrument.
The rare earth element analysis of samples at different positions of the fault zone was carried out to obtain the source of the fluid that affected the Hickel fault zone. Rare earth element analysis was carried out by ICP-MS X-Series-2 inductively coupled plasma mass spectrometer. The mass spectrum of the instrument was in the range of 2–255 amu, and the sensitivity was Y(89)>200Mcps/ppm. The testing accuracy of trace elements with the content of ppm-ppb level is high, the error is less than 5%
RESULT
Internal Structural Characteristics of Reverse Faults in the Carbonate Rock
Based on the differences and influencing factors of deformation in the different rocks, the carbonate can be divided into high porosity (porosity greater than 15%) and low to non-porosity (tight) carbonate rock (porosity less than 15%) (Kaminskaite et al., 2019). The high porosity carbonate rocks are mainly cataclastic, and the associated sub-seismic structures are mainly deformation zones, which are the most common structures in high porosity carbonate rocks (Fossen et al., 2007; Agosta and Tondi, 2010; Bastesen et al., 2013; Rotevatn et al., 2016; 2017). However, low to non-porous carbonate rocks are dominated by shear fracturing, and associated sub-seismic structures are mainly fractures (Billi et al., 2003; Agosta, 2008; Woodcock et al., 2008; Bastesen et al., 2009; Michie and Haines, 2016; Panza et al., 2016). No matter what type of carbonate rock, cementation is also a common phenomenon in the fault zone of carbonate rock (Cooke et al., 2018).
Characteristics of Reverse Faults Core
From the geological map and stratigraphic relationship on both sides of the outcrop fault, it can be seen that the Xike’er fault is a NW trending reverse fault with a certain strike-slip property, and the fault dip angle is about 83° (Figure 2). The fault core is the most concentrated part of the rock mass displacement on both sides of the fault, it absorbs most of the displacement of the fault and develops sliding surfaces and fault rocks (Caine Saul et al., 1996; Cooke et al., 2019). The xike’er fault has a typical dual structure, and its fault core is characterized by multi-layer structure, which is filled with calcite vein, fault breccia and fault gouge along the sliding surface (Figure 3A). Multiple slip surfaces and fault breccias are developed in the fault core, and the fault plane is relatively smooth; several Calcite veins are developed along the fault plane, with the maximum width of 5 cm (Figures 3B,E). The fractures are relatively developed in the damage zone, which have a high permeability with the width of about 8.5 m (Figure 3C), the fault gouge is characterized by zonal distribution, with banded calcite vein filling and a small amount of small-scale breccia, with a width of about 1.3 m (Figures 3D,F).
[image: Figure 2]FIGURE 2 | The Xike’er fault pattern and macroscopic characteristics. The location of the section is shown in the geological map on the plane plan. In the profile the red line is the fault plane and the arrow points to the hanging wall of the reverse fault.
[image: Figure 3]FIGURE 3 | The development characteristics of the Xike’er reverse fault core. (A) A total of 16 samples were selected from the Xike’er fault zone, including fault core, damage zone, host rock and overlap zone. The blue dot indicates the position of samples and the dotted line indicates the sliding surface. The morphology of the fault core is different from that of the hostrock. (B) The fault core of the Xike’er fault. (C) The red line indicates a slip plane fault. (D) Fault breccia is mainly developed in the fault core. (E) The fault core is developed by the fault breccia, calcite veins and fault gouge.
Characteristics of Reverse Fault Damage Zone
The damage zone is located on both sides of the fault core, mainly secondary structures associated with the formation of the fault (Chester and Logan, 1986), including minor faults (Choi et al., 2015) and fractures (Vermilye and Scholz, 1999; Fu et al., 2012; Laubach et al., 2014; Lingdong et al., 2014; Xiaofei et al., 2014). There are two main methods for measuring the damage zone in the outcrop area: one is to measure the fractures density and compile the fractures density-distance change. The number of associated sub-seismic structures in the damage zone gradually decreases as the distance from the fault core increases. When the density is consistent with the regional fractures or deformation zones, it marks the end of the damage zone. The distribution of the of infection zone (fluid effect damage zone), and a graph of the distance-distance between the infected zone is compiled. As the distance from the fault zone increases, the disappearance of the infected zone marks the end of the damage zone (Walsh et al., 1998; Shipton and Cowie, 2003; Flodin and Aydin, 2004; Berg and Skar, 2005; Lubiniecki et al., 2019).
The damage zone of the Xike’er reverse fault mainly develops conjugate shear fractures, tensile fractures, mineral veins and caves, mostly with high-angle fractures. The fractures exposed in the study area show different orientation, include NE, NEE, SN. Four groups of fractures are developed in the Xike’er reverse fault (Figure 4). The macroscopic observation of the damage zone shows that the farther away from the fault core, the lower the degree of fracture development (Figure 5). Fractures are developed in the strongly deformed damage zone near the fault core, and the density of the fractures can reach nearly 30/m. The orientation of the fractures is complex and changeable, and the fractures are interwoven into a network. Far from the weakly deformed damage zone of the fault core, the degree of fracture development is relatively high, and the fracture density is mainly distributed at 5–15 lines/m; the fracture occurrence is relatively stable and the directionality is obvious. The degree of fracture development in the host rock is relatively low, with an average fracture density of 4.2 lines/m; the occurrence of fractures is relatively stable (Figure 5). Through the two methods mentioned above, as the distance from the fault core, the degree of fracture development decreases in a negative logarithmic function, and gradually stabilizes. Therefore, the width of the damage zone in the hanging wall of the Xike’er fault is determined to be 91.5 m, and the width of the damage zone in the footwall is determined as 41 m (Figure 5).
[image: Figure 4]FIGURE 4 | Orientation of fracture in the Xike’er reverse fault. Four groups of fractures are developed in the Xike’er reverse fault.
[image: Figure 5]FIGURE 5 | Width of damage zone of the Xike’er reverse fault. Fractures in the hanging wall of the fault are developed obviously and footwall fluid acted obviously. The blue dots indicate fracture densities at different locations in the hanging wall of the Xike’er fault, and the green dots indicate the width of the infection zone due to fluid action. The yellow area is the scope of damage zone.
Microscopic Characteristics of Reverse Fault
From the perspective of the microstructure of different fault zone locations, the fault core, damage zone and undeformed host rock have completely different characteristics, all of which are mainly fractures, and the characteristics of fracture density distribution are: fault gouge > breccia > damage zone > host rock (Figure 6).The interparticle pore is developed in the fault breccia. The fault core has undergone significant faulting and the particle size has been significantly reduced, forming a fault gouge (Figure 6D). In terms of the mineral composition of different parts, the composition of the fault core is somewhat different from the host rock and damage zone, mainly dolomite, calcite, and quartz are developed. However, but the fault core is developed with foreign minerals such as analcite, barite, quartz, and gypsum (Figure 7).
[image: Figure 6]FIGURE 6 | Microstructure characteristics of host rock, fault core and damage zone. (A) Host rock (XKE 1) sample wafer microstructure. (B) Damage zone (XKE 8) sample, and the fractures are well developed, and sometimes the fractures are cemented by the calcite. (C) Fault breccia (XKE 7), more visible fractures and intergranular pore are developed under microscopic. (D) Fault gouge (XKE 9) in the fault core, embedded in a fine-grained matrix, develops intergranular pore.
[image: Figure 7]FIGURE 7 | Mineral composition of fault gouge and breccia zone. All four samples are located in the fault core, where XKR 9 and XKR 14 are fault gouges and the rest are fault breccias. (A,B) are mainly composed of calcite, dolomite and quartz, and contain a variety of hydrothermal minerals. (C,D) fault breccia has few mineral compositions, mainly calcite, but also contains a small part of hydrothermal minerals.
Source of Fluid in the Xike’er Reverse Fault Zone
The practice of oil and gas exploration shows that the reservoir properties of matrix of Ordovician carbonate rocks in the Tarim Basin are low, and the porosity is generally less than 5%. Therefore, the Ordovician carbonate rocks belong to non-porous (tight) reservoirs. Fault breccia and cataclastic rocks are widely developed in the Xike’er fault core, and fractures of various origins are developed in damage zone. However, some fault cores and fractures in damage zone are cemented by calcite. Through the analysis of REE curve, it can be seen that the REE distribution curve of fault core calcite in the Xike’er section has obvious positive uranium (EU) anomaly, and the uranium isotope is between 2.22 and 9.14, with an average value of 6.52, which is very similar to that of hydrothermal fluorite, indicating that calcite in the fault plane is of hydrothermal fluid transformation origin. The REE curves of fault gouge, damage zone and host rock are basically consistent with those of buried calcite, reflecting the genesis of atmospheric fresh water. Minerals such as analcite, barite, quartz and gypsum are developed in the fault core, which indirectly reflects effect of the hydrothermal fluid (Figure 8). Therefore, the fault core is strongly affected by the hydrothermal fluid, while the damage zone is mainly affected by atmospheric fresh water.
[image: Figure 8]FIGURE 8 | Distribution characteristics of rare earth elements in different parts of fault core. (A) The REE curves of the parent rock samples show little fluctuation. (B) The REE curves of the samples in the damage zone are basically consistent with those of the late buried calcite. (C,D) REE curves of fault gouge and slip plane calcite show obvious positive Eu anomaly.
DISCUSSION
Implications for Across Fault Fluid Flow
The deformation mechanism of fracture in rock mainly depends on rock porosity and buried depth (temperature and pressure) conditions. When the burial depth of non-porous rocks is less than 3 km, the fault is dominated by fracturing mechanism, which produces a large number of intergranular and intragranular fractures, forming non-cohesive fault breccia and fault gouge (Blenkinsop, 2000; Braathen et al., 2004), which evolve with the formation of fractures, and the permeability of rock.
Has increased significantly (Xiaofei et al., 2014). When the buried depth is more than 3 km, friction sliding along the faults and rolling of the particles is called cataclasis, which generates fragmentation flow, and the deformation results in the formation of fault gouge, cohesive fault breccia and fragmentation. Faults zones localize shear deformation and are made up of intensely deformed fault cores encompassed within the fault damage zones (Wibberley et al., 2008; Faulkner et al., 2010). The fault core has been transformed from the host into new rock types, such as mudstone, cataclastic rock, breccia and mylinite, due to high strain processes such as crushing, cataclastic and brecciation (Agosta and Aydin 2006; Mort and Woodcock 2008; Mitchell and Faulkner 2009; Faulkner et al., 2010; Michie 2015; Michie et al., 2021). From the microscopic characteristics (Figure 6), the particle size of fault core has been significantly reduced, forming a fault gouge. At the same time, these fault core permeability reductions are due to the pervasive cementation in the fault rocks reported here. Therefore, the fault core may contain fault rocks with permeability that are sufficiently low to act as barriers to flow. The fault gouge and breccia effect the overall across-fault fluid flow potential. Nevertheless, it is important to be able to predict the properties of fault rock that are present within a fault zone.
Fault Zone Evolution
Field and laboratory analyses support a three-stage evolutionary model of reverse fault. At the early stage of reverse fault formation, the fault core is narrow and the damage zone of certain width is developed (Figure 9A). As a consequence of progressive consolidation, deformation, cementation, and the increase of confining stress during deformation (Marone and Scholz, 1989), Fault core and damage zone thicknesses continue increasing and porosity and permeablity is reduced. Fault core is dramatically reduced by mechanical compaction and the production of finer particles during grain fracturing and abrasion, favouring sealing behavior (Figure 9B). In the damage zone, intergranular extensional fractures and dilation bands start to develop. So, damage zones are further widened to form highly permeable formations. Development of fractures results in an effective network of secondary fracture porosity (Laubach and Ward, 2006) which strongly increases macroporosity and secondary pore connectivity. At the third stage, atmospheric water and hydrothermal fluid enter the fault zone, in which the fault core with high permeability is mainly cemented by fluid, and the damage zone forms dissolution fractures. Comprehensive testing and analysis of REE(rare earth elements) show that the fault core is sheared strongly, leading to relatively lower reservoir properties. At the same time, it is easy to be cemented by calcite under the dual action of hydrothermal and atmospheric fresh water, which is not conducive to the development of the reservoir; while the damage zone is dominated by fractures, forming a large number of high-angle fractures are conducive to the formation of fractured reservoirs. The damage zone is dominated by fracture development, forming a large number of high-angle fractures, which is conducive to the formation of fracture reservoirs (Figure 9C). The heterogeneous occurrence of intergranular extensional fracturs in the damage zone are possibly favoured by faulting and fracturing during fault history. Fault zone Evolution lead to the hydraulic differentiation between low-permeable fault core and high permeable damage zone.
[image: Figure 9]FIGURE 9 | | The evolution model of the reverse fault controlling the reservoir. (A) At the early stage of reverse fault formation, the fault core is narrow and the damage zone of certain width is developed. (B) Both fault cores and damage zones are further widened to form highly permeable formations. (C) Atmospheric water and hydrothermal fluid enter the fault zone, in which the fault core with high permeability is mainly cemented by fluid, and the damage zone forms dissolution fractures. It can be seen from the microstructure that the fault core is mainly cementation of non-cohesive breccia and calcite, and the damage zone is mainly developed by the fractures.
Fault Zone Hydraulic Behavior and Petroleum Reservoir Formation
The proposed evolutionary model implies that, the permeability of fault gouge is lower, while the permeability of cohesive fault breccia zone and cataclastic rock zone is higher than that of surrounding rock. As low porosity, low permeability fault core rocks develop, they provide increasingly efficient barriers to cross-fault fluid flow, and the hydraulic behaviour of fault zones progressively changes to conduit-barrier systems. The porosity of matrix limestone shows dense physical characteristics and indicates that the primary pores were almost lost by the strong compaction. High permeability damage zones are expected to form in low permeability carbonate that faults in such rocks can channelize fluid flow by fractures. Similarly, substantial numbers of fractures or vugs and relatively high porosity in the carbonate indicating that hydrothermal alteration may play positive roles in improving the quality of the reservoir (Figure 9C). Due to the release of pressure, a large number of fractures developed, and the fracture deformation formed non-cohesive fault breccia and fault gouge (Figure 3), forming a high permeability damage zone. The Xike’er fault has a large number of fault-related fractures, which is a favorable fracture area for carbonate reservoirs (Figure 10). The damage zone is a “sweet spot” area where carbonate oil and gas are enriched, and it generally appears to be distributed along the fault in a strip.
[image: Figure 10]FIGURE 10 | The reservoir development rule is controlled by fracture of Xike’er reverse fault zone. The typical Xike’er profile shows that fractures are generally not developed in the host rock. The damage zone is seriously damaged, and a large number of fractures are developed, and calcite cementation and dissolution coexist. The shape of fault core changes greatly, and fault gouge, fault breccia and calcite cement are mainly developed.
CONCLUSION

1) The reverse faults in the low permeability carbonate rock are mainly fractured, and fault cores and damage zones are developed. The fault cores are developed and filled with calcite veins, fault breccia and fault gouge along the sliding surface. Damage zones are mainly developed with fractures, and some fractures are cemented by calcite.
2) The fault is the main pathway of fluid migration, and the fault core is mainly transformed by hydrothermal fluid and atmospheric fresh water, which is easy to be cemented by calcite; while the damage zone is dominated by atmospheric fresh water, which is easy to form high angle fractures and is partially cemented. Therefore, the damage zone is the “sweet spot” area of carbonate oil and gas accumulations, which generally shows strip distribution along the fault.
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Concealed faults can be important for understanding the regional structural geology and the subsurface fluid distribution. However, such faults are usually difficult to identify and characterize because of their small size and complex mechanism. To address this issue, we present an integrated approach of three-dimensional seismic data mapping and physical modeling experiments to examine the geometrical and kinematic characteristics of concealed faults and their relationship with the main faults in the Huawa area, east China. Three series of experiments were designed to characterize the differences in the scale of concealed faults and main faults, which also allowed us to examine how the concealed faults grow with the main faults in the area. Through this integrated study, we have demonstrated that: 1) NE-SW-striking concealed faults are below the resolution of the available seismic datasets and not easily recognized in seismic sections and that most of them grew later than the E-W-striking main faults, with some of them having grown at the same time; 2) pre-existing faults, rather than asymmetry of the basin structure, affect the faults that develop during subsequent episodes of extension; 3) E-W-striking pre-existing faults under a NW-SE stress direction of extension are most likely the formation mechanism of concealed faults. This study is of reference value in the interpretation of concealed faults in other regions.
Keywords: concealed faults, formation mechanism, three-dimensional seismic data, sandbox physical simulation model, gaoyou Sag, transfer zone
INTRODUCTION
Concealed faults usually grow with main faults but appear smaller in size, which makes it difficult to recognize and characterize them. In the refined stage of oil and gas exploration, concealed faults can play an important role in understanding the regional structural geology and characterizing the subsurface fluid distribution. There are two main aspects: 1) concealed faults are associated with large-scale faults, and they often form fault block traps with large-scale faults, which cannot be identified effectively, resulting in the omission of favorable exploration targets (Li, 2014). 2) Concealed faults that act as compartments within the reservoir failed to correctly identify sectionality, and closure led to the wrong development plan, resulting in ineffective water injection in most wells (Rotevatn and Fossen, 2011). Therefore, it is necessary to identify concealed faults and analyze their petrophysical properties in oilfield exploration (Gong et al., 2021). Three-dimensional seismic data mapping is one of the most effective ways to locate concealed faults but lacks information about their history and mechanism.
In this paper, we present a set of laboratory experiments in combination with field mapping results to investigate the history, distribution, and mechanism of concealed faults associated with main faults in the Huawa area, east China. The study area is located in the Gaoyou Sag, a sub-basin in Jiangsu province, China (Dong et al., 2013; Li et al., 2013; Chen et al., 2015; Qiu et al., 2016), which is an intensely faulted area with very complex fault systems. The Gaoyou Sag is bounded on the west by the Lingtangqiao Low Uplift and the Liubao Low Uplift, on the south by the Sunan Uplift, on the east by the Wubao Low Uplift, and the Zheduo Low Uplift extends into Gaoyou Sag on the northeast (Figure 1). The energy industry has explored this area for years, which has provided us with plentiful geological and geophysical information. From well-log information (hua3, hua4, hua11, and hua12, shown in Figure 2), it has been reported that the NE-SW-striking concealed faults existing in the Huawa area control the subsurface fluid movements. However, the formation mechanism of the concealed faults remains unclear, which makes it difficult to understand them. The purpose of this paper is to demonstrate the geometric and kinematic characteristics of the concealed faults in relation to the main faults in the Huawa area and to analyze the formation mechanism of concealed faults by combining the above characteristics with the results from three series of physical laboratory experiments.
[image: Figure 1]FIGURE 1 | Tectonic units of the North JiangSu Basin. (A) Location of North JiangSu Basin in China; (B) Huawa area is located in the east of Gaoyou sag , the south of North JiangSu Basin.
[image: Figure 2]FIGURE 2 | Fault system distribution in the Gaoyou sag.
GEOLOGIC BACKGROUND
The North Jiangsu Basin is a Cenozoic rift basin with a Mesozoic and Paleozoic basement (Yang and Chen, 1989). The North Jiangsu basin was formed during the late Cretaceous Yizheng event and then experienced two major tectonic events, Wubao and Sanduo. Each tectonic event had a great influence on the sedimentary pattern and tectonic pattern of the basin (Figure 3). According to the characteristics of tectonic movement and the sedimentary filling sequence, the basin evolution can be divided into three stages (Mao, 2000; Wang et al., 2001; Hu, 2010).
1) Wubao stage (K2t−E1f4). During this period, the overall topography of the basin was high in the west and low in the east, with a fault in the south and a lift in the north. At the early stage of fault depression, that is, the K2t1 deposition stage, first-level faults formed in the depression and began to be active, and these controlled both the formation thickness and distribution of sedimentary facies zones. Subsequently, lacustrine transgression began, and K2t2 dark mudstone and marl were deposited, but the range of lacustrine transgression was limited to the central and eastern sag. The Paleocene basin underwent two more lacustrine transgressions with an obviously larger scope than the transgression of the early stage, which affected the whole basin and even the southern Jiangsu area in the south of the basin.
[image: Figure 3]FIGURE 3 | Comprehensive stratigraphic column showing the major tectonic events and sedimentary sequences in the Subei Basin. Yizheng and Wubao movements controlled the formation evolution of the Gaoyou sag.
Longitudinally, the strata during this period include three complete coarse-fine-coarse sedimentary cycles: K2t1−K2t2, E1f1, and E1f2−E1f3. In the Tertiary period, E1f4 experienced one of the largest lacustrine transgressions, which was basically composed of a set of dark mudstone. Only a small amount of deltaic sandstone existed on the west side of the Jinhu sag in the west part of the basin, and the top suffered extensive denudation under the influence of the Wubao event. In the middle of each cycle affected by flooding, the main Cenozoic basin in the north Jiangsu source sequence is formed gradually. Different depositional environments formed depending on the degree of flooding, and good source rocks are formed in the water inflow stage, for example, at the bottom of K2t2, the top of E1f2, and the upper-middle of E1f4; the source rocks of each cycle are formed with good oil- and hydrocarbon-generating conditions. Three complete cycles resulted in lower sedimentary environments for river deltas, alluvial plains, alluvial fans, and fan deltas, which represent four types of good reservoirs.
2) Sanduo stage (E2d1−E2s2). The Wubao event at the end of the Paleocene divided the wide lake basin, which was uniformly deposited during the early transgression, into several sedimentary units with the sag as a unit. In the Sanduo period, multiple sedimentary systems were developed in each depression, a series of nearshore underwater fan and fan deltas were developed in steep slope zones, and large delta sedimentary systems or fluvial sedimentary systems were developed in gentle slope zones. The large faults at the boundary and the secondary faults in the depression obviously controlled the deposition. Tectonic activity is characterized by strong fault depression and a significant difference in the rise and fall of the fault upper and footer, and the fault distance of most faults exceeds 1,000 m. On the whole, it is strong in the west and weak in the east. For example, the thickness of the E2s and E2d deposition in the Hongze, Jinhu, and Gaoyou sags in the west is larger than the thickness in the Haian, Baiju, and Yancheng depressions in the east. In particular, the Gaoyou sag has the largest subsidence range, and the maximum thickness of the deposited strata exceeds 2,500 m.
3) Yancheng stage (Ny1−Ny2). The basin or depression was basically flattened after filling, and deposition occurred in the Eocene and tectonic transformation in the Oligocene. Next, there was an overall decline leading to the depression development stage. Thick alluvial plain facies were filled and deposited during this period. The magmatic activity during this period was dominated by alkaline basalts of continental type.
There were three important geological events in the tectonic history of the basin. The Yizheng event (83 Ma) laid the foundation of the basin. The Wubao incident (54.9 Ma) caused the whole fault depression basin to disintegrate and finally completed the development of fault depression. The Sanduo event (38 Ma) raised the whole basin, which experienced long-term intense denudation, and then, the basin returned to a new round of depression and gradually disappeared.
Fault activity caused by geological events is the main manifestation of the Meso-Cenozoic tectonic movement in the North Jiangsu basin. They control the deposition, loss, and denudation of sediments in the depression and the distribution of the sequence and system domain.
FAULT NETWORK IN THE HUAWA AREA
3D Seismic Data Mapping
In seismic sections, a conventional method is used to interpret the main faults, which are characterized by obvious dislocation in seismic events. The concealed faults are not easily identified in the Line or Crossline section, so an arbitrary line almost perpendicular to the concealed faults is used to define the seismic section (Figure 4), which maximizes the shown throw of the concealed fault, so that the fault response becomes clearer.
[image: Figure 4]FIGURE 4 | (A) seismic cross-section with some well-logs, multiple horizons, including T31 and others, main faults, and concealed faults.
Geometric Distribution of Concealed Faults
The top T31-structure map best illustrates the geometry of the Huawa area fault network (Figure 5). Deformation is dominated by the E-W-striking main faults, along with a series of short, NE-SW-striking concealed faults among them. We have mapped out 19 concealed faults and seven main faults in the Huawa area, highlighted by the red color and the green color, respectively, in Figure 5. The extension length, maximum fault throw, and fault strike are presented in Table 1, and comparative statistics are shown in Figure 6. The NE-SW-striking concealed faults extend 1–3 km, with a fault throw between 10 and 80 m and with most fault throws less than 10 m at the T31 structural surface. In contrast to the concealed faults, E-W-striking main faults extend 3–5 km, and the fault throw is generally between 50 and 300 m. It is obvious that the E-W-striking main faults are larger than the NE-SW-striking concealed faults.
[image: Figure 5]FIGURE 5 | The T31 structural map of Huawa area including main faults and concealed faults.
TABLE 1 | Summary of concealed fault elements.
[image: Table 1][image: Figure 6]FIGURE 6 | Summary of fault extension length, maximum fault distance, and fault strike of concealed and main faults in the Huawa area.
In the case of large fault throws, the concealed faults can be identified from the seismic profiles, which are perpendicular to the strike direction of concealed faults. However, in most cases, the fault throw of concealed faults is less than 10 m. Even if the seismic profiles, which are perpendicular to the concealed faults, are selected, only the lined-up distortions can be seen, which results in great uncertainty for their identification. Therefore, it is necessary to study the formation period and formation mechanism of concealed faults, in order to provide a theoretical basis for the identification of concealed faults.
Kinematic Characteristics of Faults
The growth index is one of the important parameters that determine the time and rate of stretching and extrusion of fault activity (Thorsen, 1963; Zhao, 1989). The growth index reflects the growth rate of the fault, such as the intensity. The larger the ratio of the growth index, the greater the intensity of the fault activity (Liu et al., 2021). Based on the ratio of the growth index, the kinematic characteristics of the fault can generally be described as follows: ① When the fault growth index is equal to 1, the thickness of the two plates is equal. As such, faulting in this interval is interpreted to be post sedimentary, and the period is one of fault inactivity and burial; ② When the fault growth index is greater than 1, the thickness of the hanging-wall is greater than that of the footwall, and syndeposit normal faulting occurs. The larger the growth index value, the larger the normal breaking rate. During the period of the most intense fault activity, that is, when the strata of the descending disk grow the most, the growth index shows the maximum value, which can reach between 5 and 10; ③ When the fault growth index is less than 1, the thickness of the hanging-wall is less than the thickness of the footwall, indicating that the fault is active, the fault is a reverse fault, and that syndeposit reverse faulting (extrusion) occurs. The smaller the growth index value, the higher the reverse fault rate. The larger the growth index of the normal fault or the smaller the growth index of the reverse fault, the stronger the fault activity.
In addition to the growth index, the variation in the fault throw with depth is also used to characterize the kinematic characteristics of faults (Ryan et al., 2017; Sun and Lu, 2017; Rashidi, 2021). Fault growth is a dynamic process in the historical period. The characteristics of fault activity are different under different tectonic and sedimentary backgrounds (Liu, 2017). By measuring the fault inclinations at different depths on the geological profile, we can determine the active period of the fault. In general, the fault throw is largest at the location where the fault is initially formed, which is called the ‘nucleus point’ (Wang, 2018). The process of fault formation and evolution can be divided into four types: ① Isolated fault type, where the ‘fault throw-depth’ relationship curve looks like ‘C,’ the fault throw is largest at the center of the vertical direction and smallest at the end, and there is only one “nucleus point” (Figure 7A), indicating that the fault is only active for one period; ② Continuous growth type, where the “fault throw-depth” relationship curve shows linear growth, and the fault distance and buried depth curve show a linear increase, indicating that fault activity and deposition occur simultaneously (Figure 7B); ③ Fault reaction type, where the lower part of the “fault throw-depth” relationship curve shows a continuous linear growth, with an obvious upward inflection point, and where the upper part has obvious inflection points and the fault throw gradient decreases rapidly. Compared with the continuous growth type, it has an interval and burial period and then activates and grows upward (Figure 7C); ④ Dip connection type, where the “fault throw-depth” relationship curve looks like ‘M’; it has two distance maxima and one minimum in the middle (Figure 7D), indicating that the upper and lower faults are active until the final connection.
[image: Figure 7]FIGURE 7 | The model diagram of the fault throw-depth curve. (A) Isolated fault type; (B) continuous growth type; (C) fault reactivation type; and (D) dip connection type. Modified from Wang et al. (2020).
In Figure 8; Figure 9, we show two kinds of main faults in the Huawa area according to the different degrees and styles of kinematic characteristics: 1) The growth indexes of the K2t2–E1f1 and E1f2–E1f3 strata are above 1. In addition, the T-z profiles, which reflect the relationship between fault throw and depth, indicate that the throw grows with depth in these two intervals of growth strata. The research results suggest that during the K2t2–E1f3 sedimentary period, this kind of main fault was an active category (Figure 8); 2) The growth index of the K2t2–E1f1 stratum is close to 1, while that of the E1f2–E1f3 stratum exceeds 1. In addition, according to the T-z profiles, main faults of this kind slightly approach the upper tip or generally follow a symmetric line. On the T-z profiles, the point of maximum throw, which is often interpreted to indicate where fault nucleation occurs, generally locates at the T33 of the stratigraphic level since throw decreases to the upper and lower tips. Therefore, we conclude that main faults of this kind were active only during the E1f2–E1f3 sedimentary period, with fault nucleation occurring in the E1f1 succession (Figure 9). On the whole, most of these faults belong to the isolated fault type and continuous growth type, but the active period and intensity of the faults are different. The active period of main faults is earlier and longer than that of concealed faults, and the activity intensity is higher. The concealed faults also indicate two different degrees and manners of kinematic characteristics: 1) One type of concealed fault is the same as the second style mentioned previously, with fault nucleation occurring in the E1f1 succession, and this kind of fault was active only during the E1f2–E1f3 sedimentary period; 2) The other kind of concealed fault is planar, with upper tips commonly locating in the E1f4 succession and lower tips in E1f1 sediments. The growth index of the E1f2–E1f3 stratum equals to 1, and the throw of these concealed faults varies slightly with depth. Consequently, we conclude that faults in this succession are post sedimentary and were active after the E1f3 sedimentary period. Therefore, it can be deemed that: 1) Concealed faults developed simultaneously or lagged behind main faults; 2) concealed faults and main faults may have metabolic connections and/or mechanical interactions; and 3) there are multiphase rifts in the Wubao Rift Phase period.
[image: Figure 8]FIGURE 8 | Growth index and ‘fault throw-depth’ relationship curve (T-z profile) of main faults. The blue, orange, and pink rectangles indicate the growth index, corresponding to the lower coordinate axis. The black polyline indicates the ‘fault throw-depth’ relationship curve, corresponding to the upper coordinate axis.
[image: Figure 9]FIGURE 9 | Growth index and ‘fault throw-depth’ relationship curve (T-z profile) of long-term active concealed faults. The blue and orange rectangles indicate the growth index, corresponding to the lower coordinate axis. The black polyline indicates the ‘fault throw-depth’ relationship curve, corresponding to the upper coordinate axis.
FORMATION MECHANISM OF CONCEALED FAULTS
Hypothesis of Fault Genesis
Faults usually develop within a single-phase extension, commonly strike to the extending direction in a sub-perpendicular mode, and follow a collinear or en echelon construction (Gawthorpe and Leeder, 2000). In the single-rift phase, faults with strikes oblique to the chief rift tendency may develop due to the breaking relay zones or fluctuation in the local stress area surrounding pre-existing or normal faults with broad synchronous characteristics (Maerten et al., 1999; Deng et al., 2017; Uchida et al., 2021).
However, faults without collinear distribution will not broadly develop in the fault network. Their scopes of interaction and general impact are usually low during the development of the fault network. To the contrary, in multi-phase rifts, and especially when each rift phase extends in a different direction, faults developed during the first rift phase influence the property of stress in the upper crust in the second rift phase (Bellahsen and Daniel, 2005; Whipp et al., 2013). Under this circumstance, the rift phase that follows will show reactivation in faults existing beforehand from the first rift stage and/or nucleation in second stage faults developed recently in crust previously unruptured, which usually develop in a sub-perpendicular manner to the new extending direction (Bailey et al., 2007; Henza et al., 2010; Kulikowski et al., 2016; Gong et al., 2019). Accordingly, the following three assumptions were made in conducting our mechanism studies: ① Asymmetry in the basin structure with no pre-existing faults. The Huawa area is part of the Gaoyou sag, which has boundaries with different strikes, and the geological structure of the Gaoyou sag is narrower in the west and wider in the east. If there is no pre-existing fault, can a fault network with co-existing E-W-striking main faults and NE-SW-striking concealed faults be developed during a single rift phase? This is the first assumption. ② Asymmetry in the basin structure with NE-SW-striking pre-existing faults in the Huawa area. The second assumption infers that there were multiphase rifts. The K2t2–E1f3 sedimentary period is the second rift phase with NE-SW-striking pre-existing faults in the Huawa area. Then, E-W-striking faults formed between NE-SW-striking pre-existing faults. Under the action of tectonic stress, the E-W-striking faults steadily developed into main faults and eventually formed the structural pattern in the Huawa area. ③ Asymmetry in the basin structure with E-W-striking pre-existing faults in the Huawa area. The K2t2–E1f3 sedimentary period also seems to be the second rift phase but with E-W-striking pre-existing faults in the Huawa area. The E-W-striking faults are the pre-existing faults, and the NE-SW-striking faults are the secondary ones.
Experimental Approaches
To investigate the formation mechanism of the concealed faults in combination with the field mapping results, we used a sandbox physical simulation experiment in the laboratory, as shown in Figure 10. The experiments are expected to answer the following two questions:
1) Is it the asymmetry of the basin structure or the pre-existing fault that affects the faults that develop during subsequent episodes of extension?
2) How did the concealed faults grow in the Huawa area, under different striking pre-existing faults?
[image: Figure 10]FIGURE 10 | Physical simulation experimental instrumentation.
Experimental Materials
Dry quartz sand and wet clay are the most common physical modeling materials for laboratory experiments. Furthermore, the dry, loose quartz sand is an ideal material for modeling the brittle rock strata in the upper crust since its deformation meets the Mohr-Coulomb fracture criterion and is very similar to the brittle deformation behavior of the sedimentary rocks in the shallow crust ( <10–15 km) (Byerlee and Wyss, 1978; Krantz, 1991; Schellart, 2000). In this study, we use dry quartz sand as the modeling material, with a particle size of 0.15–0.2 mm, an internal friction angle of 34, and an internal friction coefficient of 0.67. For most sedimentary rocks, the friction coefficient ranges between 0.55 and 0.85 (Byerlee and Wyss, 1978; Handin, 1966). Thus, the dry quartz sand used in our models (with a friction coefficient of 0.55) is a suitable modeling material.
Model Design
In the experiment, a uniformly deformed and extendable rubber sheet was used to simulate the basement weak zone (Zhao et al., 2005; Ning and Tang, 2009). Two rigid sheets (one fixed and one mobile) were designed for orthogonal extension in the model. When the stretching direction changes, the rubber sheet is rotated according to the stretching direction. The base of the apparatus consisted of a 50-cm-wide rubber sheet attached to two rigid sheets, and another rubber sheet was used to cut out the basin shape and overlaid the first layer of the rubber sheet. A layer of dry sand covered the rubber sheet layer, including the single rubber sheet, and the double rubber sheet. The layer above the double rubber sheet was 2.2-cm thick, and the layer above the single rubber sheet was 2.5-cm thick. According to research, stress is distributed in the N-S direction (Jiang et al., 2016) or the NW-SE direction (Yang, 2014). For the three hypothetical models described above, three series of six comparative experiments were designed (Figure 11):
1) Series I experiments. The first series of comparative experiments modeled the asymmetry of a basin structure with no pre-existing faults under two different stress directions (N-S direction and NW-SE direction). The sand thickness was 2.5 cm, and the deformation length was 6 cm. The baffles were pushed outward for 6 min at a speed of 0.5 cm/min, achieving a total stretching distance of 6 cm.
2) Series II experiments. The second series of comparative experiments modeled the asymmetry of a basin structure with NE-SW-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). Plastic plates were used to simulate the pre-existing faults, inserted at a depth of 1.5 cm into the dry quartz sand and then covered with another 1 cm of dry quartz sand. The thickness of the sand was 4 cm above the double rubber sheet layer and 2.5 cm above the single rubber sheet layer, and the deformation length was 6 cm. The baffles were pushed outward for 6 min at a speed of 0.5 cm/min, achieving a total stretching distance of 6 cm.
3) Series III experiments. The third series of comparative experiments modeled the asymmetry of a basin structure with E-W-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). Plastic plates were used to simulate the pre-existing faults, inserted at a depth of 1.5 cm into the dry quartz sand and then covered with another 1 cm of dry quartz sand. The thickness of the sand was 4 cm above the double rubber sheet layer and 2.5 cm above the single rubber sheet layer, and the deformation length was 6 cm. The baffles were pushed outward for 6 min at a speed of 0.5 cm/min, achieving a total stretching distance of 6 cm.
[image: Figure 11]FIGURE 11 | Modeling of basin asymmetry. (A) Series I: With no pre-existing faults under two different stress directions (N-S direction and NW-SE direction). (B) Series II: With NE-SW-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). (C) Series III: With E-W-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction).
Modeling Results
Figures 12–14 show the results of the experiments as photographs taken at the top surface of the models (upper) with interpreted faults (lower), showing the fault populations at the end of the extension. All of the analyses used the target area of the models only to avoid lateral edge effects.
1) Series I: With no pre-existing faults under two different stress directions (N-S direction and NW-SE direction). The Series I experiments showed that a series of faults perpendicular to the direction of extensional stress were formed, which strike differently depending on the stress direction of the extension. Also, within these faults, no NE-SW-striking concealed faults were observed between E-W-striking faults (Figure 12). These results indicate that the formation and strike of the new faults are not influenced by the asymmetry of the basin.
2) Series II: With NE-SW-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). Under this scenario, the new faults formed with an arc extension appearing at the tail of the faults with increasing extension, and the E-W-striking fault developed at the transfer zone of the NE-SW-striking pre-existing faults under a N-S stress direction. In contrast, only small NE-SW-striking faults developed at the tail of the pre-existing faults, under a NW-SE stress direction (Figure 13). Whether under a NW-SE stress direction or N-S stress direction, E-W-striking main faults did not form when the pre-existing faults were NE-SW-striking. This is not consistent with observations in the Huawa area, and consequently, this hypothesis is not valid.
3) Series III: With E-W-striking pre-existing faults under two different stress directions (N-S direction and NW-SE direction). Under this scenario, an arc extension appeared at the tail of the faults with increasing extension, and some NE-SW-striking faults developed between the transfer zone of the E-W-striking faults under a NW-SE stress direction. In contrast, only small NW-SE-striking faults developed at the tail of the E-W-striking pre-existing faults under a N-S stress direction (Figure 14). The results indicate that NE-SW-striking concealed faults develop at the transfer zone between E-W-striking pre-existing faults under a NW-SE stress direction. This is consistent with observations in the Huawa area, and this scenario most likely represents the formation mechanism of concealed faults in the Huawa area.
[image: Figure 12]FIGURE 12 | Modeling results of Series I experiments. (A) A series of E-W-striking faults are formed under a N-S stress direction, indicated by the black lines in (A'). (B) A series of NE-SW-striking faults are formed under a NW-SE stress direction, indicated by the black lines in (B').
[image: Figure 13]FIGURE 13 | Modeling results of Series II experiments. (A) An E-W-striking fault is formed at the transfer zone of the NE-SW-striking pre-existing faults under a N-S stress direction. (B) A small NE-SW-striking fault is formed at the tail of the NE-SW-striking pre-existing faults under a NW-SE stress direction. The faults are shown in (A') and (B'), where the black lines denote pre-existing faults, the black dotted lines denote the arc extension of pre-existing faults, and the yellow lines denote the new faults.
[image: Figure 14]FIGURE 14 | Modeling results of Series III experiments. (A) A small NW-SE-striking fault is formed at the tail of the E-W-striking pre-existing faults under a N-S stress direction. (B) An NE-SW-striking fault is formed at the transfer zone of the E-W-striking pre-existing faults under a N-S stress direction. The faults are shown in (A') and (B'), where the black lines denote pre-existing faults, the black dotted lines denote the arc extension of pre-existing faults, and the yellow lines denote the new faults.
In conclusion, the experimental results show that the concealed faults in the Huawa area are formed in the transfer zone of pre-existing faults under the action of oblique extension stressing and have no relationship with the asymmetry of basin structure as they are not influenced by the asymmetry of the basin.
DISCUSSION
Based on the results of the experiments described previously, E-W-striking pre-existing faults under a NW-SE stress direction of extension are most likely the formation mechanism of concealed faults in the Huawa area. Under this scenario, the rift phase that follows will show reactivation in faults existing beforehand from the first rift stage and/or nucleation in second stage faults that developed recently in crust previously unruptured, which usually develop in a sub-perpendicular manner to the new extending direction (Cheng and Yang, 2003; Bailey et al., 2007; Gong et al., 2007; Henza et al., 2010; McHarg et al., 2019; Song and Cawood, 2015). Physical model simulations have been widely used to study how faults and fault interactions evolve (McClay and White, 1995; Chattopadhyay and Chakra, 2013). Moreover, the real 3D geometry of faults and fault interactions has been studied via an integrated 3D seismic reflection and borehole occurring in an artificial multi-phase fault network in the northern Horda Platform, northern North Sea (Duffy et al., 2015). On account of the above research, a broad range of fault interactions may occur within the first and second stage faults. The distribution of the throw on reactivated first stage faults can be adjusted when the faults have cross points or are impacted by faults of the second stage. This is consistent with observations in the Huawa area. In plan view, the throw does not vary smoothly along the strike of main faults; instead, the throw varies at locations where NE-SW-striking concealed faults mechanically interact or link with E-W-striking main faults (Figure 15). This phenomenon confirms the genesis mechanism of the NE-SW-striking concealed faults discussed in this paper and also suggests that we can predict the development of concealed faults by the sudden change in the throw of the main faults.
[image: Figure 15]FIGURE 15 | Variation in the throw of E-W-striking main faults (Fm-e and Fm-f) at locations where NE-SW-striking concealed faults mechanically interact or link with E-W-striking main faults.
During exploration activities conducted in the Huawa area of the Gaoyou Depression from 2004 to 2013, many concealed faults were found to control the formation of oil and gas traps, with the formation being more favorable at larger distances of concealed faults. This finding provides valuable knowledge for further development of oil and gas in this area.
SUMMARY AND CONCLUSIONS
In this paper, we present an integrated study that combines the use of 3D seismic and well-log datasets and laboratory experiments to study faults in the Huawa area of the Gaoyou sag, east China. The study reveals a network of NE-SW-striking concealed faults and E-W-striking main faults. The main findings are as follows:
1) Based on 3D seismic data mapping constrained by well-log data, we discovered that the NE-SW-striking concealed faults develop between E-W-striking main faults and that they are smaller than main faults in terms of extension length and fault throw.
2) The variation in the fault throw along with the growth index measured from the seismic data shows that concealed faults developed at the same time as or later than main faults.
3) Physical modeling conducted in the laboratory to simulate the development history of faults in our study area demonstrated that E-W-striking pre-existing faults under a NW-SE stress direction of extension are most likely the formation mechanism of concealed faults. Furthermore, variations in the throw of main faults occur at locations where NE-SW-striking concealed faults mechanically interact or link with each other, which is helpful for predicting the development of concealed faults.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article and in the Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
HH presented the idea and design of the research. HH and SH wrote the article and led the data analysis and interpreted the results with RZ, XF, CR, QL, WY, and YY. All authors contributed to the original article revision and approved it for publication.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 42002149) and the Natural Science Foundation of Heilongjiang Province (No. LH2021D007).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, orclaim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors gratefully acknowledge the Science and Technology Innovation Team in Heilongjiang Province. The research topic of this team is “fault deformation, sealing, and fluid migration”.
REFERENCES
 Bailey, C. M., Polvi, L. E., and Forte, A. M. (2007). “Pure Shear Dominated High-Strain Zones in Basement Terranes,” in 4-D Framework of Continental Crust: Geological Society of America Memoir (Colorado, United States: Geological Society of America), 93–108. doi:10.1130/2007.1200(06)
 Bellahsen, N., and Daniel, J. M. (2005). Fault Reactivation Control on normal Fault Growth: an Experimental Study. J. Struct. Geol. 27 (4), 769–780. doi:10.1016/j.jsg.2004.12.003.390
 Byerlee, J., and Wyss, M. (1978). “Friction of Rocks,” in Rock Friction and Earthquake Prediction (Basel: Birkhauser), 615–626. doi:10.1007/978-3-0348-7182-2_4
 Chattopadhyay, A., and Chakra, M. (2013). Influence of Pre-existing Pervasive Fabrics on Fault Patterns during Orthogonal and Oblique Rifting: An Experimental Approach. Mar. Pet. Geol. 39, 74–91. doi:10.1016/j.marpetgeo.2012.09.009
 Chen, Q., Wu, L., and Zhou, Y. (2015). Hydrocarbon Accumulation Conditions and 400 Modes in the Area Around Shaobo Sub-sag, Gaoyou Sag. J. China Univ. Mining Techn. 44, 282–291. doi:10.13247/j.cnki.jcumt.000169
 Cheng, S., and Yang, G. (2003). Fault Growth, Displacement Transfer and Evolution of the Jiugongkou Fault Overlap Zone on the Southern Marginal Fault Zone of the Guangling-Yuxian basin, north china. Aust. J. Earth Sci. 50 (1), 1–8. doi:10.1046/j.1440-0952.2003.00974.x
 Deng, C., Gawthorpe, R. L., Finch, E., and Fossen, H. (2017). Influence of a Pre-existing Basement Weakness on normal Fault Growth during Oblique Extension: Insights from Discrete Element Modeling. J. Struct. Geol. 105, 44–61. doi:10.1016/j.jsg.2017.11.005
 Dong, C., Zhen, L., Liu, Q., Luo, B., Li, C., and Wang, W. (2013). Accumulation System and Controlling Factors of Fault-Lithologic Reservoirs of Dainan Formation in Gaoyou Sag,northern Jiangsu basin. Pet. Geology. Exp. 35 (4), 395–400. 
 Duffy, O. B., Bell, R. E., Jackson, C. A.-L., Gawthorpe, R. L., and Whipp, P. S. (2015). Fault Growth and Interactions in a Multiphase Rift Fault Network: Horda Platform, Norwegian north Sea. J. Struct. Geol. 80, 99–119. doi:10.1016/j.jsg.2015.08.015
 Gawthorpe, R. L., and Leeder, M. R. (2000). Tectono-sedimentary Evolution of Active Extensional Basins. Basin Res. 12, 195–218. doi:10.1046/j.1365-2117.2000.00121.x
 Gong, L., Fu, X. F., Wang, Z. S., Gao, S., Jabbari, H., Yue, W. T., et al. (2019). A New Approach for Characterization and Prediction of Natural Fracture Occurrence in Tight-Oil Sandstones with Intense Anisotropy. Am. Assoc. Pet. Geol. Bull. 103 (6), 1383–1400. doi:10.1306/12131818054
 Gong, L., Wang, J., Gao, S., Fu, X. F., Liu, B., Miao, F. B., et al. (2021). Characterization, Controlling Factors and Evolution of Fracture Effectiveness in Shale Oil Reservoirs. J. Pet. Sci. Eng. 203, 11. doi:10.1016/j.petrol.2021.108655
 Handin, J. (1966). “Section 10: Strength and Ductility,” in Handbook of Physical Constants (Colorado, United States: Geological Society of America), 223–290. doi:10.1130/MEM97-p223
 Henza, A. A., Withjack, M. O., and Schlische, R. W. (2010). Normal-fault Development during Two Phases of Non-coaxial Extension: An Experimental Study. J. Struct. Geol. 32, 1656–1667. doi:10.1016/j.jsg.2009.07.007
 Hu, X. (2010). On the Age and Origin of the Intrusive Rocks in Gaoyou Sag Ofnorth Jiangsu basin. J. Stratigr. 3, 293–297. doi:10.1017/S0004972710001772
 Jiang, Q., Zhou, S., Zhu, G., Xie, C., Wang, Y., and Wu, J. (2016). Structural Characteristics and Prediction of the Concealed Faults in the Gaoyou Sag of Subei basin. J. Geol. 1, 250–254. 
 Krantz, D. E. (1991). A Chronology of Pliocene Sea-Level Fluctuations: The u.S. Middle atlantic Coastal plain Record. Quat. Sci. Rev. 10, 163–174. doi:10.1016/0277-3791(91)90016-n
 Kulikowski, D., Amrouch, K., and Cooke, D. (2016). Geomechanical Modelling of Fault Reactivation in the Cooper Basin, Australia. Aust. J. Earth Sci. 63 (3), 295–314. doi:10.1080/08120099.2016.1212925
 Li, Y. H. (2014). Trap Styles and Identification Technology of Concealed Faults in Gaoyou Sag. J. China Univ. Pet. 38 (04), 26–33. doi:10.3969/j.issn.1673-5005.2014.04.004
 Liu, B., He, S., Meng, L., Fu, X., Gong, L., and Wang, H. (2021). Sealing Mechanisms in Volcanic Faulted Reservoirs in Xujiaweizi Extension, Northern Songliao Basin, Northeastern China. Bulletin 105, 1721–1743. doi:10.1306/03122119048
 Liu, Y. X. (2017). The Study on the Evolution and Genetic Mechanism of Fault System in the Middle-Shallow Formations in Northern Daqing Placanticline. Master’s thesis. Daqing: Northeast Petroleum University. 
 Maerten, L., Willemse, E. J. M., Pollard, D. D., and Rawnsley, K. (1999). Slip Distributions on Intersecting normal Faults. J. Struct. Geol. 21, 259–272. doi:10.1016/s0191-8141(98)00122-9
 Mao, F. (2000). Determination of the Forming Time of Diabase in the Northern Slope of Gaoyou Sag and It’s Relationship with Oil and Gas. Pet. Explor. Develop. 27, 2. 
 McClay, K. R., and White, M. J. (1995). Analogue Modelling of Orthogonal and Oblique Rifting. Mar. Pet. Geol. 12 (2), 137–151. doi:10.1016/0264-8172(95)92835-k
 McHarg, S., Elders, C., and Cunneen, J. (2019). Normal Fault Linkage and Reactivation, Dampier sub-basin, Western australia. Aust. J. Earth Sci. 66 (2), 209–225. doi:10.1080/08120099.2019.1519848
 Mei, L., Zhanghua, L., Aimin, J., Rong, Z., Changjian, S., Ying, Y., et al. (2013). Origin, Flow of Formation Water and Hydrocarbon Accumulation in the Zhenwu Area of the north Jiangsu basin, china. Acta Geol. Sin. 87, 819–829. doi:10.1111/1755-6724.12091
 Ning, F., and Tang, L. (2009). Advances of Research on Physicalmodelling in Compressional Area. Glob. Geol. 28, 345–350. doi:10.13969/j.issn.1004-5589.2009.03.013
 Qiu, X., Qian, S., Yu, W., and Liu, Q. (2016). Main Achievements, New Understanding and Technological Progress for Oil and Gas Exploration in north Jiangsu basin during the 12∼(th) Five-Year Plan. China Pet. Explor. 21, 62. 
 Rashidi, A. (2021). Geometric and Kinematic Characteristics of the Khazar and north Alborz Faults: Links to the Structural Evolution of the north Alborz-South Caspian Boundary, Northern iran. J. Asian Earth Sci. 213, 104755. doi:10.1016/j.jseaes.2021.104755
 Rotevatn, A., and Fossen, H. (2011). Simulating the Effect of Subseismic Fault Tails and Process Zones in a Siliciclastic Reservoir Analogue: Implications for Aquifer Support and Trap Definition. Mar. Pet. Geol. 28 (9), 1648–1662. doi:10.1016/j.marpetgeo.2011.07.005
 Ryan, L., Magee, C., and Jackson, A. L. (2017). The Kinematics of normal Faults in the Ceduna Subbasin, Offshore Southern Australia: Implications for Hydrocarbon Trapping in a Frontier basin. Aapg Bull. 101 (3), 321–341. doi:10.1306/08051615234
 Schellart, W. P. (2000). Shear Test Results for Cohesion and Friction Coefficients for Different Granular Materials: Scaling Implications for Their Usage in Analogue Modelling. Tectonophysics 324, 1–16. doi:10.1016/S0040-1951(00)00111-6
 Song, T., and Cawood, P. A. (1999). Multistage Deformation of Linked Fault Systems in Extensional Regions: an Example from the Northern Perth basin, Western australia. Aust. J. Earth Sci. 46 (6), 897–903. doi:10.1046/j.1440-0952.1999.00752.x
 Sun, Y., and Lu, L. (2017). Structural Evolution of Thrust-Related Folds and Associated Fault Systems in the Eastern Portion of the Deep-Water Niger Delta. Mar. Pet. Geol. 92, 234–254. doi:10.1016/j.marpetgeo.2017.12.012
 Thorsen, C. E. (1963). Age of Growth Faulting in Southeast Louisiana. Trans. Gulf Coast Assoc. Geol. Societies 13, 103–110. 
 Uchida, H., Mukoyoshi, H., Tonai, S., Yamaguchi, M., and Kobayashi, K. (2021). Reactivation of Minor Faults in a Blind Active Fault Area: a Case Study of the Aftershock Area of the 2000 Western Tottori Earthquake, japan. J. Asian Earth Sci. X 5, 100053. doi:10.1016/j.jaesx.2021.100053
 Wang, B. R., Qi, D., Wang, E., Wei, S., and Liang, X. (2001). Characteristics of the Diabase and Altered Zone in Bxp Area of Subei basin and Relationship 480 between the Diabase and the Formation of Hydrocarbon Reservoir. J. Xi’an Pet. Inst. (Natural Science) 6, 5–7+5. 
 Wang, H. Y., Fu, X. F., Wang, H. X., Chen, M., Meng, L. D., and Ping, G. D. (2020). Study on the Control of Quantitative Analysis and Evaluation of Fault Activity on Hydrocarbon Accumulation in Qikou Sag, Bohai Bay Basin. Acta Geol. Sin. 94 (10), 3062–3073. doi:10.19762/j.cnki.dizhixuebao.2020274
 Wang, Q. (2018). The Deformation Mechanism of the Tectonic and the Study of its Sand-Box Analog Models in Xujiaweizi Fault Depression. Master’s Thesis. Daqing: Northeast Petroleum University. 
 Whipp, P. S., Jackson, C. A.-L., Gawthorpe, R. L., Dreyer, T., and Quinn, D. (2014). Normal Fault Array Evolution above a Reactivated Rift Fabric; a Subsurface Example from the Northern Horda Platform, Norwegian north Sea. Basin Res. 26 (4), 523–549. doi:10.1111/bre.12050
 Yang, L. (2014). The Structural Evolution in the Cenozoic of Subei basin and its Relationship with Oil and Gas. Master’s Thesis. Hubei, China: School of Geosciences Yangtze University. 
 Yang, Q., and Chen, H. (1989). Ectonic Evolution of the north Jiangsu-South Yellow 490 Sea basin. Pet. Geol. Exp. 25, 250–254. doi:10.11781/sysydz198903250
 Zhao, M. (1989). Discussion on the Growth index of Fault. Pet. Geol. Exp. 11, 250–254. doi:10.11781/sysydz198903250
 Zhao, S., Zhao, X., and Yang, S. (2005). Similar Analysis of Geological Structure Physical Model. Northwest. Geol. 38, 14–18. doi:10.1016/j.measurement.2005.02.005
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Hu, Hu, Zhang, Fu, Ren, Liu, Yu and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 07 January 2022
doi: 10.3389/feart.2021.823855


[image: image2]
Development Characteristics and Finite Element Simulation of Fractures in Tight Oil Sandstone Reservoirs of Yanchang Formation in Western Ordos Basin
Shilin Wang1, Hu Li1,2*, Lifei Lin3 and Shuai Yin4*
1School of Geoscience and Technology, Southwest Petroleum University, Chengdu, China
2Department of Railway Engineering, Sichuan College of Architectural Technology, Chengdu, China
3Research Institute of Yanchang Petroleum (Group) Co., Ltd., Xi’an, China
4College of Geosciences and Engineering, Xi’an Shiyou University, Xi’an, China
Edited by:
Wei Ju, China University of Mining and Technology, China
Reviewed by:
Zhonghu Wu, Guizhou University, China
Bobo Li, Guizhou University, China
* Correspondence: Hu Li, lihu860628@126.com; Shuai Yin, speedysys@163.com
Specialty section: This article was submitted to Economic Geology, a section of the journal Frontiers in Earth Science
Received: 28 November 2021
Accepted: 15 December 2021
Published: 07 January 2022
Citation: Wang S, Li H, Lin L and Yin S (2022) Development Characteristics and Finite Element Simulation of Fractures in Tight Oil Sandstone Reservoirs of Yanchang Formation in Western Ordos Basin. Front. Earth Sci. 9:823855. doi: 10.3389/feart.2021.823855

Structural fractures have a significant control effect on the large-scale accumulation of hydrocarbons in the Yanchang Formation. Previous studies have affirmed the important role of fractures in hydrocarbon accumulations in strongly deformed zones. However, for low-amplitude structural areas, the degree of fracture development is relatively low, and their control on sweet spots of hydrocarbons has not yet formed a unified understanding. In this paper, taking the Upper Triassic Yanchang Formation in the western Ordos Basin as an example, the development characteristics, prediction method, and the distribution of fractures in tight sandstone reservoirs in low-amplitude structural areas have been systematically studied using a large number of cores, thin sections, paleomagnetism, FMI logging, acoustic emission, productivity data, and finite element method. The research results showed that the Yanchang Formation in the study area mainly develop high-angle and vertical fractures, which were formed by regional tectonic shearing. Fractures are mainly developed in the fine-grained and ultra-fine-grained sandstones of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstones of the distributary channel and the mudstones of the distributary bay are relatively underdeveloped. The core fractures and micro-fractures of the Yanchang Formation all have the regional distribution characteristics, and the fracture strikes are mainly between NE50° and NE 70°. Moreover, the finite element method was used to predict the fractures in the target layer, and the prediction results are consistent with the actual distribution results of the fractures. The coupling analysis of fractures and tight oil sandstone distribution showed that the existence of fractures provided conditions for the accumulation of hydrocarbons in the Yanchang Formation. The confluence and turning areas of the river channels were repeatedly scoured by river water, and the rocks were brittle and easy to form fractures. The thickness of the fractured sandstone in these areas is usually greater than 0.4 m. Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. However, when the fracture index exceeds 1.2, over-developed fractures are unfavorable for the accumulation of hydrocarbons.
Keywords: ordos basin, Yanchang formation, fracture, FMI imaging logging, finite element, low-amplitude structure
INTRODUCTION
The sweet spot prediction of fractured reservoirs is a hot spot in the current petroleum industry research (Borgia et al., 1996; Du and Yang., 2004; Barton et al., 2009; Cai., 2020; Cheng et al., 2020). Fractured reservoirs have strong heterogeneity, so traditional fracture evaluation methods face many challenges, such as the fine identifications of fractured segments and fracture sweet spots of tight reservoirs based on geophysical methods (Baecher., 1983; Bhatti et al., 2020; Chen., 2020; Fan et al., 2020a; Han et al., 2021; Liu et al., 2021a). At present, the conventional methods for identifying and evaluating reservoir fractures include core observations, conventional and imaging logging (Dowd et al., 2007; Casini et al., 2016; Li et al., 2019; Cao et al., 2020; Fan et al., 2020b; Liu et al., 2020a; Bukar et al., 2021). The cores obtained by drilling can be used to directly observe the development of underground fractures (Dcrshowitz and Einstein., 1988; Li et al., 2021; Yang et al., 2021; Xu and Gao., 2020; Nakaya and Nakamura., 2007; Dong et al., 2018; Hong et al., 2020; Liu et al., 2020b; Liu et al., 2021b). However, due to the impact of drilling and stress release, the core will crack after it was taken from the downhole to the ground, so it is necessary to identify the cause of the fractures on the core (Fan et al., 2018; Gao., 2019; Fan., 2020; Fu and Wang, 2020; Liu et al., 2020c; Liu et al., 2020d; Liu et al., 2021c). In addition, it is difficult to determine the original orientation of the fractures in the collected cores, while imaging logging overcomes this shortcoming (Gao., 2019; Liu et al., 2021c).
The collection cost of conventional logging data is much cheaper than other data, so it is widely used in reservoir exploration and evaluation (Jiang et al., 2017; Liu et al., 2019; Santosh and Feng., 2020; Yoshida and Santosh., 2020; He et al., 2021; Huang et al., 2021). However, the logging response is a comprehensive reflection of the various characteristics of the rock, and it is easily affected by factors such as fillings, mud, and dissolution (Mardia et al., 2007; Laubach et al., 2009; Sun et al., 2014; Hu et al., 2020; Li et al., 2020; Kang., 2021). Therefore, it is very difficult to directly use conventional logging curves to identify fractures. Imaging logging can intuitively provide the image information of the borehole wall, so it is currently the most effective fracture identification method (Sait and Matthew., 2013; Liu et al., 2017; Zhao et al., 2017; Peacock et al., 2018; Zhang et al., 2020; Li., 2021; Xue et al., 2021; Zhao et al., 2021; Gao., 2021). High-quality imaging logging data can provide information such as strike, dip, and opening of fractures. The information volume collected by imaging logging is large, so this type of logging method is time-consuming and expensive, and is only used by a few key wells (Liu et al., 2017; Li., 2021).
The finite element method is an effective technique widely used in the prediction of fracture distribution in tight reservoirs in recent years. The application of this technology is based on the established mechanical and mathematical models, and it is assumed that the deformation of the rock mass is the main reason for the rock mass ruptures (Murry., 1965; Mizoguchi and Ueta, 2013; Sebacher et al., 2017; Yin and Gao., 2019; Paiaman and Ghanbarian., 2021). For the Ordos Basin, the Mesozoic strata mainly developed low-amplitude structures, and low-amplitude structures represented weak compression stresses and weak deformation activities. Therefore, what kind of finite element model can be used to effectively characterize fractures is a problem worthy of in-depth study.
Tight oil sandstone reservoirs are developed in the Upper Triassic Yanchang Formation in the western Ordos Basin. The reservoir porosity is usually less than 10% and the gas permeability is less than 1 mD. The previous predictions of the sweet spots of tight oil sandstone reservoirs in the western Ordos Basin were mainly based on source rocks, sedimentary microfacies, diagenesis, and pore structures (Dong et al., 2018; Hong et al., 2020). There are few studies on the prediction of fractures in tightly heterogeneous continental tight sandstone reservoirs in low-amplitude structural areas. In this paper, taking the Upper Triassic Yanchang Formation in the western Ordos Basin as an example, the development characteristics, prediction method, and the distribution of fractures in tight oil sandstone reservoirs in low-amplitude structural areas have been systematically studied using a large number of cores, thin sections, paleomagnetism, FMI logging, acoustic emission, productivity data, and finite element method. This research can provide new ideas for the prediction of the “sweet spot” of continental tight oil sandstone reservoirs.
GEOLOGICAL BACKGROUND
The Ordos Basin is a large multi-cycle craton basin. According to the current structural morphology, the basin was divided into six primary structural units, including the Yimeng Uplift, Weibei Uplift, West Shanxi Flexfold Belt, Yishan Slope, Tianhuan Depression, and West Margin Thrust Structural Belt. Low-amplitude structures are developed in the marginal area of the basin, and the structural fluctuations per 1 km are usually less than 10 m. The study area is located in the western oil-bearing area of the Ordos Basin (Figure 1). The Chang 6 to Chang 8 oil-bearing intervals in the study area is developed on the west-dip monoclinal structure, and the scale of inherited low amplitude uplift is generally 1–4 km2.
[image: Figure 1]FIGURE 1 | Location and stratum comprehensive histogram of the study area. Notes: (A) The study area is located in the western part of the Yishan Slope in the Ordos Basin; (B) The stratigraphic unit composition of the Upper Triassic Yanchang Formation in the study area.
The sedimentary unit division of the study area is shown in Figure 1. The target layers are the Chang 6 and the Chang 8 Members of the Yanchang Formation. When the Chang 8 oil layer group was deposited, the lake basin had been in a sinking state until the Chang 7 oil layer group reached the maximum burial depth. At this time, the continental lake developed to the largest scale, and the deep lake source rock was formed at this stage. In the Chang 6 depositional period, the continental lake basin gradually began to shrink, and the subsidence rate was lower than the sedimentation compensation rate, and the lake basin delta formed. The Chang 6 and Chang 8 Members of the Yanchang Formation in the western oil region mainly develop underwater distributary channels, distributary bays, estuary bars, far sand bars, and semi-deep lake-deep lake mud microfacies. Chang 6 Member is further divided into Chang 61, Chang 62, Chang 63 and Chang 64 sub-members; and Chang 8 Member is further divided into Chang 81 and Chang 82 sub-members. Chang 61 and Chang 81 are the main oil producing horizons in this area.
METHODS
The technical methods used in this paper include conventional and FMI imaging logging, paleomagnetic experiments, acoustic emission testing, and finite element simulation. FMI imaging logging can provide high-resolution 360° omnidirectional two-dimensional petrophysical image information around the borehole wall (Ortega et al., 2006; Olson et al., 2009; Qie et al., 2021; Wang et al., 2021). The difference in resistivity or acoustic impedance caused by stratum characteristics such as lithology, fractures, pores, and bedding are converted into different color scales on the image. This technology intuitively and clearly displays the subtle changes in geological features such as the rock types, rock structures, sedimentary structures, pores, and fractures in the two-dimensional space surrounding the borehole wall in the form of images.
The 2G superconducting magnetometer measurement and the MMTD80 thermal demagnetizer from Magnetic Measurements were used for paleomagnetic experiments, and the fracture direction was determined. The demagnetization temperature of the samples include 12 points: normal temperature, 50°, 100°, 150°, 200°, 250°, 300°, 350°, 400°, 450°, 500°, and 600°. The remanence of the sample after demagnetization in each temperature range is measured, and the vector analysis is performed on the low-temperature viscous remanence of the final period. Furthermore, the viscous remanence VRM of the modern geomagnetic field magnetization recorded by the core is obtained. Since the VRM direction is consistent with the modern geomagnetic field direction, that is, it is consistent with the geographic coordinates, the core fracture strike was obtained by referring to the core fracture mark line.
The main result of the acoustic emission test is to obtain the corresponding stress value when the rock specimen is cracked under the load. The rock specimen is subjected to an axial load, and then the acoustic emission signal generated during the entire compression process of the specimen is measured. The acoustic emission instrument used in this study is a rock physics testing system. The specimen will have several large ruptures during the process of axial load, and the load value corresponding to each rupture corresponds to the ancient stress value. In this study, the samples for acoustic emission testing were taken from the 2.213 m cores of Well D4578.
The main structural period stress intensities experienced by the target layer in the study area were simulated combined with the three-dimensional finite element method (Figure 2). The finite element simulation software was ANSYS. Based on core observations, FMI imaging logging fracture identifications and tectonic stress field simulations, the development characteristics and distribution of fractures in the tight reservoirs of the Yanchang Formation have been predicted.
[image: Figure 2]FIGURE 2 | Technical process of finite element simulation.
DEVELOPMENT CHARACTERISTICS OF FRACTURES IN TIGHT OIL SANDSTONE RESERVOIRS
Core Fractures
The sedimentary structures of a rock is a direct reflection of the sedimentary environment and hydrodynamic conditions when it was formed, and it has an inherent relationship with the rock combination (Robinson et al., 1998; Xu et al., 2006; Xu and Dowd., 2010; Zhang and Wang., 2020). Affected by changes in the depositional environment and hydrodynamic conditions, the sedimentary structures of the Chang 6 and Chang 8 Members include lenticular bedding, trough-like cross bedding, block bedding, wavy bedding, parallel bedding and erodsion surfaces, and the convolute bedding can be seen locally (Figures 3A–D). They are all important signs for identifying sedimentary facies and microfacies (Yin et al., 2019; Yin et al., 2020). Plant debris appeared in part of the cores (Figure 3E), and the color was gray-dark gray. The lithology of channel sand bodies was mainly medium-fine-grained sandstone (Figure 3).
[image: Figure 3]FIGURE 3 | Core pictures of the tight sandstone of Yanchang Formation in the study area. Notes: (A) Well J41, 1 707.87 m, bedding structures; (B) Well J41, 1 711.41 m, convolute bedding; (C) Well J41, 1 645.96 m, boulder clay; (D) Well F3, 1.074 m, vertical and horizontal fractures; (E) Well F808, 1 951.7 m, carbonized plant debris.
The sandstone type in the study area is mainly feldspar sandstone, and feldspar is composed of potash feldspar and plagioclase. Among them, the plagioclase content is slightly higher than the potassium feldspar content, and the total feldspar content exceeds 50%. There is no significant difference between the Chang 6 and Chang 8 Members in the percentages of quartz, feldspar, and rock debris. The lithic components of the Chang 6 and Chang 8 Members are mainly eruptive rocks and granites, and the content of eruptive rocks is higher than that of granites. In addition, the main components of the cements of the Chang 6 and Chang 8 Members are carbonate minerals and clay minerals, while the content of clay iron, iron clay, and siliceous is very small.
The Yanchang Formation in the western oil region mainly developed high-angle and vertical fractures (Figure 3D). Most of the fracture surfaces observed in the core observations were straight and smooth, and the tail ends of the fractures had the phenomenon of folding tails, diamond-shaped knots, and diamond-shaped bifurcations. According to the core observations, the Yanchang Formation mainly developed vertical fractures, accounting for 70%, and oblique fractures and horizontal fractures accounted for 20 and 10%, respectively. Vertical and oblique fractures are mainly formed by regional structural shearing; and bedding fractures are mainly formed by the sliding of parallel bedding with peeling lineage under the combined action of sedimentary and tectonic stresses (Yin et al., 2018; Yin and Wu., 2020).
In addition to core observations, imaging logging can also help people visually observe the fractures (Yang et al., 2020; Zhao et al., 2020). Different types of fractures have different resistivity image characteristics. Under normal circumstances, when the fracture is in an open state, according to the fracture network invaded by the drilling fluid, the fracture exhibits an abnormal high conductivity. Furthermore, it is displayed as a dark sinusoidal curve on the electrical imaging and acoustic imaging diagrams. When the fracture angle is low, the amplitude of the sine curve is low, and when the fracture angle is high, the amplitude of the sine curve is high; vertical fractures appear as symmetrical dark lines (Figure 4). When the fracture is half-filled or filled, the color of the sinusoidal curve displayed on the electrical imaging and acoustic imaging diagrams is different according to the difference of the filling degrees and the filling compositions.
[image: Figure 4]FIGURE 4 | Response of fractures in the target formation on FMI imaging logging. Notes: Well 4548-3, Chang 6 Member, 2 524.5–2 527.5 m.
The statistical results of the fracture parameters of the target layer in the study area are shown in Figure 5. The tight oil sandstone reservoir of the target layer mainly develops vertical fractures, and the fracture width is mostly less than 1 mm, and the vertical cut depth of the fracture is mostly less than 40 cm (Figures 5A–C). The statistical results also show that the fractures are mainly developed in the fine sandstone and ultra-fine sandstone of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstone of the distributary channel and the mudstone of the distributary bay are relatively underdeveloped.
[image: Figure 5]FIGURE 5 | Distribution histogram of the fracture parameters of the target layer in the study area. (A) Fracture dip angle distribution; (B) Fracture opening distribution; (C) Fracture thickness distribution; (D) Ratio of fractures in different lithologies.
Microfractures
The Chang 6 and Chang 8 reservoirs of the Yanchang Formation in the study area have developed pores and micro-fractures. The pores are mainly intergranular pores (Figure 6A), followed by dissolution pores. The dissolution pores are mainly feldspar pores and a small amount of matrix pores. Both Chang 6 and Chang 8 reservoirs developed a large number of micro-fractures (Figure 6B). The volume of micro-fractures is very small, so its storage performance is limited, and the micro-fractures mainly play the role of fluid drainage. Microscopic thin-section observations showed that most of the microfractures in the tight sandstone of the Yanchang Formation are open fractures, with good fracture effectiveness (Figure 6B); some of the microfractures were fully filled by mud and the fracture effectiveness was poor.
[image: Figure 6]FIGURE 6 | Development characteristics of micro-fractures in the tight sandstone of Yanchang Formation in the study area. Notes: (A) Well Y491, 1 731.46 m, intergranular pores and intergranular dissolution pores; (B) Well F668, 1 857.87 m, micro-fractures.
The microfractures in the Yanchang Formation are mostly straight fractures with a long extension distance and often pass through multiple particles. The previous divided the micro-fractures into Type I, Type II, and Type III (Laubach et al., 2009). Type I microfractures usually pass through a single particle or multiple particles with a small opening; Type II microfractures are usually distributed inside a single particle and are the results of mutual extrusion between particles, with a large opening; Type III micro-fractures are inherited micro-fractures, which are mainly affected by diagenetic evolution. They have no fixed shape and are mainly distributed inside the particles. Observations of microfractures in the Yanchang Formation reservoir in the study area showed that the microfractures of the Yanchang Formation had the characteristics of regional fractures, which were Type I microfractures.
Fracture Strike
The paleomagnetic experiment results showed that the fracture strikes of the Yanchang Formation in the study area were mainly distributed between NE50° and NE70° (Figure 7), which further indicated that the direction of regional stress on these fractures was the NE direction (Yin et al., 2020). Under the action of the regional environmental stress in the NE direction, a group of symmetrical conjugate shear fractures will form in the formation (Yin et al., 2019). Therefore, the direction of the other group of conjugate fractures was biased toward the northwest direction. Of course, the degree of development and opening of the fractures in the NW direction are significantly lower than those in the NE direction.
[image: Figure 7]FIGURE 7 | Analysis of fracture strik based on paleomagnetic tests. Notes: (A) Demagnetization temperature data, which has 12 points: normal temperature, 50°, 100°, 150°, 200°, 250°, 300°, 350°, 400°, 450°, 500°, 600°; (B) Recovery result of main fracture strike.
FRACTURE PREDICTION BASED ON FINITE ELEMENT METHOD
Geological Model and Stress Loading
In this paper, ANSYS software was used for stress field simulation and fracture prediction (Yin et al., 2020). The main steps include modeling, element division, mechanical parameter assignment, stress loading, and fracture parameter calculation (Dong et al., 2018). The idea of the 3D geological model technology is based on the theoretical basis of shape function and trend surface analysis. The pre-processing module was used for geological model construction. In order to achieve the desired effect, the process is realized by a method based on spatial surface interpolation and fitting (Dong et al., 2018).
This modeling technique can realize the restoration of the tectonic stress field and the simulation of the spatial distribution of regional fractures. In the trend surface analysis method to restore the tectonic stress field, the dynamic mechanism of bumps or depressions is generally related to folds, and the tectonic stress system of bumps or depressions is consistent. The stress function solution can be obtained by solving the equation expressed by the surface deflection W (x, y) in the elastic plane:
[image: image]
In the formula, q (x, y) is the external load borne by the thin plate; D is the bending stiffness of the geological body, and its expression is as follows:
[image: image]
In the formula: E and υ are the elastic modulus and Poisson’s ratio, respectively; h is the thickness of the geological body.
The number of element nodes and units of the target layer finite element model based on the theoretical modeling of the shape function and the trend surface analysis method are shown in Table 1.
TABLE 1 | Meshing of the target layer in the study area.
[image: Table 1]The boundary stress loading scheme and mechanical parameter assignment of the DL study area are shown in Figure 8. The fracture direction in the study area was mainly controlled by the stress in the NE direction. Combining regional stress and acoustic emission test results, the applied stress in the NE direction was 60 MPa, and the stress in the NW direction was 40 MPa. The grids were densified for the complex structures, such as the high points of the low-amplitude structure; while in the relatively flat areas, the density of the grid was appropriately reduced. For the geological model shown in Figure 8A, the grid density was 20 m. The interpretation results of logging rock mechanics parameters were used to assign values to the grid cells and discrete modeling. The different colors in Figure 8B represented different rock mechanics parameter values.
[image: Figure 8]FIGURE 8 | Geological model and basic parameter settings for finite element simulation in the target layer. Notes: (A) Boundary stress loading scheme; (B) Assignment of mechanical parameters (Liu et al., 2017).
In order to overcome the boundary effect and apply the boundary stress better, we expanded the periphery of the study area. When the boundary stress was applied, the overall displacement of the model was about 30 m. At this time, the displacement acting on a single finite element was also very small, so it can be ignored. The amount of strain was within the allowable range of deformation error, and the simulation results can be used for later fracture calculations.
The simulation results are mainly controlled by the geological model, environmental stress, and rock mechanical properties. These factors actually represent geological structure, stress expansion and sedimentary facies.
Paleo-Stress Calculation
The study area mainly managed two strong tectonic movements, namely, the Yanshan Movement squeezed in the NW direction and the Himalayan Movement squeezed in the NE direction (Yin and Wu., 2020). At present, NE-trending fractures are mainly developed in the study area. Therefore, the paleo-tectonic stress referred to in this study belongs to the Himalayan period. The samples of acoustic emission paleo-stress test were taken from the core of 2.213 m depth in well D4578 in the study area. The test results show that σH is 58.11 MPa and σh is 31.79 MPa. Furthermore, the calculation results of the paleostress of the target layer in the study area were compared with the measured results of acoustic emissions. The comparison results showed that the absolute error between the measured value and the predicted value of the horizontal maximum principal stress was 1.11 MPa; the absolute error between the measured value and the predicted value of the minimum horizontal principal stress was -0.21 MPa. The paleo-stress simulation results were consistent with the measured results of acoustic emission, which proved that the calculation results of paleo-tectonic stress based on finite element were reliable.
Prediction and Evaluation of Fracture Distribution
In this paper, a calculation model based on the principle of conservation of energy was used to predict the plane distribution of fractures in the target layer. The basic principle is that the existence of fractures can cause significant differences in the distribution of strain energy. The strain energy density method is an effective method to predict the micro-scale ruptures of rocks, so it is suitable for low-amplitude structural areas. For weakly deformed rock masses, according to the principle of conservation of energy, the work done by external force acting on the rock mass to deform it is equal to the strain energy of the rock mass. Furthermore, the work can be obtained by the displacement of a single element node on the acting force (Zhang et al., 2006; Zheng et al., 2020). The calculation formula of thefracture index U is as follows:
[image: image]
In the formula, U is the fracture index; E is the Young’s modulus; ν is the Poisson’s ratio; σX, σY, and σZ are the principal stresses in different directions; τXY, τYZ, and τZX are the shear stress components in different stress directions.
The main oil layers in the study area are the Chang 61 and Chang 81 sub-members. Therefore, in this study, the Chang 61 and Chang 81 sub-members were used as the research object to carry out fracture predictions. The coupling relationship between the fracture index and the fracture thickness of the Chang 61 and Chang 81 submembers is shown in Figure 9. The fracture thickness refers to the vertical thickness of the natural fracture segment. When the fracture index is greater than 1, it is considered that a core-scale fracture has occurred in the rock mass. The fracture index distribution is consistent with the fracture thickness results (Figure 9).
[image: Figure 9]FIGURE 9 | Prediction of the plane distribution of the fractures in the Chang 61 and Chang 81 sub-members in the study area. Notes: (A) Chang 61 sub-member; (B) Chang 81 sub-member.
In addition, it can be seen from Figure 9 that the predicted main direction of the fracture is between NE50° and 70° (Figure 10), which is consistent with the paleomagnetic test results.
[image: Figure 10]FIGURE 10 | Statistical results of fracture strikes.
Coupling Analysis of Fracture Distribution and Hydrocarbon Accumulation
The Chang 6 and Chang 8 tight oil sandstone reservoirs of Yanchang Formation in the study area have no obvious oil-water interface, and lithological barriers form lithological traps. It is generally believed that the Chang 6 and Chang 8 oil layers in the study area have developed multi-stage channel sand bodies and mudstone superimposed vertically, forming a multi-stage effective lithological trap. Oil and gas fill and accumulate in multi-stage traps through high-permeability sandstone and fracture drainage system. Through this study, it is found that the widespread development of fractures is an important reason for the widespread oil-bearing in the longitudinal multi-layers of the Yanchang Formation in the study area. The provenance in the study area mainly came from the north, and the sand bodies are distributed along the north-south direction. The Chang 6 and Chang 8 members belong to the subfacies of the delta plain. Therefore, the river channel swinged frequently, and the river in the confluence or turning areas were repeatedly scoured, and the sandstones were well sorted and had greater brittleness. Furthermore, the sand bodies in these locations were prone to rupture and form fractures under the conditions of tectonic activity (Figure 11). At present, the locations where oil reservoirs have been found are also mainly located in the confluence or turning areas of river channels, and the thickness of the fractured sandstone in these areas is usually greater than 0.4 m.
[image: Figure 11]FIGURE 11 | Coupling relationship between fracture distribution and hydrocarbon accumulation in the Chang 61 and Chang 81 sub-members in the study area. Notes: (A) Chang 61 sub-member; (B) Chang 81 sub-member.
The scales of low-amplitude structural traps in the study area are relatively small, mainly distributed in 1–4 km2. The study found that fractures developed in the top and wing parts of the low-amplitude structures are relatively developed, and these areas are conducive to the large-scale accumulation of hydrocarbons. Regarding the relationship between the degree of fracture development and lithology, the fractures are mainly developed in the lithology of medium and low thickness fine-grained sandstone, and the thickness of the sand body is mainly distributed in the range of 5–15 m. For extremely thick sand bodies with thickness greater than 15 m, fractures are relatively underdeveloped. The study also found that the fractures mainly developed in the wings of the main channel. The middle part of the main channel has good physical properties, and the degree of fracture development is low. However, from the middle part of the river channel to the wing part, the grain size of the sand body becomes finer, and the compaction space of the rock particles gradually becomes smaller, and the fine-grained rock is more prone to rupture. In addition, the scale of fracture development is negatively related to the thickness of the sand body. Therefore, the thickness of the sand body in the channel wing is small, and the rock is prone to rupture.
It can also be found from Figure 11 that there are many ranges of fracture index in the target layer of the study area greater than 1.2. Drilling cores also show that fractures in these areas are relatively developed. However, excessively developed fractures are not conducive to the enrichment of tight sandstone oil. This is because the sand and mudstones in the Yanchang Formation are frequently interbedded. When the fractures are developed too high, the fractures in the reservoir will communicate with the overburden and cause the escape of hydrocarbons.
On the whole, the formation and distribution of Yanchang Formation reservoirs are closely related to fracture distribution. Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. When the fracture index exceeds 1.2, over-developed fractures are unfavorable to the formation of oil reservoirs. For the hydrocarbon drainage system, the fractures in the wings of the main sand body are more developed, which makes the sand body more likely to be preferentially charged by hydrocarbons. Due to the lack of fractures in the middle of the river channel, the superimposed high-permeability sand bodies are the main hydrocarbon drainage system.
CONCLUSION

(1) The Yanchang Formation in the study area mainly develop high-angle and vertical fractures, which were formed by regional tectonic shearing. Fractures are mainly developed in the fine sandstone and ultra-fine sandstone of the distributary channel and estuary bar microfacies, while the fractures in the medium-grained sandstone of the distributary channel and the mudstone of the distributary bay are relatively underdeveloped.
(2) The core fractures and micro-fractures of the Yanchang Formation all have the regional distribution characteristics, and the fracture strikes are mainly between NE50° and NE 70°.
(3) The finite element method was used to predict the fractures in the target layer, and the prediction results are consistent with the actual distribution results of the fractures.
(4) The coupling analysis of fractures and tight oil sandstone distribution showed that the existence of fractures provided conditions for the accumulation of hydrocarbons in the Yanchang Formation. The confluence and turning areas of the river channels were repeatedly scoured by river water, and the rocks were brittle and easy to form fractures. The thickness of the fractured sandstone in these areas is usually greater than 0.4 m.
(5) Moderately developed fracture zones are prone to form hydrocarbon accumulation “sweet spots,” and the fracture indexes of these areas are usually distributed between 0.8 and 1.2. However, when the fracture index exceeds 1.2, over-developed fractures are unfavorable for the accumulation of hydrocarbons.
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The identification of the “sweet spot” of low-permeability sandstone reservoirs is a basic research topic in the exploration and development of oil and gas fields. Lithology identification, reservoir classification based on the pore structure and physical properties, and petrophysical facies classification are common methods for low-permeability reservoir classification, but their classification effect needs to be improved. The low-permeability reservoir is characterized by low rock physical properties, small porosity and permeability distribution range, and strong heterogeneity between layers. The seepage capacity and productivity of the reservoir vary considerably. Moreover, the logging response characteristics and resistivity value are similar for low-permeability reservoirs. In addition to physical properties and oil bearing, they are also affected by factors such as complex lithology, pore structure, and other factors, making it difficult for division of reservoir petrophysical facies and “sweet spot” identification. In this study, the logging values between low-porosity and -permeability reservoirs in the Paleozoic Es3 reservoir in the M field of the Bohai Sea, and between natural gamma rays and triple porosity reservoirs are similar. Resistivity is strongly influenced by physical properties, oil content, pore structure, and clay content, and the productivity difference is obvious. In order to improve the identification accuracy of “sweet spot,” a semi-supervised learning model for petrophysical facies division is proposed. The influence of lithology and physical properties on resistivity was removed by using an artificial neural network to predict resistivity R0 saturated with pure water. Based on the logging data, the automatic clustering MRGC algorithm was used to optimize the sensitive parameters and divide the logging facies to establish the unsupervised clustering model. Then using the divided results of mercury injection data, core cast thin layers, and logging faces, the characteristics of diagenetic types, pore structure, and logging response were integrated to identify rock petrophysical facies and establish a supervised identification model. A semi-supervised learning model based on the combination of “unsupervised supervised” was extended to the whole region training prediction for “sweet spot” identification, and the prediction results of the model were in good agreement with the actual results.
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INTRODUCTION
As exploration and development progress, the research objective of logging interpretation gradually shifts to complex reservoirs such as low porosity and low permeability. The seepage capacity and productivity of these reservoirs are affected by many factors, and the productivity varies greatly. Therefore, it is of great significance for the identification of low-permeability reservoirs. The production capacity of oil and gas reservoirs is mainly affected by many factors such as lithology, physical properties, oil content, shale content, and pore structure. However, production capacity is a combination of various influencing factors. With the advantages of high wellbore resolution and strong multi-well comparability, the logging method is the main means of “sweet spot” identification. Logging response can, to some extent, directly reflect the lithology, physical properties, seepage characteristics, and production capacity of oil and gas reservoirs. However, the similarity in response characteristics of the logging methods for low-permeability reservoirs and the high and low values of resistivity are not only affected by fluid properties, which bring new challenges to reservoir classification and “sweet spot” identification. Therefore, in order to predict the hydrocarbon distribution law and dominant reservoir of low-permeability sandstone reservoirs, reservoir classification based on integrating logging response, diagenetic type, and pore structure is very important. Lithology identification, reservoir classification based on pore structure and physical property characteristics, and petrophysical facies division are common methods for low-permeability reservoir classification research. They establish reservoir identification charts from different angles and mechanisms. There are several types of existing reservoir classification criteria, and they vary from region to region to provide guidance for the exploration and development of low-permeability oil fields (Sun, 2016).
Rock petrophysical facies is a genetic unit of reservoir with similar diagenesis. It is the comprehensive effect of sedimentation, diagenesis, reservoir formation, and later structure, which can better reflect the rock characteristics. Identifying different diagenetic types and hence the delineation of petrophysical facies is of great significance to predict favorable reservoir and “sweet spot” distribution in low-permeability sandstone reservoir (Lu and Liu, 2012). From the perspective of “facies control,” Lai Jin et al. (Jin et al., 2013a; Jin et al., 2013b; Jin et al., 2015; Lai, 2016 ) proposed that petrophysical facies are mainly controlled by sedimentary facies, diagenetic facies, and fracture facies (Gong et al., 2019; Gong et al., 2021), and their classification and naming should adopt the principle of superposition of three types of facies, namely, sedimentary facies + diagenetic facies + fracture facies. Wang Bin (Wang, 2018) divided sedimentary microfacies according to well logging, coring, mud logging, and other data. On the basis of well logging identification and induction, the distribution law of diagenetic facies in the vertical direction of the well section was identified by using the information from the combination of log data. On this basis, the petrophysical facies of the well was divided and named by superposition. In order to more accurately predict the distribution of high-quality reservoirs and the differences in internal reservoir properties, Chai and Wang (2016) and others studied the four main controlling factors of lithology, lithofacies, diagenetic facies, fracture facies, and pore structure of a tight sandstone reservoir of the second member of the Xujiahe Formation in the Anyue area, central Sichuan, following the concept of petrophysical facies, using core, thin layer, mercury injection and logging data. The logging characterization method and logging identification standard were established, and on this basis, the classification of petrophysical facies and quantitative evaluation standard of reservoirs were put forward.
Huang et al. (2017) proposed a comprehensive evaluation and interpretation method of reservoir logging based on petrophysical research, which combined the main control factors such as macro-sedimentation, diagenesis, and structure with the micro-rock characteristics, physical properties, and pore throat structure characteristics, so that the logging interpretation has a stronger comprehensive guiding significance and have got rid of the limitations of “one hole view.” Shi et al. (2005) have found that rock petrophysical facies is the dominant factor controlling the “four properties” relationship and logging response characteristics of low-permeability lithologic reservoirs. Establishing a model for interpreting logging reservoir parameters based on petrophysical facies classification is an effective method to improve the logging interpretation accuracy of low-permeability and heterogeneous reservoirs.
Yao et al. (1995) believed that petrophysical facies is a complex of reservoir physical properties, which reflects the pore structure information under the influence of sedimentation, diagenesis, and microfractures. They classified petrophysical facies based on equations such as the flow unit index and reservoir quality index, thus improving the accuracy of permeability prediction. Soete et al. (2014) took 8 wells in the Paleozoic study area of the Irish Sea as an example, by calculating and comparing the porosity, permeability, clay volume, and other parameters of each well and dividing different petrophysical facies types to find the better dominant formation of the reservoir. With the rise of intelligent emerging technology, artificial intelligence logging evaluation technology has also emerged. Neural networks, machine learning, automatic clustering, and other intelligent algorithms are also being developed in the field of well logging, which greatly improves the efficiency of reservoir classification and the accuracy of “sweet spot” identification. Shi et al. (2018) combined with geological, logging, and core casting thin section data and successfully divided the logging facies by the graph theory multi-resolution clustering algorithm. Compared with the traditional method, the calculation accuracy was significantly improved, the corresponding relationship between logging facies and lithofacies in the study area was determined, and a permeability evaluation model based on logging facies constraint was established. Zhang Meng (Zhang, 2018) used the nuclear attraction theory in the MRGC method to initially obtain the rough classification results of lithology, and then used the SOM algorithm and dynamic neuron splitting technology to achieve coarse to fine classification of lithology according to the multilevel classification scheme provided by the MRGC method. Grana et al. (2012) proposed the formation, evaluation, and analysis of petrophysical model division. Petrophysical properties of the reservoir were studied by the combination of lithofacies classification and other methods. Based on the traditional stratigraphic evaluation model and cluster analysis technology, a complete Monte Carlo method was introduced to participate in the evaluation to find the relationship between petrophysical properties, elastic properties, and facies, so as to divide rock petrophysical facies. Li and Li (2013) combined k-means algorithm and self-organizing feature mapping to identify lithofacies. Researchers have also proposed task-driven data mining with domain knowledge. Leite et al. (2013) used classification models such as multilayer perceptron, SVM, k-nearest neighbor, and other classification models, and integrated classifiers by bagging and boosting to identify rock layers. Ye and Rabiller (2000) solved the parameter sensitive problem caused by “dimension” through an automatic clustering MRGC algorithm and compared the phase classification results with the nuclear magnetic T2 spectrum. It was found that the classification results were basically consistent with the actual results. Lifei et al. (2021) have carried out extensive experiments on real logging data and found that the semi-supervised learning algorithm can obtain relatively accurate lithology prediction effect by mining the distribution characteristics contained in marked data and unmarked data. Taking Paleogene Es3 of M oilfield in Bohai Sea as an example, a semi-supervised learning model for petrophysical facies division was proposed to better divide the petrophysical facies and “sweet spot” identification with the help of the difference in petrophysical characteristics of the formation logging data, in response to the difficulty of “sweet spot” identification in a low-permeability sandstone reservoir. Based on the mercury injection data, the petrophysical facies of the coring section was analyzed, and then the combination of “unsupervised supervised” was extended to the whole region training prediction for “sweet spot” identification, so as to realize the petrophysical facies discrimination of the whole well section; we analyzed the porosity permeability relationship based on the classification of petrophysical facies. The predictions of the model have proved to be in good agreement with the actual results, which is of great significance to find the “sweet spot area” of low-permeability sandstone reservoirs.
REGIONAL OVERVIEW
The Palaeozoic M field in the Bohai Sea is geographically located at the western end of Bonan low uplift and the boundary between Bozhong sag and Huanghekou sag. The structural strike is mainly EW and NE, and multiple faults are developed. The faults cut each other, the shape is complex, and the faults determine the oil–water distribution. On the whole, it presents the reservoir characteristics of upper oil and lower water. Drilling shows that this well area is one of the most favorable oil and gas enrichment areas in the Bohai Sea, which has superior geological conditions for oil and gas accumulation. The main development layer series of the oilfield is the Shahejie Formation, and the buried depth of the reservoir is 3200–3900 m. The third member of the Shahejie Formation is a fan-shaped deltaic turbidite deposit, with wide distribution of rock grain size and low maturity. It is mainly lithic arkose and feldspathic lithic sandstone, with sub-prismatic roundness and relatively poor sorting. The porosity (PORE) is mainly 3.3–17.9%, and the permeability (PERM) is mainly 0.01–25.4 md, and it is a medium-porosity, low-permeability and ultralow-permeability reservoir. These reservoirs are lithologically dense, with small pores, fine throat, poor pore throat connectivity, obvious productivity difference, and difficult identification of “sweet spots.” As an example, the four reservoirs with significant production differences in the four key wells selected (Figures 1, 2 and Table 1) yielded 106, 14.52, 3.25, and 0.83 m3, respectively. It can be found from the prepared logging response curve and logging response characteristic summary table (Figure 1 and Table 1): the logging response of the four oil layers is similar except resistivity, porosity, and permeability. The three-porosity logging values [acoustic (AC), neutron (CNL), and density (DEN)] are similar. The average AC values of the four oil layers are 75.69, 74.30, 75.00, and 62.10 US/FT, respectively; the average CNL values are 0.16, 0.12, 0.12, and 0.07 V/V, respectively; and the average den values are 2.45, 2.44, 2.40, and 2.53 g/m3, respectively. In addition to the low value of ① oil layer (61.94 API), the gamma (GR) mean values of the other three oil layers are not different, which are 85.98, 91.54, and 83.94 API, respectively. The difference of resistivity value is relatively obvious. In addition to the influence of oil and gas, pore structure, physical properties, and clay will affect the resistivity. Poor physical properties and complex pore structure will increase the resistivity, while high clay content will decrease the resistivity. The average values of the four oil layers of deep investigate lateral resistivity (RD) are 107.96, 20.41, 38.63, and 80.21 OHMM, respectively. From the observation of the cross-plot of porosity and permeability (Figure 2), on the whole, the porosity and permeability distribution trend of the four oil layers basically presents a straight line with an angle of 60 degrees, and the porosity and permeability correlation is good; when the four oil layers are intersected, it can be found that the porosity and permeability difference of the four small layers is obvious: the porosity and permeability of oil layer ① is the highest, and the porosity of oil layer ② is basically the same as that of oil layer ③, but the permeability of oil layer ② is higher than that of oil layer ③, and the porosity and permeability of oil layer ④ is the worst: the permeability is basically below 0.1 mdc.
[image: Figure 1]FIGURE 1 | Logging response curve of Es3 (Gamma ray log (GR), Density log (DEN), Compensated neutron log (CNL), Acoustic log (AC), Shallow lateral resistivity log (RS), Deep lateral resistivity log (RD), Porosity log (PORE), Permeability log (PERM), Fluid properties (RESULT), the same below).
[image: Figure 2]FIGURE 2 | Cross-plot of porosity and permeability of small layer 4 of the Es3 reservoir [(A): overall cross-plot of small layer 4; (B): separate cross-plot of small layer 4].
TABLE 1 | Logging response characteristic summary table of 4 small layers in the Es3 reservoir.
[image: Table 1]PREDICTION OF SATURATED PURE WATER RESISTIVITY R0 BY ARTIFICIAL NEURAL NETWORK DESPITE THE INFLUENCE OF LITHOLOGY AND PHYSICAL PROPERTIES ON RESISTIVITY
Resistivity Value of Saturated Pure Water R0
Using formation resistivity to analyze the variability of the actual formation is difficult due to the similar logging response in low-permeability reservoirs, the similar range of values taken for natural gamma rays and triple holes, and the fact that resistivity is influenced by a number of factors. In addition to the influence of oil and gas, the resistivity will be affected by pore structure, physical properties, and clay. Poor physical properties and complex pore structure will lead to the increase of resistivity, and high clay content will cause the decline of the resistivity value. In order to eliminate the influence of these factors on the reservoir resistivity value, it is necessary to calculate the saturated pure water resistivity (R0). In conventional oil reservoirs, the R0 value is usually calculated by the Archie formula or an argillaceous sandstone conductivity model formula (Li and Ying, 2012), but the pore structure of the low-permeability tight reservoir is complex, and the R0 value calculated by the aforementioned method is often inaccurate, making it difficult to find the law of model parameters. Therefore, this study adopts the method of machine learning to learn and predict, selects a key well, and takes the resistivity value of the pure water section of the well as the saturated pure water resistivity R0’s training set, so as to conduct modeling training to predict the R0 value of the whole well section.
The resistivity R0 value of saturated pure water predicted by the neural network was superimposed with the formation deep lateral resistivity RD value. The fluid properties can be judged according to the amplitude difference and curve change direction, which provided a basis for “sweet spot” evaluation. When the amplitude of the R0 curve and RD curve of permeable layer coincided, the reservoir was interpreted as water layer; When the R0 curve of the permeable layer was significantly smaller than the amplitude of the RD curve, the reservoir was an oil layer; When the R0 curve was much higher than the deep lateral resistivity curve RD and there was a peak, it could be identified as a dry layer. This is because most dry layers contain calcareous interlayer and its porosity is small, so the amplitude value of R0 curve calculated according to the aforementioned formula is very large. Therefore, the question of whether the predicted R0 value is correct can be controlled by comparing the two resistivity values of the oil and water layers to control the quality of the predicted R0 value.
Artificial Neural Network Prediction R0
The artificial neural network abstracts the human brain neural network from the perspective of information processing and establishes an operation model, which is composed of a large number of nodes (or neurons) connected with each other. Each node represents a specific output function, which is called an excitation function. The connection between each nodes represents the weighted value of the signal passing through the connection, which is called the weight, and it is equivalent to the memory of the artificial neural network. The output of the network varies depending on how the network is connected, the weight value, and the excitation function. Generally speaking, the selection of the excitation function is particularly important for the learning effect of data samples (Fang et al., 2011).
Therefore, Relu and Tanh were chosen as the activation functions for the different neural layers, taking into account the data characteristics of the input data (Guo and Gao, 1996; Wei et al., 2020). In the framework of the neural network, a three-layer neural network, one input layer, one hidden layer, and one output layer, was adopted. In this study, acoustic time difference AC, compensated neutron CNL, and density den and deep lateral resistivity Rd were selected as the input data and was input into the input layer after normalization. After fitting the data of the hidden layer, the resistivity R0 saturated with pure water was used as the output layer. The data structure is as follows:
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In Eq. 1, n is the number of training samples and m is the type of input parameters corresponding to each sample, so the number of inputs and outputs of the neural network are 4 and 1, respectively, and non-linear mapping completed by the network is f:Rn→R1. If the hidden layer is p, the input of each node in the hidden layer of the network is given as follows:
[image: image]
In the equation, wij is the connection weight from input layer to hidden layer and θj is the threshold of the hidden layer node.
When the input data, output data, activation function, and neuron layers are completely determined, the neural network architecture can be carried out. The neural network architecture for predicting the resistivity R0 of saturated with pure water by an artificial neural network is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Structure diagram neural network of resistivity R0 saturated with pure water predicted by the artificial neural network.
By analyzing resistivity value of the well section in the pure water layer using an artificial neural network, a model was established and learned, and the R0 value of the whole well section was obtained (Figure 4). Moreover, the resistivity R0 value full of pure water predicted by the neural network was superimposed with the formation deep lateral resistivity RD value. According to the amplitude difference and curve change direction, the fluid property of the well was clearly judged and the oil–water interface was divided. By observing the superposition of the RD curve and RS curve and the superposition of the RD curve and R0 curve, it can be found that the deep and shallow lateral resistivity curves always coincide and cannot show the difference of fluid properties; When the R0 curve of the permeable layer was obviously smaller than the amplitude of the RD curve, the green filling with amplitude difference was interpreted as an oil layer. When the R0 curve of the permeable layer basically coincided with the amplitude of the RD curve, the reservoir was interpreted as a water layer, and the oil–water interface is clearly divided. The results showed that the resistivity R0 of saturated pure water predicted by the artificial neural network can remove well the influence of lithology and physical properties on resistivity. Compared with the actual results, the fluid property identification results with deep lateral resistivity superimposed were in good agreement, which provided a theoretical basis for “sweet spot” identification of low-permeability reservoirs with complex pore structure.
[image: Figure 4]FIGURE 4 | Result plots of resistivity R0 of saturated pure water predicted by the artificial neural network.
ESTABLISHMENT OF ROCK PETROPHYSICAL FACIES IDENTIFICATION METHOD BASED ON SEMI-SUPERVISED LEARNING
Information of petrophysical formation can be obtained from logging, including various physical and chemical properties of rocks, such as rock density, resistivity, hydrogen index, natural gamma ray, natural potential, and longitudinal wave propagation velocity, and can directly reflect the lithology, physical properties, reservoir properties, and production capacity of reservoirs to a certain extent. Different reservoirs have their own petrophysical characteristics. Logging and core analysis data can reflect the heterogeneity and the pore structure of the reservoir. However, due to the similar logging response of the low-permeability reservoir, the similar range of natural gamma ray and three-porosity values, and the high and low resistivity being influenced by multiple factors, it is difficult to analyze the changes of the actual formation by using the conventional logging data. It is found that the petrophysical facies controls the “four characteristics” relationship of low-permeability lithologic reservoirs and the dominant factor of logging response characteristics. “Sweet spot” identification based on petrophysical facies classification is an effective method to improve the logging interpretation accuracy of low-permeability and heterogeneous reservoirs. Based on this, a semi-supervised petrophysical facies identification method (Figure 5) was established, which combined an unsupervised clustering model with the supervised identification model. The unsupervised clustering model is used to input sensitive logging curves and divide logging facies by the automatic clustering algorithm, while the supervised identification model is used to recognize petrophysical facies by using mercury injection data, core cast thin section, logging facies division results, and other data, and thus realizing the function of petrophysical facies recognition of semi-supervised learning.
[image: Figure 5]FIGURE 5 | Flowchart of petrophysical facies division based on semi-supervised learning.
Automatic Clustering MRGC Algorithm for Logging Facies Division
A logging facies analysis involves selecting representative key coring wells, dividing logging facies through conventional logging curves of known lithology and strata, and determining the corresponding relationship between each logging facies and petrophysical facies. Based on this correspondence, a continuous layer-by-layer logging facies analysis was carried out for key wells and non-coring wells, and the petrophysical facies of each layer was determined. Finally, the petrophysical facies of all strata in these well sections were obtained. Generally speaking, the formation of a certain lithology in the same sedimentary environment has a specific set of logging parameter values. The formation of the whole drilling profile can be divided into several logging facies with geological significance by logging data. Reservoirs of similar logging facies generally have similar lithology, physical properties, pore structure, and logging response characteristics. Therefore, the study of reservoir logging facies can be used to better identify petrophysical facies by transforming the heterogeneity and non-linearity of complex reservoir into homogeneity and linearity.
However, in the data analysis of logging field, there are many kinds of index variables to choose, and the relationship between variables is complex. Clustering is used to solve the problem where explicit mathematical models are not considered and can effectively represent and predict uncertain and unstructured data. In this study, an automatic clustering algorithm (MRGC) was used to divide logging facies. As an unsupervised learning method, on the basis of absorbing the KNN algorithm, it delimits the nearest neighbor relationship between sampling points and integrates attraction set to realize classification (Tian et al., 2016; Wu et al., 2020).
Principle of MRGC Algorithm
The MRGC algorithm is characterized by each depth logging sample point using two indexes describing the adjacent relationship: the neighboring index (NI) and kernel representative index (KRI). Based on the relationship between NI and KRI, small natural data groups are formed, which may differ significantly in size, shape, separation, and quantity. Then the mutation in KRI corresponds to the optimal number of clusters at different resolutions. The optimal number of segments is determined by mutation of the decreasingly ordered KRI curves, thus enabling an automatic cluster analysis.
A neighboring index (NI) was used to divide logging facies (Gan, 1994). Let X be an element in set S, and y is the n-th adjacent value of x in the set S, n≤N. The relative rank of point x relative to its n-th NN, adjacent value y is defined as follows:
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where x has a finite rank relative to each minimum adjacent value (KNN) of x : δ n (n =1, 2,…, K). Let
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NI is determined by the normalized value of set S from 0 to 1, that is,
[image: image]
In Eqs 4–8: N is the number of elements in S set and α is the smoothing coefficient, a>0; when b ≤ N-1, b is the estimated value of the rank of the adjacent value x of y; δ n is the rank of the adjacent value x of y, which is a decreasing function strictly varying from 1 to 0. When m = 0, δ n = 1, the higher the value of M, δ n approaches 0, but δ n is never equal to 0. Therefore, the higher the NI value, the closer the point is to the core of the cluster.
The number of optimal classes is actually a function of “resolution,” that is, the clustering results with more classification results (high-resolution) are subdivided by a category in the clustering results with less classification results (low-resolution), and then the optimal class can be selected according to the actual needs.
The kernel representative index (KRI) is a combined function of the neighborhood index NI (x), the number of neighbors m (x, y), and the distance function d (x, y), that is,
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In Eq. 9: M(x,y) = n; y is the nth adjacent value of x; and D (x, y) is the distance from point x to point y.
NI (x) can be used to identify the kernel of a clustering result. The number of neighbors M (x, y) tends to produce data sets of the same scale, while the distance function D (x, y) tends to produce data sets of the same volume. The combination of M (x, y) and D (x, y) can therefore achieve a good balance in the data scale and volume and produce consistent results, that is, the best logging results can be selected. When the KRI is arranged in a descending order, a change from one steady state to another results in a corresponding number of inflection points, which correspond to different kinds of clustering results. At the same time, the local maximum (i.e., inflection point) of the gradient curve is calculated, and the points corresponding to the maximum KRI are selected to form the final clustering result (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic diagram of determining the optimal number of logging facies by the KRI.
Division of Logging Facies Flow by Automatic Clustering MRGC Algorithm
The logging facies division of the automatic clustering algorithm (MRGC) roughly has the following process: first, a key well with more coring was selected, and uniform distribution of coring sections was as much as possible. The key wells with complete logging curve and distinct electrical characteristics that are representative of the whole area were used as standard wells for modeling. Then logging curves with different parameter combinations were input as learning curves. Due to different data types measured by different logging methods, their dimensions and numerical magnitude were completely different. Data samples of different dimensions were directly used to train logging facies prediction model, which might lead to excessive data weight of higher magnitude. In order to balance the weight of different logging curves and eliminate internal errors of the system, it is necessary to normalize the data and clear the outliers. Finally, the neighboring index NI and the kernel representation index (KRI) were calculated using the MRGC algorithm. The logging facies were divided by the neighboring index NI, and the kernel representative index (KRI) was used to determine the optimal number of logging facies, so as to perform cluster analysis on the sample data and output the optimal clustering results and determine the parameter combination for the optimal division of logging facies according to the comparative analysis of logging facies division results of different parameter combinations (Figure 7) (Ye and Rabiller, 2000; Shi et al., 2017).
[image: Figure 7]FIGURE 7 | Comparison of automatic clustering division of logging facies with different parameter combinations.
Analysis of Logging Facies Division Results
The most important point of automatic clustering division of logging facies is the determination of input curve, which directly determines the accuracy of division results. Therefore, parameter optimization and comparative analysis of different parameter combinations are of particular importance. For the combination of different parameters of logging curves on the basis of the mechanism analysis, six groups of comparative experiments (Table 2) were carried out in this study, and six different parameter combinations were automatically clustered. The division results are shown in Figure 7. Based on the analysis of the division results of different parameter combinations, the basis for determining the best parameter combination for logging facies division mainly focuses on two basic principles: first, the division of reservoir and non-reservoir should be clear, that is, sandstone and mudstone can be clearly distinguished; second, the interface between reservoirs and non-reservoirs delineated by automatic clustering should be basically the same as the interface between reservoirs and non-reservoirs delineated by hand. According to the two basic principles, the division results of the six groups are analyzed as follows (Table 2):
TABLE 2 | Comparison of effects of automatic cluster division of logging facies with different parameter combinations.
[image: Table 2]The first group of parameter combinations is GR and RD (Channel 8 in Figure 7). GR and RD are the basic parameters for lithology and electrical identification in the “four property relationship,” respectively. The division results can generally reflect the distribution of reservoirs, but the reservoir division in some areas is not clear, and the sand mudstone cannot be clearly distinguished (green in Channel 8 in Figure 7 is actually mudstone, but green is distributed in the reservoir). Therefore, these two parameters alone cannot reflect the actual situation of the reservoir.
The second group of parameter combinations is GR, AC, and RD (Channel 9 in Figure 7). This group can give a better picture of the distribution of reservoir and non-reservoir. Sandstone and mudstone can be largely distinguished (except that the penultimate non-reservoir section is slightly unclear), but the thickness of the non-reservoir section (dark blue and light blue in Channel 9 in Figure 7 are mudstone) is relatively small, and the reservoir and non-reservoir interfaces divided by automatic clustering are not consistent with the reservoir and non-reservoir interfaces divided manually.
The third group of parameter combinations is GR, AC, CNL, and DEN (Channel 10 in Figure 7). The combination does not introduce resistivity parameters, so the division effect is very poor, and the division of the reservoir and non-reservoir is chaotic (red in Channel 10 in Figure 7 is distributed in both reservoir and non-reservoir sections), making it impossible to distinguish. Obviously, resistivity parameters are indispensable parameters for logging facies division.
The fourth group of parameter combinations is GR, AC, CNL, DEN, and RD (Channel 11 in Figure 7). The division results of this group of combinations can generally reflect the distribution of reservoirs, but the reservoir division in some areas is not clear and the sand mudstone cannot be clearly distinguished (the division of the first three reservoirs and non-reservoir sections in Channel 11 in Figure 7 is chaotic).
As discussed before (Resistivity Value of Saturated Pure Water R0 section and Artificial Neural Network Prediction R0 section), it is difficult to use formation resistivity to analyze the variability of actual formations as the resistivity values of low-permeability reservoirs are influenced by a variety of factors including physical properties, oil bearing properties, complex lithology, and pore structure.
Therefore, the resistivity R0 saturated with pure water was introduced to remove the influence of physical property and rock property on resistivity (RD). Similarly, based on the combination of the first four parameters, the resistivity R0 saturated with pure water was introduced for parameter combination to observe the division effect. The fifth group of parameter combinations is GR, AC, CNL, DEN, RD, and R0 (Channel 12 of Figure 7). This group can better reflect the distribution of reservoir and non-reservoir, and the sandstone and mudstone can be basically distinguished (except that the second non-reservoir section and the third reservoir section are slightly unclear), but the thickness of the non-reservoir section (green and red in Channel 12 of Figure 7 are mudstone) is too large, and the reservoir and non-reservoir interfaces divided by automatic clustering are not consistent with the reservoir and non-reservoir interfaces divided manually.
The sixth group of parameter combinations is GR, AC, CNL, DEN, and R0 (Channel 13 in Figure 7). The division results of this group meet the two basic principles that the reservoir and non-reservoir division can be significantly distinguished from the automatic clustering division and the reservoir and non-reservoir interface should be basically the same as the manually divided reservoir and non-reservoir interface, with the best division results.
Based on the division results, the best parameter combination of GR, AC, CNL, DEN, and R0 logging facies was optimized. The division of logging facies provided an experimental and theoretical basis for further identifying the petrophysical facies of low-permeability reservoirs in this area.
The Supervised Identification of Petrophysical Facies
Pore Structure Classification
The reservoir pore structure facies refers to the geometry, size, distribution, and interconnection of pores and throats in rocks. It is a general term for the changes of pore structure in reservoir units. During the formation of a reservoir different diagenesis has a certain impact on the destruction and preservation of primary pores and the generation of secondary pores. The pore structure is the manifestation of the micro-impact on the reservoir.
According to the observation of core casting thin section, the dissolution of feldspar and rock debris in the Es3 reservoir was developed; expanded intergranular pores, reduced intergranular pores, intragranular pores, and mold pores were also developed. There are many expanded intergranular pores, but the absolute content of pores is small, indicating that the intensity of dissolution is limited. According to the characteristics of diagenetic stage, diagenetic type, type of diagenetic minerals under microscope, formation sequence, strength of dissolution, and type and content of clay matrix, it can be divided into four diagenetic types: secondary solution pores, mica deformed by compaction, no obvious characteristics or transition, and carbonate cementation. Based on the data of different diagenetic types of core cast thin sections and the pore distribution of mercury injection test, the pore structure types of Es3 reservoir in the study area were studied according to different pore structure parameters, and the reservoir pore structure facies were divided into four categories: I, II, III, and IV (Table 3).
TABLE 3 | Classification standard of pore structure of the Es3 reservoir.
[image: Table 3]The diagenetic type of class I reservoir is mainly secondary solution pores, accounting for a relatively large proportion of secondary pores (the secondary pores of core cast thin section accounts for 25%), containing certain argillaceous matrix and obvious cements such as quartz and dolomite, with porosity greater than 15%, permeability greater than 10mdc, displacement pressure less than 0.2 MPa, maximum mercury saturation greater than 80%, and maximum throat radius greater than 5 μm. The mean throat radius is greater than 1.0 μm, and the throat is relatively large and well sorted, so it is a fine throat and is a good reservoir.
The diagenetic type of class II reservoir is mainly mica deformed by compaction, the proportion of secondary pores is slightly smaller than that of secondary solution pores, containing a large amount of argillaceous (the argillaceous content of core cast thin section b is 15), less cement, mostly iron calcite, porosity between 10 and 15%, permeability between 1 and 10 mdc, displacement pressure between 0.2 and 0.5 mpa, and maximum mercury saturation between 65 and 80%. The maximum throat radius is between 2 and 5 μm, and the mean throat radius is 0.25–1.0 μm, with fine throat and poor sorting; it is an ultra-fine throat and a medium reservoir.
The main characteristics of the diagenetic type of class III reservoirs are the absence of obvious features and transitions, a slightly higher proportion of secondary pores is slightly higher than that of carbonate cementation, a small amount of argillaceous matrix, quartz enlargement, dolomite, obvious calcite and other cements, mostly iron dolomite, porosity between 10 and 15%, permeability is between 0.1–1 mdc, displacement pressure is between 0.5 and 1 mpa, maximum mercury saturation is between 50 and 65%, maximum throat radius is between 0.7 and 2 μm, and mean throat radius is 0.1–0.25 μm, exceptionally fine pore throat, but good flow properties with moderately sorted and finely skew roar channel. It belongs to micro-throat and is a poor reservoir.
The diagenetic type of class IV reservoir is mainly carbonate cementation, and the proportion of secondary pores is the smallest among all diagenetic types shown in the figure (the secondary pores of core cast thin section D account for 7.14%), the content of matrix is small, the content of cement is large, and most of them are calcite, the content of calcite is 17%, the porosity is less than 10%, the permeability is less than 0.1 mdc, the displacement pressure is greater than 1.0 MPa, and the maximum mercury saturation is generally less than 50%, The maximum throat radius is less than 0.7 μm. The mean throat radius is less than 0.1 μm. It belongs to extra micro-throat, and this kind of reservoir is extra poor reservoir or ineffective reservoir.
Combination of Logging Facies and Identification of Petrophysical Facies
Considering diagenetic type, pore structure, and logging response characteristics, it is necessary to optimize and merge multiple logging facies obtained by automatic clustering. First, the logging facies considers the division of reservoir segments, and the quality of reservoir is closely related to the pore structure. By observing the pore and permeability range, mercury injection curve, pore radius, and diagenetic type of different logging facies, the logging facies with similar pore structure were combined as a whole. Second, the logging response characteristics should be considered, different logging response characteristics should be further optimized to merge and scale based on the combination of pore structure types, and finally the whole section can be divided into five types of logging facies; the combined logging facies were calibrated in combination with the petrophysical name obtained by core casting thin section analysis, making the corresponding logging facies to have petrophysical facies of geological characteristics (Song et al., 2013; Zhu, 2016). After combining, the five types of logging facies are named by petrophysics, and there are four types of sandstone petrophysical facies, including corrosion facies, argillaceous cementation facies, transition facies, calcarenite facies, and mudstone (in Table 4, Figures 8, 9; the 8th pore structures in Figure 9 are pore structure facies, and the color distribution corresponds to Table 3, where white is the non-reservoir section. The 9th petrophysical in the figure is petrophysical facies, and the color distribution corresponds to Table 4, in which white is the non-reservoir section):
TABLE 4 | Typical characteristics of different petrophysical facies in the Es3 reservoir.
[image: Table 4][image: Figure 8]FIGURE 8 | Logging response box diagram of different petrophysical facies in the Es3 reservoir.
[image: Figure 9]FIGURE 9 | Results plot of different petrophysical facies of the Es3 reservoir.
Facies_1 is corrosion facies with relatively good physical properties. The reservoir is a dominant reservoir with relatively high productivity (Figure 9 ①). The corresponding reservoir pore structure type is class I or class II (Table 3, Channel 8 of Figure 9). The logging response is characterized by the “three low, one medium, and one high” of low DEN, CNL, and GR values; medium AC value; and high RD value. The distribution range of AC value is 68.0–85.9 us/ft, the distribution range of CNL value is 0.11–0.18 V/V, the distribution range of GR value is 54.4–84.4 API, the distribution range of DEN value is 2.35–2.51 g/cm3, and the distribution range of RD value is 20.7–110.9 Ω m.
Facies_2 is argillaceous cementation facies with relatively general physical properties. The reservoir is a medium reservoir with low productivity (Figure 9 ②). The corresponding reservoir pore structure type is class II or class III. The logging response has the characteristics of “three low and two medium” of low CNL, DEN, and RD values; medium AC and GR values. The distribution range of AC value is 71.0–84.4 us/ft, and the distribution range of CNL value is 0.12–0.20 V/V. The distribution range of GR value is 71.6–94.3 API, the distribution range of DEN value is 2.36–2.46 g/cm3, and the distribution range of RD value is 11.1–28.2 Ω m.
Facies_3 is transition facies with poor physical properties. The reservoir is a poor reservoir with low productivity (Figure 9 ③). The corresponding reservoir pore structure type is class III or class IV, and the logging response is characterized by “one low, two medium, and two high” of low RD value, medium DEN and AC values, and high CNL and GR values. The distribution range of AC value is 65.6–80.8 us/ft, and the distribution range of CNL value is 0.12–0.21 V/V. The distribution range of GR value is 84.3–108.3 API, the distribution range of DEN value is 2.35–2.54 g/cm3, and the distribution range of RD value is 12.1–52.8 Ω m.
Facies_4 is calcarenite facies with extremely poor physical properties. The reservoir is an extremely poor reservoir with extremely low productivity (Figure 9 ④). The corresponding reservoir pore structure type is class III or class IV. The logging response is characterized by the “three low and two high” of low AC, CNL, and GR values and high DEN and RD values. The distribution range of AC value is 62.3–78.9 us/ft, and the distribution range of CNL value is 0.10–0.16 V/V, the distribution range of GR value is 78.9–97.7 API, the distribution range of DEN value is 2.53–2.58 g/cm3, and the distribution range of RD value is 15.8–120.2 Ω m.
Based on the previous results, the corresponding relationship between logging facies combination and petrophysical facies identification was well explained, and the accuracy of logging facies division and petrophysical facies identification of low-permeability sandstone reservoir in this study was fully verified.
PHYSICAL PROPERTY RELATIONSHIP AND “SWEET SPOT” EVALUATION OF DIFFERENT ROCK PETROPHYSICAL FACIES
Using the rock petrophysical facies analysis method to classify and evaluate reservoirs can fully consider the main geological factors affecting characteristics of the reservoir micropore structure. These factors are finally reflected in the differences of reservoir porosity and permeability (Cui, 2015) (Figure 10). The corrosion facies is the dominant facies belt, and the physical properties of the reservoir in which this kind of petrophysical facies is developed are the best. Secondary pores account for a large proportion of the pore space. The pore types are mainly residual primary intergranular pores and secondary dissolution pores. The pore throat connectivity is good, the pore permeability value is relatively high, with porosity generally greater than 15%, and the permeability is greater than 10 mdc. The calcarenite facies is mainly affected by the cementation of carbonate rocks in the diagenetic stage, and its physical properties are poor. Although it has undergone corrosion transformation at a later stage, it cannot change the fact that its physical properties are poor. Among the four petrophysical facies, the calcarenite facies has the lowest porosity and permeability, most less than 10%, the permeability is less than 0.1 mdc, with a relatively high slope of porosity and permeability, R2 = 0.7771. The argillaceous cemented facies is mainly affected by the deformation of mica by compaction. Its reservoir physical properties are between the corrosion facies and the transition facies (or calcarenite facies). Although it is also in the dominant facies belt, it has experienced complex diagenesis, the pore structure is relatively complex, reservoir heterogeneity is obvious, and its pore permeability characteristics show a low slope relationship. The transitional facies is mainly affected by the dissolution of unstable components, clay rim cementation, secondary increase of quartz or strong compaction, and protogenetic rock. Although it has undergone certain diagenetic transformation at a later stage, it still cannot change the characteristics of relatively poor reservoir physical properties. Similar to the calcarenite facies, its porosity and permeability value is also low, with permeability almost less than 1 md.
[image: Figure 10]FIGURE 10 | Relationship between porosity and permeability of different petrophysical facies in the Es3 reservoir.
Studies have found that the desserts of low-permeability sandstone reservoirs are mostly concentrated in the secondary pores with large primary porosity or local corrosion development. Represented by corrosion facies, the pore structure is good and the productivity is high. The total production of oil layer represented by layer ① is as high as 106 m3 (Figure 11 shows the distribution range of PORE and PERM values of different petrophysical facies and the productivity of different petrophysical facies represented by four sub-layers). Due to the high mud volume and obvious heterogeneity of the argillaceous cemented facies, there is a big gap between the productivity and the corrosion facies. The total production of the oil layer represented by layer ② is 14.52 m3. Due to the “calcium content,” the resistivity of calcarenite facies is high but affected by the cementation of carbonate rock, and the physical property is very poor and the productivity is very low. The total output represented by layer ④ is only 0.83 m3. The transitional facies has a complex composition, poor pore structure, and physical properties between argillaceous cemented facies and calcarenite facies, with low production capacity. The total production of oil layer represented by layer ③ is only 3.25 m3. By comparing the huge differences in productivity of different petrophysical facies, it is of great significance to predict the “sweet spot” of low-permeability sandstone reservoir and adjust oilfield development measures. Generally speaking, perforation development is preferred for “sweet spot” of low permeability, while fracturing is an efficient stimulation measure to improve production. Different methods can be used for fracturing measures of reservoirs with different petrophysical facies. For calcarenite facies and transition facies with low production capacity, due to the metasomatic filling of carbonate minerals, the primary pores are destroyed. During fracturing, acid fracturing fluid should be properly used to transform the reservoir to improve production.
[image: Figure 11]FIGURE 11 | Comparison of porosity and permeability distribution and productivity of different petrophysical facies in the Es3 reservoir. (Note: Total output is the production, ① ②, ③, and ④, respectively, correspond to the four sub-layers in Figure 9; pore is the main coordinate axis, and its unit is %; PERM and total output are secondary coordinate axes, and the units are mdi and m3, respectively.)
CONCLUSION
In this study, a semi-supervised learning model based on petrophysical facies delineation was modeled using conventional logging data, combined with mercury injection data and core cast thin layers, which improved the efficiency and accuracy of petrophysical facies division, and greatly improved the accuracy of “sweet spot” identification, so as to solve the problem in that it is difficult to predict the dominant section of low-permeability sandstone reservoir and better grasp the productivity of reservoir. The reservoir heterogeneity characterization based on petrophysical facies transformed the heterogeneity problem into a homogenization problem, realized the classified evaluation of reservoir macro-physical properties and the micropore structure, improved the accuracy of reservoir characterization, and provided a basis for reservoir evaluation and prediction of dominant facies to find “sweet spot area.”
1) There are many classification methods for low-permeability sandstone reservoirs, but they have limitations in varying degrees. The petrophysical facies can provide a comprehensive characterization of the pore structure and genesis of rocks and better reflects differences in productivity. Therefore, this classification method has great advantages. The automatic clustering (MRGC) algorithm divides logging facies by calculating nearest neighbor index NI and uses kernel representative index (KRI) to determine the best number of logging facies, making it an ideal method for logging facies division of low-permeability sandstone reservoir.
2) The artificial neural network was used to predict the resistivity R0 saturated with pure water to remove the influence of lithology and physical properties on the resistivity, and the superposition of resistivity R0 saturated with pure water and deep lateral resistivity was consistent with the actual results, providing a theoretical basis for the identification of “sweet spot” of low-permeability reservoirs with a complex pore structure.
3) In this study, a semi-supervised learning was used to divide petrophysical facies and “sweet spot” identification. Unsupervised clustering and supervised recognition were well combined. This “unsupervised/supervised” or semi-supervised learning model was extended to the whole region training prediction for “sweet spot” identification. Experimental results showed that the prediction results of the model were in good agreement with the actual results; from the observation of core cast thin section to logging modeling and from diagenetic characteristics to determination of petrophysical facies division, this scaling evaluation problem from the millimeter level to meter level has been applied well in this study.
4) Through the analysis of the physical property relations of different petrophysical facies, the porosity and permeability of different petrophysical facies have different slope relations and they vary widely, which provides a certain theoretical basis for the subsequent better study of the physical property relations and “sweet spot” identification of low-permeability sandstone reservoirs. It is of great significance for predicting the “sweet spot” of low-permeability sandstone reservoir and adjusting oilfield development measures. In general, perforation development is preferred for “sweet spot” of low-permeability, and fracturing is an efficient stimulus to improve production.
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Fractures can provide valuable information on the tectonic evolution of the Earth’s crust. Our field observation data, rock core data, and thin section observations reveal several horizontal fractures in the Cenozoic mudstone strata in the western Qaidam Basin, Qinghai Province, China. These horizontal fractures have rough surfaces and are filled by gypsum. The fractures are mainly curved; however, some straight fractures are also found. There are many intersections between adjacent curved fractures, which often adjoin to form “T” shape fractures. Fracture apertures are mainly between 1 mm and 1 cm, with a maximum of 3 cm. Both the size and density of fractures decrease as strata denudation thickness decreases and depth of burial increases. Horizontal fractures are only found in a core area of anticlines with severe strata denudation. Accordingly, these fractures are related to vertical extension due to residual stress in the process of rapid uplift and denudation. The horizontal fractures cut earlier vertical tectonic fractures, indicating their formation after tectonic extrusion. Electron spin resonance (ESR) dating of fracture-filling materials revealed that horizontal fractures appeared in two stages. The first stage was approximately 1.8 Ma ago, while the second stage was approximately 0.3 Ma ago. The size and density of the later-stage horizontal fractures are markedly greater than the earlier-stage fractures. Based on the driving stress when fractures are formed, which is obtained from fracture parameters, the denudation rate in the later stage was approximately 2∼3-fold greater than that in the earlier stage. According to the evidence, during the Quaternary, the western Qaidam Basin experienced pulsating tectonic extrusion, producing uplift and denudation and an increase in tectonic activity. Such findings suggest a gradual increase in episodic tectonic activity in the entire Tibetan Plateau region during the Quaternary.
Keywords: Qaidam Basin, mudstone, horizontal fracture, tectonic uplift and denudation, diving stress
INTRODUCTION
Fractures generally develop in near-surface strata, and can be found in nearly all lithologic and tectonic environments (Sibson, 1977). As discontinuities in the surface of rock, fractures play a key role in rock deformation and can provide important evidence of tectonic deformation processes. Fractures also function as pathways for underground fluid flows (Hindle, 1997; Hao et al., 2000; Zeng and Jin, 2000; Li, 2004). To understand the influence of fractures on these processes, their distribution and development must be clearly understood. Many studies have been carried out on fractures in the Qaidam Basin, including vertical open fractures, tectonic shear fractures, minor faults, bedding plane slip fractures, and horizontal open fractures. The development of these fractures depends on factors, such as tectonic deformation history and lithology (Liu Zhou 1998; Li and Wang, 2001; Zeng et al., 2012a, 2012b). Few studies have been conducted on horizontal fractures or their development characteristics and tectonic significance.
The Tibetan Plateau was formed when the Indo-Australian Plate and the Eurasian Plate collided 50∼60 Ma ago. The rapid subduction of the Indo-Australian Plate beneath the Eurasian Plate resulted in the rapid shortening and uplift of the entire Tibetan Plateau, including the Qaidam Basin (Yin & Harrison, 2000; Johnson, 2002). Many scholars have assessed the deformation history of the Tibetan Plateau and the dynamic mechanisms of plate collisions using geological and geophysical methods. The deformation histories of the Qaidam Basin (on the northern margin of the Tibetan Plateau) and the wider Tibetan Plateau are believed to be closely aligned. Therefore, understanding the evolution and deformation history of the Qaidam Basin will improve our understanding of the deformation and uplift of the entire Tibetan Plateau (Harrison et al., 1992; Fielding 1996; Zhou et al., 2006; Yin et al., 2008a; Zeng et al., 2012a). Seismic data and a balanced cross-section restoration of tectonic evolution have revealed that the Qaidam Basin experienced continuous extrusion in the Cenozoic. Further, in the relatively brief period of the Quaternary, the crustal shortening rate reached 32% or higher (Song and Wang, 1993; Dai & Cao, 2000; Zhou et al., 2006; Yin et al., 2008a; Yin et al., 2008b; Zeng et al., 2012a). Systematic studies on fauna, such as hipparions, flora, glacial remains, ancient karst landforms, and ancient soils have revealed that the average uplift rate of the Tibetan Plateau has been as high as 1 mm/year during the Quaternary (Wang & Coward, 1990). Other scholars have investigated the denudation rate of the Tibetan Plateau since the Late Cenozoic (0.17 Ma) using methods, such as low-temperature thermochronology, sedimentary stratigraphy, and analysis of river terraces. Based on their results, the maximum uplift rate is not higher than 0.72 mm/year (Arnaud et al., 1993; Wan, 1998; Wang et al., 2003; Cowgill, 2010; Cao et al., 2013; Pan et al., 2013; Sobel et al., 2013). Deposition velocity ranging from 19∼181 m/Ma in the Qaidam Basin and the thick layer of Quaternary sediment indicate a gradual increase in tectonic activity since the start of the Quaternary (Yu et al., 2018). Although many studies have been conducted on the uplift of the Tibetan Plateau in the Cenozoic, more research is required on the stages of activity in the Tibetan Plateau during the Quaternary and the differing intensities of tectonic activity during each stage.
Based on outcrop geological surveys and thin section observations, we conducted a detailed study of the features and size of horizontal fractures in Neogene strata in the western Qaidam Basin. Field measurements of horizontal fracture parameters were used to determine when the horizontal fractures were formed and the driving stress during their formation, as well as infer the uplift and denudation processes in the western Qaidam Basin during the Quaternary. Our results provide an important basis for understanding tectonic activity in the Qaidam Basin—and even the entire Tibetan Plateau—during the Quaternary.
GEOLOGICAL BACKGROUND
The Qaidam Basin is located on the northern edge of the Tibetan Plateau, covering an area of approximately 1.2 × 105 km2 and sits at an average elevation of 3,000–3,500 m, which is markedly lower than the surrounding mountains, with elevations of 4,000∼5,000 m (Dai and Cao, 2000; Zhou et al., 20006; Jin et al., 2004; Zeng et al., 2012a). The Qaidam Basin is surrounded by the Altun Mountains to the northwest, the Qilian Mountains to the northeast, and the Kunlun Mountains to the south, forming an approximate triangle around the basin (Figure 1). Mesozoic and Cenozoic sedimentary strata, which are 3∼16 km thick, have developed in the basin (Wang et al., 2012). These strata gradually decrease in thickness from the centre to the periphery of the basin (Wang et al., 2012). Since the start of the Cenozoic, basin strata mainly include alluvial plains, alluvial fans, fan deltas, fluvial facies, and lacustrine deposits. Further, the corresponding lithology is mainly sandstone, lacustrine marl, and mudstone. Based on data from magnetostratigraphy, microfossils, and isotope stratigraphy, Cenozoic strata can be divided into the following eight groups (from bottom to top): Lulehe Formation, Lower Ganchaigou Formation, Upper Ganchaigou Formation, Lower Youshashan Formation, Upper Youshashan Formation, Shizigou Formation, Qigequan Formation, and Chaerhan Formation (Ye et al., 1993; Zhou et al., 2006). The western part of the Qaidam Basin consists of the following nearly parallel northwest-southeast anticlines (from south to north): Youshashan Anticline, Shizigou Anticline, Ganchaigou Anticline, Youquanzi Anticline, Xianshuiquan Anticline, Nanyishan Anticline, Honggouzi Anticline, Xiaoliangshan Anticline, and Jiandingshan Anticline.
[image: Figure 1]FIGURE 1 | Location map and geological map of Qaidam Basin.
CHARACTERISTICS OF HORIZONTAL FRACTURES
Horizontal fractures are open joints that occur approximately horizontally. Most horizontal fractures develop in inclined strata and obliquely intersect strata. Depending on the inclination of the stratum, the angle of intersection is between 5° and 30° (The angle is between the striate part of the horizontal fracture and the bedding.), and the fracture surface is often irregular, being nearly straight in the middle but curved at the ends (Figure 2A). Such curved fractures tend to intersect adjacent fractures, with the end of the fracture bending toward an adjacent fracture and often adjoining it to form a “T” shape. These strong fracture interactions and cutting phenomena are created under stress, where the magnitude of remote differential stress is less than the driving stress (Olson & Pollard, 1989; Olson, 1993; Thomas and Pollard, 1993). A small number of horizontal fractures developed in nearly horizontal strata. These horizontal fractures are basically parallel with the strata or intersect them at a small angle (<5°). Further, the fractures are generally straight. Zeng et al. (2012a) called this type of fracture “parallel open fractures” (Figure 2B). The size and density of horizontal fractures markedly vary in different tectonic settings, various positions in the same tectonic setting, and different depths of burial. Fracture apertures range from less than 1 mm to 10 cm (discussed in detail below). Horizontal fractures are open fractures with a rough and uneven fracture plane, and are filled by gypsum. According to field and microscopic observations, gypsum crystals grow from the surface to the centre of the fracture (Figure 3). The direction of growth of gypsum crystals is perpendicular to the fracture surface, and the two fracture surfaces have no observable relative displacement in the strike direction, indicating that these fractures are expansion fractures formed during the unloading process of rapid uplift and denudation (Bahat, 1999; Zeng et al., 2012a).
[image: Figure 2]FIGURE 2 | Horizontal fractures in the Neogene mudstone strata of the western Qaidam Basin. (A) Curved horizontal fractures obliquely intersecting strata (Xianshuiquan Anticline, Lower Youshashan Formation) (A’) is the sketches of fractures in (A); (B) Horizontal fractures nearly parallel to strata (Xianshuiquan Anticline, Lower Youshashan Formation, (B’) is the sketches of fractures in (B).
[image: Figure 3]FIGURE 3 | Horizontal fractures filled by gypsum in Paleogene strata in the western Qaidam Basin under a microscope (Xianshuiquan Anticline, Lower Youshashan Formation).
CONTROLLING FACTORS OF HORIZONTAL FRACTURES
In this study, we conducted a detailed investigation of the development of horizontal fractures of outcrops in the western Qaidam Basin, including the Qigequan Anticline, Youshashan Anticline, Shizigou Anticline, Ganchaigou Anticline, Youquanzi Anticline, and Xianshuiquan Anticline, Nanyishan Anticline, Honggouzi Anticline, Xiaoliangshan Anticline, and Jiandingshan Anticline. Our field investigations revealed no horizontal fractures in sandstone strata in the southwest of the study area (Qigequan Anticline, Youshashan Anticline, Shizigou Anticline, and Ganchaigou Anticline). Nonetheless, horizontal fractures were found to have developed in mudstone strata in the northeast of the study area, but only in the core area of the Youquanzi Anticline, Xianshuiquan Anticline, Nanyishan Anticline, and Honggouzi Anticline. The Xiaoliangshan Anticline and Jiandingshan Anticline could not be assessed as there were no observable outcrops. Horizontal fractures were limited to mudstone strata of the Lower Youshashan Formation, the Upper Youshashan Formation, and the Shizigou Formation.
To assess the development of fractures in different tectonic settings and locations, we measured and calculated the apertures and density of outcrop horizontal fractures. Fractures are usually elliptical or spindle-shaped. Accordingly, we used a calliper to measure the greatest width to represent the fracture aperture. Of note, the fracture apertures measured in this study represent only the size in the profile planes of outcrops. Thus, the actual fracture apertures may be markedly larger than the measured apertures. Based on a three-dimensional shape hypothesis, the actual aperture of the fracture can be calculated by mathematical methods (Warburton, 1980); however, this is beyond the scope of this study. Based on our large volume of aperture data, statistical laws can reveal fracture aperture sizes at different statistical locations. Accordingly, we used field measurement results as the basis of our research. To measure fracture density, we used a vertical line segment on the outcrop and divided the total number of horizontal fractures that intersect the line segment by its length to obtain the fracture density at the measurement point.
The sizes of horizontal fractures change notably on planes, as illustrated by larger horizontal fracture apertures in areas with greater denudation of strata. We calculated the horizontal fracture apertures in the four tectonic settings of the Xianshuiquan Anticline, Honggouzi Anticline, Youquanzi Anticline, and Nanyishan Anticline (Figure 4). The horizontal fracture apertures were found to be largely between 0.9 and 4.5 mm in the Xianshuiquan Anticline, with an average aperture of 3.07 mm and a maximum of 32 mm; between 0.6 and 2.1 mm in the Youquanzi Anticline, with an average of 2.2 mm and a maximum of 15 mm; between 0.3 and 1.8 mm in the Honggouzi Anticline, with an average of 1 mm and a maximum of 11 mm; and between 0.1 and 1.5 mm in the Nanyishan Anticline, with an average of 0.8 mm and a maximum of 5 mm. Figure 4 shows the percentages of different fracture aperture sizes. As the high-quality outcrop is not always available, so we only conduct fielded measurements on limited locations. So the total number in different anticline varies. The total numbers of fractures in the Xianshuiquan Anticline, Honggouzi Anticline, Youquanzi Anticline, and Nanyishan Anticline were 804, 223, 212, and 177, respectively. The apertures and numbers of horizontal fractures showed a decreasing trend from the Xianshuiquan Anticline to the Youquanzi Anticline, Honggouzi Anticline, and Nanyishan Anticline. The geological map shows that the age of the exposed strata becomes younger as one moves from the Xianshuiquan Anticline to the Youquanzi Anticline, Honggouzi Anticline, and Nanyishan Anticline, indicating that the thickness of the denuded strata gradually decreases. Therefore, we can identify that the size of horizontal fractures increases with the increase in the denudation of strata.
[image: Figure 4]FIGURE 4 | Frequency distribution of horizontal fracture openings in the western part of the Qaidam Basin.(A) Xianshuiquan Anticline, with 804 fractures; (B) Youquanzi Anticline, with 223 fractures; (C) Honggouzi Anticline, with 212 fractures; and (D) Nanyishan Anticline, with 177 fractures.
The scale and development degree of horizontal fractures were found to differ vertically. Notably, the average aperture and liner density of fractures decrease as depth of burial increases. Figure 5 shows a section in Youquanzi with excellent outcropping and observation conditions. We compiled statistics on the aperture and density of horizontal fractures at various locations of the cross-section. From measurement point A to point F, the relative depth of burial changes by 13 m, the linear fracture density increases from 11.9/m to 25.2/m, and the average aperture of fractures increases from 0.58 to 2.79 mm. Based on our measurements, we can conclude that the development degree and size of horizontal fractures decrease as depth of burial increases.
[image: Figure 5]FIGURE 5 | Changes in horizontal fractures with the depth of burial. (A) Cross-section of the horizontal fracture measurement points (Youquanzi Anticline, Upper Youshashan Formation); (B) Linear density and average aperture of horizontal fractures at different measurement points.
SEQUENCES AND TIMING OF FRACTURES
The mutual cutting and limiting relationships of fractures provide an important basis for determining fracture sequences. According to Zeng et al. (2012a), horizontal open fractures generally cut vertical tectonic fractures and were only developed in Paleogene and Neogene strata, indicating that they were formed in the late Quaternary period. Their proposal is largely consistent with our field observations of outcrops. The horizontal fractures observed herein only developed in the mudstone strata of the Neogene Shizigou Formation, Upper Youshashan Formation, and Lower Youshashan Formation, but not in the Paleogene strata. Horizontal fractures cut earlier vertical tectonic fractures (Figure 6A), indicating their formation after tectonic extrusion. Based on our observations, the horizontal fractures did not all form at the same time, but rather in two stages. The earlier (older) horizontal fractures are filled by transparent gypsum while the later (younger) horizontal fractures are filled with white “horse tooth-shaped” gypsum. According to our field observations, there are three positional relationships between the horizontal fractures formed in the later stage and those formed in the earlier stage (Figure 6B–D): first, the later-stage horizontal fractures filled with white “horse tooth-shaped” gypsum cut the earlier-stage fractures filled with transparent gypsum; second, later-stage horizontal fractures reopened and filled earlier-stage fractures; and third, later-stage horizontal fractures developed parallel to earlier-stage fractures. Cheng et al. (2002) used electron spin resonance (ESR) to accurately date gypsum veins of fractures in the western Qaidam Basin. Their dating results indicated that horizontal gypsum veins formed in two stages. The first formation was 1.83 Ma ago and the second formation was 0.28 Ma ago. This finding is consistent with the two-stage formation of horizontal fractures filled by gypsum observed in our field assessment. Therefore, the horizontal open fractures in the western Qaidam Basin were formed in the Quaternary period. The first-stage horizontal open fractures formed approximately 1.8 Ma ago and were filled by transparent gypsum; the second-stage horizontal open fractures formed approximately 0.3 Ma ago and were filled by white ‘horse tooth-shaped’ gypsum.
[image: Figure 6]FIGURE 6 | The positional relationships of fractures in Neogene mudstone strata in the western Qaidam Basin. (A) Later horizontal fractures cut earlier vertical tectonic fractures, (A’) is the sketches of fractures in (A); (B) Later horizontal fractures cut earlier horizontal fractures, (B’) is the sketches of fractures in (B); (C) Later horizontal fractures reopened earlier horizontal fractures, (C’) is the sketches of fractures in C; (D) Later horizontal fractures developed parallel to earlier horizontal fractures, (D’) is the sketches of fractures in (D).
DRIVING STRESS AT ONSET OF HORIZONTAL FRACTURE
To study the rock cracking process, the magnitude of the stress that caused the initial fracture must be determined. We introduce a method to calculate the strain caused by a fracture opening as the description followed in the field, we could infer the magnitude of the stress. However, simply multiplying this strain by Young’s modulus does not provide an accurate initial stress for the following reasons. First, the strain measured at the outcrop in the field is only part of the total strain. Second, as fractures evolve, strain changes over time. Therefore, the strain measured in the field is not equal to the strain when the fracture initially propagated. As a result, we propose the following method of calculating the driving stress when the rock initially cracked from field measurements of fracture strain caused by a fracture opening.
We hold that total rock strain consists of two parts: the fracture strain caused by the expansion of the rock volume induced by the fracture expansion, which is calculated as [image: image]; and the elastic strain owing to elastic deformation caused by the stress on the rock, which is calculated as [image: image]. Total rock strain is calculated using
[image: image]
where subscript f represents the ‘final state’ of the rock (i.e., total strain after fracture propagation stopped). Here, we assume that after fracture propagation stopped, the aperture of the fracture did not change. When the fracture first began to propagate, because the fracture had not yet propagated, the fracture strain was [image: image] = 0. As a result, the following is obtained:
[image: image]
where subscript i represents the initial state when the fracture began to propagate.
Our aim is to predict the magnitude of [image: image] and multiply it by the elastic modulus of the rock to obtain the initial stress that caused the initial fracture of the rock. This initial stress is the rock fracture driving stress, which includes two components: the fluid pressure in the fracture and the vertical induced tensile stress generated by denudation and unloading. For this study, we defined both tensile stress and tensile strain as positive. In addition, to simplify the calculation, we assume that fluid pressure remained constant during fracture propagation.
Based on measurable data, the upper and lower limits of the initial strain [image: image] of the rock can be obtained using the following two assumptions:
[image: image]
[image: image]
Because horizontal fractures are tensile fractures formed under fluid pressure and induced tensile stress in the process of strata denudation and unloading, the total strain when fracture propagation stopped was greater than the total strain when fracture propagation started; this is the first assumption (Eq. 3a). For the second assumption (Eq. 3b), the elastic strain when fracture propagation stopped was less than or equal to the elastic strain when fracture propagation started. Considering the contrary situation that the elastic strain is larger than or equal to that when fracture propagation started. In this situation the stress must exceed the tensile strength (or the fracture intensity factor is larger than fracture toughness), new fractures must form, or existing fractures will continue to propagate; thus, the second assumption is also true. Based on these two assumptions and field observation data, it is possible to determine the upper and lower limits of elastic strain when fracture propagation started.
As fractures propagate, the strength of the rock decreases. The effective modulus of elasticity [image: image] of the rock is then less than the elastic modulus E of the rock without fractures. The elastic strain of the rock after fracture propagation stops is expressed as follows (Segall, 1981):
[image: image]
where [image: image] is the effective modulus of elasticity of the final state after fracture propagation has stopped, which can be calculated based on the fracture density of the rock. Combining Eqs 1, 4, the following equation is obtained:
[image: image]
Substituting Eqs 1, 2, 5 into Eq. 3, the two hypotheses for determining the upper and lower limits of the initial elastic strain are expressed as follows:
[image: image]
[image: image]
The fracture strain and effective modulus of elasticity of the rock in its final state can be calculated from the outcrop field measurement results. Using Eq. 6, we can determine the upper and lower limits of the initial elastic strain when the rock started to crack based on the fracture strain and effective modulus of elasticity at the final state of the rock after fracture propagation stopped.
The effective modulus of elasticity of a fractured two-dimensional medium is given as follows (Walsh, 1965):
[image: image]
where [image: image] is the Poisson’s ratio of the rock. The areal density of a fracture, [image: image], is determined with the following equation:
[image: image]
where A is the area of the two-dimensional medium, N is the total number of fractures, and [image: image] is the half-length of fracture n. In Eq. 8, the two-dimensional area density of the fracture is related to the second power of the fracture half-length (i.e., it is the higher-order quantity of the fracture half-length). Therefore, ρ is closely related to fractures at larger scales, and the influence of fractures at smaller scales on ρ can be approximately ignored.
In summary, the upper and lower limits of initial stress [image: image] that leads to the initial fracture of the rock can be obtained, which are derived using the following equations:
[image: image]
[image: image]
To further quantify the magnitude of stress during the formation of horizontal fractures, we selected two well-exposed sections of the Xianshuiquan and Nanyishan anticlines and measured the fracture strain caused by horizontal fractures. To facilitate the calculation, when selecting cross-sections, we avoided those that had horizontal fractures from the two stages. The cross-section in Figure 7A is in the Xianshuiquan Anticline, and the horizontal fractures are filled by white “horse tooth-shaped” gypsum. As a result, we can infer that these fractures were formed in the later stage, 0.3 Ma ago. The cross-section in Figure 7B is in the Nanyishan Anticline, and the horizontal fractures are filled by transparent gypsum; thus, we can infer that they were formed in the earlier stage, approximately 1.8 Ma ago.
[image: Figure 7]FIGURE 7 | Cross-sections of the horizontal fractures used to calculate stress when fractures formed. (A) Horizontal fractures filled by white “horse tooth-shaped” gypsum from the later stage, indicated by a five-pointed star in Figure 1 at the Xianshuiquan Anticline, Lower Youshashan Formation, (A’) is the sketches of fractures in (A); (B) Horizontal fractures filled by transparent gypsum from the earlier stage, indicated by a five-pointed star in Figure 1 at the Nanyishan Anticline, Shizigou Formation, (B’) is the sketches of fractures in (B).
To calculate the fracture strain, we selected a vertical line segment on the cross-section and used a calliper to measure the width (not aperture) of fractures that intersected the line segment. Thereafter, we divided the sum of the widths of all intersecting fractures by the length of the line segment to obtain the fracture strain. Three parallel line segments at each cross-section were selected to measure and calculate fracture strain (Table 1). The average fracture strain of the Xianshuiquan cross-section was 0.0399 while that of the Nanyishan cross-section was 0.0147. The fracture strains calculated for the three-line segments at each cross-section differed only slightly. Thus, measurement errors can be considered negligible. In addition to measurement errors, there are two factors that can introduce errors into the calculation of fracture strain. First, during observation, small fractures, especially micro fractures, which are difficult to observe with the naked eye, will have been missed, which will detract from the fracture strain calculation. As there were fewer unmeasurable fractures relative to measurable fractures, this error is negligible. Second, the width of fractures that are now filled by gypsum was measured, and as gypsum filled the fractures via underground fluid movement, dissolution and metasomatism will have occurred to the fractured mudstone. As a result, the current width of fractures will be greater than their initial width, resulting in an overestimation of the fracture strain (Segall and Pollard, 1983). The error caused by fracture wall dissolution and metasomatism is more significant than the error introduced by omitted fractures. The errors caused by fracture wall dissolution and metasomatism are approximately two orders of magnitude larger than that introduced by omitted fracture; however, there is no effective method available to estimate the error introduced by fracture wall dissolution and metasomatism in the existing data. Therefore, the fracture strain measured and calculated in this study is the upper limit of the actual fracture strain.
TABLE 1 | Fracture strain of fractures in Figure 7.
[image: Table 1]Table 2 shows the parameters and calculation results based on the magnitude of the stress calculated during the two stages of horizontal fracture formation. The fracture strain and area density of fractures were calculated based on the measurements of horizontal fractures at the cross-sections. The modulus of elasticity E and Poisson’s ratio υ of the two cross-sections of rocks were measured from uniaxial rock mechanics tests. The rock samples for measuring rock mechanical parameters were collected from corresponding sections and processed into core columns 50 mm in length and 25 mm in diameter. The calculation results show that the earlier horizontal fractures in the Nanyishan cross-section have a lower limit of driving stress of 13.5 MPa when fractures started to propagate, and an upper limit of 80.9 MPa. The horizontal fractures from the later stage in the Xianshuiquan cross-section have a lower limit of driving stress of 25.4 MPa when fractures started to propagate, and an upper limit of 80.9 MPa. Evidently, the driving stress during fracture formation in the later stage was approximately 2∼3-fold higher than the driving stress during fraction formation in the earlier stage.
TABLE 2 | Driving stress results of horizontal fractures from the two time periods and calculation parameters.
[image: Table 2]TECTONIC SIGNIFICANCE OF HORIZONTAL FRACTURES
Lajtai (1977) and Zhang et al. (2009) discussed rock mechanics mechanisms of extension fracture formation during unloading. Their studies revealed that due to differing mechanical properties of constituent elements in various parts of the rock, different stress histories (loading), and the rock’s own mechanisms, there are differences in rebound in different parts of the rock mass during unloading, resulting in residual stress, which eventually leads to extension fractures in the rock mass. The first type of rebound is caused by differences in material properties. There are intricately connected particle systems of different material properties in the rock mass. During loading, rocks with strong elasticity only produce elastic deformation, while units with weak elasticity will continue to produce plastic deformation after elastic deformation, resulting in greater rebound during unloading in units with strong elasticity than units with weak elasticity. Thus, the compressive residual stress in units with strong elasticity will generate residual tensile stress of a similar magnitude as units with weak elasticity. As the compressive strength of ordinary rock mass is an order of magnitude higher than the tensile strength (Scholz, 2010), as the unload value increases, the residual stress also increases. Once residual stress reaches the tensile strength of the rock mass, tensile fractures can occur. The second rebound is caused by the different historical stresses of each unit of rock mass. A typical example is that rock matrix detrital particles undergo elastic deformation from compression before cementation occurs, with cementation occurring after compression. During unloading, the expansion of the rock matrix is limited by the cement. At this point, the cement changes to a tensile state and generates a residual tensile stress. When this stress exceeds the tensile strength of the cement, a tensile fractured surface that is nearly perpendicular to the rebound direction (i.e., the unloading direction) and along the grain boundary is produced. Regardless of the mechanical mechanism that forms the residual tensile stress, the magnitude of the residual tensile stress is proportional to the rebound deformation of the unit of elasticity in the rock mass. These two mechanisms assume that the unit with strong elasticity only undergoes elastic deformation; thus, its rebound deformation is directly proportional to the total unload value. Overall, residual tensile stress generated during the unloading process is proportional to the total unload value.
The horizontal fractures developed in Neogene mudstone strata in the western Qaidam Basin are open fractures that generally have large apertures. Fracture surface roughness is uneven, and the usual fracture shape is irregular and curved. These characteristics indicate that they are tensile fractures (i.e., they are formed by driving stress that is perpendicular to the fracture surface). Previous studies revealed no abnormally high pressure in the superficial layers of the western Qaidam Basin; thus, horizontal fractures could not have formed by fluid fracturing. Instead, horizontal fractures could only be formed due to induced residual tensile stress during rapid uplift and denudation. Thus, the development of horizontal fractures is likely due to large-scale uplift and denudation caused by strong extrusion and deformation in the western Qaidam Basin during the Quaternary. To quantitatively analyse the processes of uplift, denudation, and unloading, we assessed the driving stress [image: image] during the formation of horizontal fractures:
[image: image]
where [image: image] is the residual stress induced by unloading, which is proportional to the unload value, G is the lithostatic pressure of the overlying strata, and P is hydrostatic pressure. For G and P,
[image: image]
[image: image]
where [image: image] is the average density of the overlying strata, [image: image] is the density of formation fluid, h is the depth of burial, and g is gravitational acceleration. Substituting Eqs 11, 12 into Eq. 10 yields the following:
[image: image]
Eq. 13 shows that if the induced residual stress is the same, at the same location, the driving stress will decrease as the depth of burial increases, which will lead to a reduction in the size and development of horizontal fractures. Such proposal is consistent with our field observations of outcrops. In near-surface strata, as the depth of burial is shallow (i.e., the value of h is low), the driving stress [image: image] is mainly related to the induced residual stress [image: image]. Induced residual stress [image: image] is directly proportional to the level of denudation. Thus, we can conclude that the magnitude of driving stress [image: image] can reveal the levels of uplift and denudation caused by extrusion and deformation.
Based on the results of a balanced cross-section restoration of geological sections, Zhou et al. (2006) reported that 32% of the shortening of the Qaidam Basin occurred since the Early Pleistocene. Intense and rapid extrusion in the Quaternary has led to rapid uplift and denudation of the Qaidam Basin. Xiangjiang et al. (2018) studied deposition velocity in the Qaidam Basin and concluded that tectonic activity in the Qaidam Basin increased during the Quaternary.
This study evaluated tectonic activity in the western Qaidam Basin since the Quaternary from the perspective of horizontal fractures. Based on the evidence found, we can infer that tectonic extrusion and deformation in the western Qaidam Basin has not been continuous, but instead occurred in pulses during the Quaternary. Each pulse-like tectonic extrusion caused rapid uplift and denudation, resulting in the first stage of horizontal fractures. Our calculations of driving stress during horizontal fracture formation and ESR dating of fracture-filling gypsum indicate that the western Qaidam Basin experienced two major tectonic extrusion and uplift events during the Quaternary, the first 1.8 Ma ago and the second 0.3 Ma ago. As the driving stress during the second stage (0.3 Ma ago) of horizontal fracture formation was 2∼3-fold greater than during the first stage (1.8 Ma ago), we can speculate that the scales of tectonic extrusion and deformation as well as uplift and denudation were also 2∼3-fold greater in the second stage relative to the first stage. Such speculation suggests that tectonic deformation in the western Qaidam Basin significantly increased during the Quaternary. As tectonic activity in the Qaidam Basin shows good synchroneity with that of the rest of the Tibetan Plateau, the Tibetan Plateau has experienced episodic tectonic activity during the Quaternary, and the intensity of that activity has gradually increased.
CONCLUSION

1) Many horizontal open fractures have developed in Neogene mudstone strata of the western Qaidam Basin, which are approximately horizontal and parallel with or obliquely intersect the strata. All fractures are filled by gypsum and have rough fracture surfaces and irregular, curved shapes. Further, these fractures generally adjoin and intersect adjacent fractures. Horizontal fractures are tensile fractures formed under residual stress during rapid uplift and denudation.
2) The size and development of horizontal fractures are greater in areas with greater denudation; however, they decrease as the depth of burial increases. The horizontal fractures developed in two stages. The earlier-stage fractures formed 1.8 Ma ago and were filled by transparent gypsum while the later-stage fractures formed 0.3 Ma ago and were filled by white “horse tooth-shaped” gypsum. Our calculations indicate that driving stress during the formation of later-stage horizontal fractures was 2∼3-fold greater than the driving stress during the formation of earlier-stage horizontal fractures.
3) Based on evidence from the horizontal fractures, the western Qaidam Basin experienced two stages of rapid uplift and denudation caused by extrusion and deformation during the Quaternary. The first stage occurred 1.8 Ma ago while the second stage occurred 0.3 Ma ago. The scale of uplift and denudation in the later stage was 2∼3-fold greater than the uplift and denudation in the earlier stage, indicating that tectonic activity in the western Qaidam Basin increased during the Quaternary. Tectonic activity in the Qaidam Basin shows good synchroneity with that of the rest of the Tibetan Plateau. Accordingly, the Tibetan Plateau experienced episodic tectonic activity during the Quaternary, and the intensity of that activity has gradually increased. Qinmin and Coward, 1990.
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As a special type of fracture-cavity carbonate reservoir, fault/fracture-controlled paleokarsts are affected by large strike-slip faults with various storage spaces, irregular geometry, and stochastic spatial distribution, which brings new challenges to their 3D quantitative characterization and geological modeling. Based on multi-scale research data, a hierarchical scheme of a fault-controlled paleokarst is established for the Tahe oilfield, and then a hierarchical modeling method for the paleokarst is proposed based on the principles of hierarchical constraint and genetic control. The results show that the fault-controlled paleokarst hierarchy is divided into four levels according to genesis and scale. These are the strike-slip fault impact zone, the fault-controlled external paleokarst envelope, the fault-controlled internal paleokarst architecture, and the internal karst cave fillings. The strike-slip fault impact zone model is established using deterministic data of the main fault, secondary fault, envelope range, and key geological horizons obtained from seismic interpretation. Based on the seismic FL (Fault Likelihood) attribute, the external envelope model of the fault-controlled paleokarst is established using the deterministic method through automatic attribute segmentation and drilling calibration. With the constraint of the external envelope, the internal architectural elements are classified and modeled. A large-scale karst cave model and mesoscale discrete fracture distribution model are established using the deterministic method based on the seismic texture property and seismic ant property truncation. Taking well data as conditional data and seismic-geological probability cubes as constraint data, the sequential indication simulation and object-based marked point process simulation methods are used to obtain the model of the dissolution pores distribution and the model of the discrete small-scale fractures distribution, respectively. Finally, a typical fault-controlled paleokarst reservoir in the TP area of the Tahe oilfield is taken as an example to test the above modeling method; the 3D integrated model developed in this study can reflect the spatial hierarchy of the fault-controlled paleokarst carbonate reservoir.
Keywords: fault-controlled paleokarst, fracture-cavity reservoir, carbonate reservoir, geological modeling, tahe oilfield, tarim basin
1 INTRODUCTION
Fault-controlled paleokarst reservoirs are a special type of fractured-cavernous reservoirs, in which the caverns and faults/fractures provide the main reservoir space. Unlike porous and fractured carbonate reservoirs, fractured-cavernous reservoirs are more complex, heterogeneous, and stochastic, which makes them difficult to characterize (Loucks, 1999; Loucks et al., 2004; Gong et al., 2021). The exploration and development of the Tahe Oilfield in recent years have confirmed the presence of this kind of reservoir. About 75% of the high-yield wells in the Tahe area are distributed along the large faults that controls the paleokarst reservoirs (Chen et al., 2010; Gong et al., 2019).
Three-dimensional geological modeling is a key link in the characterization of oil and gas reservoirs, and accurate geological models are the basis for the effective management of these reservoirs. Current geological modeling technology is relatively mature for its application to conventional clastic rock reservoirs and porous carbonate reservoirs. However, the fractured-cavernous type of carbonate reservoirs is affected by strong reformation in the later stage. Multi-scale discrete pore types are mixed distributed, and the heterogeneity is extremely strong. The modeling of this type of reservoir is still in the development stage. However, because of the presence of the unique geological conditions of the Tahe oilfield reservoir in China, the modeling of carbonate fracture-cavity reservoirs began early in China. Many scholars have achieved valuable modeling results after more than 10 years of research. Some of the models of carbonate fracture-cavity reservoirs proposed include seismic-based reservoir classification modeling (Hou et al., 2012; Hou et al., 2013; Ma et al., 2013), multi-constrained random modeling (Hu et al., 2013; Lv et al., 2017; Liu et al., 2018), combined deterministic and random modeling under karst model constraints (Zhang et al., 2007; Zhao et al., 2008; Liu and Wang, 2012; Lu et al., 2012; Li et al., 2016; Li et al., 2016), and multi-point geostatistical modeling with seismic facies or large-scale caverns as training images (Zeng et al., 2010; Zhao et al., 2011; Zeng et al., 2013). The above models have almost accurately modeled the distribution and fusion of multi-type and multi-scale reservoirs from different perspectives; karst landforms and karst belt constraints have been introduced, and models of the epigenetic karst fractured-cavernous reservoirs in the main area of the Tahe Oilfield have been developed. The concept model has incorporated geological constraints and achieved good results.
Like the fracture-cavity reservoirs in the main Tahe area, fault-controlled paleokarst reservoirs are also affected by multi-phase tectonic movements and multi-phase karstification, and there are multiple types of these reservoirs. The difference with epigenetic karst fractured-cavernous is that the main controlling factors of fault-controlled paleokarsts are large-scale strike-slip faults. However, from the perspective of “genetic modeling,” few studies have been performed to model fault-controlled fractured-cavernous reservoirs. This study aims to create a new geomodeling approach to reveal the strong 3D heterogeneity within fault-controlled paleokarst reservoirs. Taking the TP block in the southern Tahe oilfield as an example, this study establishes three-dimensional geological modeling methods for the fault-controlled paleokarst carbonate reservoir in the study area and creates a 3D model of the reservoir by using outcrop observations, core samples, well logging data, and high-quality 3D seismic data to better reveal the heterogeneity of this type of reservoir. The results are significant for the future exploitation of similar reservoirs in the Tarim Basin.
2 GEOLOGICAL SETTING
Located in the Tarim Basin in northwestern China, the Tahe oilfield is the largest marine carbonate oil and gas field in China. The main target formation of this oilfield is Ordovician strata that have a buried depth of more than 5,500 m. The Tahe oilfield is situated on the southwestern slope of the Akekule Arch. The Akekule Arch is located within the Shaya Uplift of the Tarim Basin, which is south of the Kuche Depression, west of the Caohu Sag, and north of the Shuntuo Lower Uplift and the Manjiaer Depression. The Akekule Arch has undergone multiple stages of tectonic movements, including Caledonian, Hercynian, Yanshanian, and Himalayan movements (Figure 1; Yu et al., 2011).
[image: Figure 1]FIGURE 1 | Location of study area and comprehensive stratigraphic column. P2—Middle Permian; C2x—Upper Carboniferous Xiaohaizi Formation; C1kl—Lower Carboniferous Karasayi Formation; C1b—Lower Carboniferous Bachu Formation; D3d—Upper Devonian Donghetang Formation; D1-2— Middle-Lower Devonian; S2-3—Middle-Upper Silurian; S1k—Lower Silurian Kepingtag Formation; O3s—Upper Ordovician Sangtam Formation; O3l—Upper Ordovician Lianglitage Formation; O3q—Upper Ordovician Qalbak Formation; O2yj—Middle Ordovician Yijianfang Formation; O1-2y—Middle and Lower Ordovician Yingshan Formation; O1p—Lower Ordovician Penglaiba Formation; ∈—Cambrian; T65—The reflection wave interface of the Carboniferous standard limestone (bimodal limestone) top; T7 0—the reflection wave interface of the Ordovician top; T74—the reflection wave interface of the unconformity caused by the mid-Caledonian tectonic movement; T8 0—the reflection wave interface of the Cambrian top; T9 0-the reflection wave interface of the Sinian top; F1-TP12CX fault; F2-S99 fault; F3-Langa fault; F4-T708 fault; F5-T707 fault. (A) Structural location map of Tahe oilfield; (B) comprehensive stratigraphic histogram of Tarim Basin.
Within this oilfield, hydrocarbon reservoirs have been identified in Triassic, Carboniferous, Devonian, and Ordovician strata, and oil production from Ordovician paleokarst reservoirs accounts for approximately 73% of the total oil production from this oilfield (Dou, 2014). From the bottom to the top, these Ordovician strata are divided into the Penglaiba Formation (O1p, which is predominantly dolomite), the Yingshan Formation (O1-2ys, limestone), the Yijianfang Formation (O2yj, predominantly limestone), the Querbake Formation (O3q, knotty limestone containing mud), the Lianglitage Formation (O3l, argillaceous limestone and grainstone), and the Sangtamu Formation (O3s, mudstone and limestone) (Chen et al., 2010; Qi et al., 2010).
The Akekule Arch also underwent a series of erosional episodes and many NE or NW trending large-scale deep-seated faults were formed during the Caledonian and Hercynian movements. This caused the remaining Ordovician formations to become uneven and established an unconformity interface (T74) between the Middle–Lower Ordovician strata and the upper strata. Meanwhile, these events established the morphological diversity of the karstic cavernous systems and created ancient large-scale karst reservoirs, which form the current highly fault-controlled karst reservoirs in the southern region of the Tahe oilfield (Figure 1).
The TP block is located in the southwest of the Tahe Oilfield. There are multiple sets of NNW-NNE trending “X” fault systems of different scales in the area with the TP12CX strike-slip fault being the largest. The TP12CX fault runs through the entire TP block along the NNE direction and extends over 50 km. Typical fault-controlled paleokarst reservoirs are developed and are divided into different segments according to the fault zone and the dynamic production characteristics. Along the TP12CX fault zone, the TP101 unit is selected in this study for modeling (Figure 1).
3 DATA AND METHODS
The case study area (unit TP101) is a typical fault-controlled paleokarst reservoir located along the TP12CX strike-slip fault zone of the TP Block (Figure 1). Over more than 15 years of hydrocarbon exploitation, nearly 40 wells have been drilled in this unit, where the main target zones are the Yijianfang and Yingshan Formations (burial depth of >5,500 m). Imaging logging data (FMI), conventional logging data, a lot of production data, and some core samples have been obtained from individual wells and can be used to characterize the faulted karstic reservoirs. When these data are combined with high-precision 3D seismic data, the delineation of the 3D distribution of the karst reservoir can be effectively determined.
3.1 Core Samples and Outcrops
A total length of 70 m of cores was obtained from three representative wells in the study area. These samples were observed and described in detail, with special attention given to the karstic fractures or caverns found to be developing around faults. The field outcrops in the Bachu area underwent similar karstification events during the Caledonian–Hercynian periods as the deeply buried Ordovician paleokarst reservoir within the study area. Studying these outcrops can contribute to a better understanding of the characteristics of fractured caverns. Furthermore, by investigating the karstic development process from typical outcrops, it is possible to qualitatively understand their fault/fracture control relationships and establish a fault-controlled karstic geologic model of the TP Block in the southern Tahe oilfield.
3.2 Well Data
Well data, also called “hard data,” includes descriptions of the cavern type and intervals as well as other physical information. Paleokarst elements and their surrounding host rocks can be analyzed based on their different geophysical features. Using conventional well-logging data (i.e., radioactivity, density, resistivity, and acoustic velocity) calibrated by cores, it is possible to recognize the characteristics of the architecture of paleokarst reservoir elements. In this study, conventional well-logging data obtained from 40 wells were used to identify paleokarst reservoirs, especially large-scale paleokarst reservoirs formed around faults. However, when a well-trajectory intersects with an unfilled cavern, serious leak-off and circulation-loss may lead to early well completion; thus, as a result, only the upper depth of the cavern interval may be recorded.
3.3 Three-Dimensional Seismic Data
Three-dimensional seismic datasets play a key role in characterizing the distribution of paleokarst reservoirs. The seismic data used in this study encompasses the entire TP Block, with a bin size of 25 m × 25 m and a sampling interval of 2 ms. The frequency spectra extracted from the target zone ranged from 14 to 37 Hz (average of ∼24 Hz). Consequently, the vertical resolution of the reservoir section was approximately 33 m for the pre-stack seismic processing techniques. Scale measurements of paleokarst reservoirs record strong differences in amplitude (and/or other energy attributes) relative to those of the host rocks. In this study, we introduced the seismic texture attribute to identify the location of the karstic reservoir due to the advantage of its sensitivity to anomalous geological reflections. Large-scale paleokarst reservoirs are displayed as so-called “bright spots” in seismic images; the size of these “bright spots” correlates positively with the scale of the paleokarst reservoir. This information can be used to directly identify large-scale paleokarst reservoirs between single wells.
3.4 Faults and Stratigraphic Interpretation
In the study area, the presence of fault zones and related fractures are key factors affecting the formation of karstic reservoir “sweet spots.” Most tectonic activity here is represented by strike-slip faults, which are difficult to interpret in deeply buried strata. However, by using seismic event breaks and seismic attributes (e.g., coherent and ant tracking attributes), it was possible to analyze the strike-slip faults in detail via manual interpretation and automatic fault-patch extraction. These faults were interpreted using a density of 2 × 2 lines, and the process was also guided by the planes and profile characteristics of the strike-slip faults. Besides, the strata penetrated by deep-seated faults were also key factors for analyzing the fault-controlled karst system, and the typical stratigraphic interfaces (e.g., T74, T76, T78, T80, and T81) were interpreted manually based on seismic amplitude reflections.
4 HIERARCHICAL DIVISION OF THE DISSOLUTION SYSTEM STRUCTURE
Previous studies have demonstrated the applicability of fracture-vuggy reservoir modeling principles (Hou et al., 2013), that is, the isochronous principle does not apply to fracture-vuggy reservoirs, while genetic modeling and hierarchical modeling principles can still be used as important guidance methods. The formation of fault-controlled paleokarsts is related to paleo morphology, ancient structure, and karst water conditions (Loucks, 1999; Zhou et al., 2011; Han et al., 2016; Wen et al., 2017; Lu et al., 2018; Wang et al., 2019). Especially for the genetic mechanism of fault-control, establishing a genetic model that accords with the characteristics of fault solutions is very important.
The geological origin control idea determines the division of architectural levels, and a fault -controlled karst is the result of the comprehensive action of faults and dissolution that influence each other. Relevant scholars have also summarized the development mode of fault-controlled solutions (Wu et al., 2017; Wang et al., 2019) by mainly considering the geometric shape difference caused by different positions of fault zones, while further hierarchical relationships about fault-controlled paleokarsts need to be elaborated systematically. This study starts from the faulting and dissolution process, considers faults and the dissolution degree of carbonate rocks as key factors, and divides the dissolution system into several grades (Figure 2). A hierarchical division is a prerequisite for hierarchical constraint modeling. Considering the scale and hierarchy of paleokarst elements, four architectural levels are divided (Figure 3).
1) The first level is called the strike-slip fault impact zone (Figure 3A), which mainly includes the main faults, secondary faults, derived micro-fractures, and the main scopes affected by the in-situ stress in the process of cracking from the perspective of tectonics. The strike-slip fracture zone is essentially the comprehensive influence range of strike-slip faults, and its storage performance is better than that of tight limestone. The plane has a certain width, and the scale ranges from about 100 m to kilometers; the vertical scale has a large extension height, even breaking through the base (T90), and the scale varies from hundreds of meters to several kilometers. The cross-sectional shape is differentiated according to the difference in stress, usually including flower-shaped faults (positive or negative); the horizontal extension is also large—tens of meters to hundreds are common—and the segmented features appear alternately.
2) Level two is called the fault-controlled external karst reservoir envelope (Figure 3B). Obviously, it is constrained by level one. The internal stress difference in the strike-slip fault zone will inevitably which is affected by the degree of rock fragmentation, which focuses on the parts with high fragmentation concentration, dense cracks, and increasingly concentrated dissolution of carbonate rocks. It is defined as the external geometry of the fault-controlled external karst reservoir, which is often controlled by the range of the strike-slip faults, and the scale is usually slightly smaller than the range of the strike-slip fracture zone.
3) Level three is called the fault-controlled internal karst elements and it is inside the fault-controlled external karst reservoir envelope (Figure 3C). As the name suggests, it is controlled by the external geometry of Level two. The internal fracture-cavity zone is composed of different elements formed by different solution degrees; it includes large-scale caves, dissolved vugs, and a crack-intensive zone. There are combination rules among different elements. Usually, there are more dissolved vugs around large-scale caves, and the crack-intensive areas are mainly distributed around the cavities or vugs. The scale of the internal structural elements is around 10 m to hundred meters. There is no fixed shape for the cavity and vugs in the three-dimensional space, and their differences in scale and shape are large.
4) Level four is called the cave internal filling zone (Figure 3D), which is the smallest level of this hierarchical division. The information of filling degree and filling lithology types inside caves is mainly from the analysis of field outcrops, cores and drilling, and logging. When a cave is completely filled, the filling lithology sequence and vertical scale can usually be analyzed through outcrops or logging. Its three-dimensional spatial form, internal contact relationships, and combination forms often have multiple forms, which are difficult to characterize, and a challenge for geological modeling. The scale of the internal filling elements is constrained by the scale of the large cave, and the scale ranges from decimeters to meters.
[image: Figure 2]FIGURE 2 | Three-dimensional geological conceptual model of fault-controlled paleokarst model. (A) Integrated of well and seismic data for geological analysis; (B) Schematic diagram of geological conceptual model.
[image: Figure 3]FIGURE 3 | Fault-controlled paleokarst hierarchy scheme. (A) strike-slip fault impact zone; (B) fault-controlled external karst reservoir envelope; (C) fault-controlled internal karst elements; (D) cave internal filling zone. Remarks: T74: Top of the Yijianfang Formation, T76: Top of the lower member of the Yingshan Formation, T78: Top of the Penglaiba Formation, T80: Top of the Cambrian, T90: Bottom of the Lower Cambrian.
5 HIERARCHICAL MODELING OF THE FAULT-CONTROLLED PALEOKARST RESERVOIR
Since a surface karst fracture-vuggy reservoir is a special type of carbonate fracture-vuggy reservoir, some technical ideas, such as multi-type, multi-scale, and multi-constraint characteristics, are still applicable to a certain extent. The big difference of method is that using a different concept karst model adjusts the “hierarchical modeling.”
5.1 The Method of Hierarchical Modeling for Paleokarst System
The principle of hierarchical modeling is that the high-level sub-elements constrain the modeling process of the low-level sub-elements, that is, the high-level sub-elements provide the constraints. The process of constraining considers geological origin, that is, genetic control. The idea of step modeling is step-by-step modeling. Therefore, the idea of hierarchical modeling of fault-controlled karst systems used in this study involves “hierarchical constraint, genetic control, and step-by-step modeling”.
The method of modeling the hierarchical constraints of fault-controlled paleokarst reservoirs needs to clarify the correspondence between the different architectural elements. A fault-controlled paleokarst, as a strongly reformed kind of reservoir, loses its original sedimentary layered isochronism, but from the perspective of the fault dissolution reformation process, there are still certain processes to consider while modeling it, especially the strike-slip fault zone which is its biggest controlling factor. Fault-controlled paleokarst have experienced multiple periods of tectonic activities (Wen et al., 2008); the superposition of multiple movements has formed faults or fractures of different scales, and the hierarchical relationship of fractures is more obvious from the perspective of scale. The karst process occurs in coordination with fault activity, the formation of caves, and the dissolution of pores of different scales, and these also have a certain hierarchical relationship with each other.
The modeling of a fault-controlled paleokarst reservoir based on genetic control needs to specify the controlling factors. The geological genesis is usually represented by the geological model. Therefore, the geological model of each level of karst reservoirs needs to be clarified after the level is divided. For the strike-slip fault zones, the distribution pattern of the main faults from the perspective of tectonics needs to be clarified. For the external envelop and the internal texture of fracture-caves, specific models need to be established from the perspective of fault-controlled karsts. For the filling of large caves, the filling rules in the cave and the filling pattern need to be established. Each level of the karst reservoir elements has corresponding concept geological modes for quantitative guidance, which helps to achieve the purpose of genetic control modeling.
The step-by-step modeling of the dissolution system needs to optimize the applicable modeling algorithm according to the characteristics of each level. Firstly, a large-scale strike-slip fault stratigraphic framework was established in this study according to the strike-slip fault zone model, and then the outer envelope model of the fault-controlled fracture-cavities was further established inside the framework; then, the classification and fusion modeling of the large caves, dissolved pores, and fracture zones inside the envelope were carried out to achieve the Nested modeling of each level.
Based on the foregoing information, the hierarchical modeling method of the fault-controlled paleokarst reservoir was further developed in detail, specifically according to the four levels of the divided zones (strike-slip fault impact zone, fault-controlled external karst reservoir envelope, fault-controlled internal karst elements, and internal cave filling) (Figure 4).
[image: Figure 4]FIGURE 4 | Hierarchical modeling chart of the fault-controlled paleokarst reservoir.
5.2 Modeling Process and Results Analysis
5.2.1 Modeling of the Strike-Slip Fault Impact Zone
The modeling of the strike-slip fault impact zone is mainly based on the fine processing of seismic coherence attributes. Guided by the development model of a fault-controlled paleokarst reservoir, the main faults and the envelope of the strike-slip zone were artificially interpreted, and a strike-slip fault impact model was established by a deterministic method. The specific process includes the following steps:
Three-dimensional analysis of the strike-slip fault impact zone based on seismic information. Using the method of structural analysis and based on high-precision three-dimensional coherent data, three-dimensional interpretations of the main strike-slip faults, secondary faults, and key geological horizons were carried out. This analysis focused on the Ordovician paleokarst reservoirs in the study area. Through the interpretation of seismic survey lines, the main faults and branch faults were spatially combined. The sections usually show single-branch and flower-like patterns. Among them, the flower-like structure section has obvious characteristics of the combination of the main and branch faults. The main faults break through the basement, while the branch fractures are divergent, converging to the bottom and merging into a certain stratum, resulting in a strong degree of fragmentation of the shallower stratum. Obviously, it has the characteristics of being wide at the top and narrow at the bottom. In addition to fault analysis, stratigraphic horizons are also important factors because many strike-slip faults cut through them. Therefore, important three-dimensional stratigraphic horizons were also interpreted (T74, T76, T78, T80, T81, etc.).
Realization of the three-dimensional model of the strike-slip fault impact zone. Due to the large scale of the strike-slip faults, the main input data for this level of modeling relies on the aforementioned 3D seismic interpretation and fault pattern recognition. Using the Petrel software platform, the outer envelope of the strike-slip fault zone was set as the model boundary, and the identified main faults, branch faults, and key geological horizons were used as the framework data; then, the strike-slip fault impact zone model was established by structural stratigraphic modeling. The modeling grid size was 30 m*30 m in the X and Y directions. A variable grid size method was adopted in the Z direction. The step is 2 m in the target Yijianfang and Upper Yingshan zones, while the step size is 5 m for the other zones. In the model (Figure 5), the main fault is distributed with good continuity and spans the entire study area along the strike with an extension length of about 15 km. The branch faults are relatively weak in continuity and are nearly parallel to the main fault or obliquely intersecting at a small angle. The faults’ impact boundary is also reflected in the seismic coherent attributes which is significantly different for the surrounding layered rock strata, making it easier to identify and interpret. The flower-like structure concept model was used as a guide in the interpretation process, reflecting the characteristics of “narrow underneath and wide on the top” (Figure 5A). Based on the characteristics of the longitudinally-crossing horizons of the main faults in the area, the key geological horizons were tracked and interpreted (Figure 5B), and the strike-slip fault impact external envelop was used as the modeling boundary to create the stratigraphic model (Figure 5C). Finally, the fault model was integrated with the stratum model, that is, the final strike-slip fault impact zone model (Figure 5D) was obtained according to the three-dimensional structural modeling method, which served as the basic framework for the fault-controlled karst reservoir modeling.
[image: Figure 5]FIGURE 5 | Strike-slip fault zone model in TP12CX units. (A) Main and branch faults interpretation; (B) The main target horizon; (C) Stratigraphic model; (D) Fault impact zone model Remarks: T74: Top of the Yijianfang Formation, T76: Top of the lower member of the Yingshan Formation, T78: Top of the Penglaiba Formation, T80: Top of the Cambrian, T90: Bottom of the Lower Cambrian.
5.2.2 Modeling of the Fault-Controlled External Karst Reservoir Envelope
In the hierarchical modeling of the fault-controlled karst system, the karst reservoir’s external envelop is constrained by the strike-slip fault impact zone, and the modeling process needs to be carried out inside the strike-slip fault impact zone model. The key steps are as follows:
Seismic prediction of the fault-controlled karst reservoir’s external envelop. The range of the karst reservoirs envelop is obviously controlled by the fault impact zone, that is, strike-slip faults are “cavity-controlling faults.” Therefore, the seismic prediction of a karst reservoir’s external envelop requires the identification of attributes that are more sensitive to fracture density. Existing studies have achieved relatively good results through the use of structure tensors or other attributes (Wen et al., 2008; Ma et al., 2018). In this study, the FL (Fault Likelihood) attribute, which is more sensitive to structure-related information, was used to describe the external envelope of the fault-controlled karst. The Likelihood attribute is a fracture imaging algorithm based on sample point processing (Ma et al., 2018); it depicts a fracture through a similarity attribute. The Likelihood attribute has a value between 0 and 1 to indicate the possibility of a fracture, and can, to a certain extent, reflect the size and range of the possible envelope. Another key problem of envelope prediction is the determination of the seismic attribute threshold. Horizontal or vertical well drilling time curves or other logging characteristics can be used as a calibration method. However, due to the absence of well log calibration data, we used an automatic segmentation technology to automatically recognize the range of the external envelope (Otsu, 1979). The technical principle is similar to image recognition. The threshold segmentation algorithm can automatically count the segmentation thresholds between different seismic attribute values in a certain data set and can ensure the largest statistical variance inter-cluster to achieve a statistically significant classification. Based on this method, the attribute cut-off value of the external envelope boundary of the fault solution was initially determined to be 0.25, that is, only an attribute with an FL higher than 0.25 were included in the envelope, while attributes lower than 0.25 were deemed to belong to the surrounding rock formation.
Realization of the fault-controlled karst reservoir’s external envelop. The modeling method adopted here was deterministic target modeling. The main realization process is to use the geological target body identified through seismic interpretation as the data input and follow the principle of adjacent optimal sampling from the seismic scale to the geological grid model. When there is a situation that is inconsistent with the well-point data or the understanding of the geological concept model, the geological target body should be manually modified appropriately. The overall model needs to reflect the characteristics of being constrained by the strike-slip fault impact zone and should have segmentation along the fault direction. Based on the above-mentioned seismic prediction results, the geological target body was extracted and incorporated into the established strike-slip fault impact zone model through deterministic target modeling. The interference of abnormal bodies outside the strike-slip fault impact zone was eliminated and the karst reservoir’s external envelope model in the study area was established. This model reflects the difference in the spatial distribution (Figure 6). The overall width near Well TP101 is large, and the vertical development is deep and continuous; however, the width near Well TK1058 is narrower and the vertical development becomes shallower with less continuity. The external envelope distribution variety along the strike also further reflect the characteristics of the strike-slip faults’ segmentation.
[image: Figure 6]FIGURE 6 | Fault-controlled paleokarst envelope model in the TP12CX units.
5.2.3 Modeling of the Fault-Controlled Internal Karst Elements
The fault-controlled internal karst elements, also called fracture-cavity zones, include large-scale caves, dissolved pores, and fracture-intensive zones. They have the characteristics of large differences in scale and discrete distribution. The steps to classify and model the fracture-cavity zones are as follows:
Single well identification of internal elements. Well data is usually called conditional data or hard data in geological modeling and is mainly used to constrain the model or check the rationality of the geological model. Large caves, dissolved pores, and fracture-intensive zones have certain characteristics in cores, drilling and logging data, imaging logging data, and conventional logging data. When encountering drilling tool venting, serious leakage, and a sudden drop drill stem during drilling, it is most likely to be because the caves are not filled. For filled caves, different lithologies give rise to different characteristics in conventional logging data. Core and imaging logging data can provide more accurate information on dissolved pores and they can be calibrated to have similar curve characteristics as conventional pore types in carbonate reservoirs. In this study, the fracture-intensive zone mainly refers to areas of small-scale fractures. The fracture density and other parameters were determined by core and imaging logging data. Based on statistical analysis, we established a foundation for the subsequent fracture modeling.
Establishment of the geological constraint trending model. The core of genetic controlling lies in the effective constraint of geological laws in the modeling process, and reasonable constraint conditions are essential to improve the accuracy of the model. According to the understanding of the distribution of “fault-controlled cavities,” the development of fault-controlled fractures and caves is closely related to the scale of the faults. The larger the scale and the longer the extension of the main fault, the greater is the width and depth of karstification, and the more developed are the fractures and caves. The development of fault-controlled fractures and caves is also highly related to the distance from the fault. The farther away from the main fault, the weaker the development of fractures and caves and the smaller the scale. There is a similar rule for branch and secondary faults. Based on this geological understanding, in accordance with the principle of fault-controlled fracture-cavity development with the main-controlling fault as the core, a geological probability model of the horizontal fracture-cavity development was obtained (Figure 7A); in this model, the closer to the fault, the greater is the development of the fracture-cavities. According to the preliminary understanding that the stratum along the unconformity surface is dominated by underwater seepage and dissolution, the fault-controlled karst in this area has experienced multiple tectonic ups and downs. The T74 unconformity surface at the top of the Yijianfang Group is the most obvious. Based on statistics of the development of longitudinal fractures and caves from data from multiple wells in this area, the thicker fractures and caves encountered are mainly close to the middle and upper part of the Yijianfang Group, which is closer to the T74 interface. Thinner and smaller fractures and caves are encountered downwards. Therefore, using this interface as the datum plane, the vertical development geological probability volume was obtained according to the distance relationship (Figure 7B).
[image: Figure 7]FIGURE 7 | Probabilistic models used for fault-controlled internal paleokarst elements modeling in the TP12CX units. (A) Fault-controlled lateral geological probability model; (B) Erosion surface-controlled vertical geological probability model; (C) Seismic probability model; (D) Geo-seismic synthetic probability model based on linear weighting.
Establishing the seismic constraint trending model. Fracture-cavity reservoirs cause a low degree of well control, and the seismic probability volume can be used as a soft constraint to improve the accuracy of reservoir prediction. Karst cave reservoirs are characterized by bead-like characteristics in seismic reflections, and most seismic attributes have a certain response. Many scholars have calculated that seismic impedance has a good corresponding relationship with the presence of karst caves (Liu and Wang, 2012); seismic impedance, which is highly affected by the lithology and physical properties of strata and fluids, has been used to characterize the main area of the Tahe Oilfield. It is mostly used to predict the porosity in porous carbonate rocks. Fracture-cavity reservoirs are often affected by the presence of layered strata, and especially in the Ordovician strata in the study area, it is not easy to remove the interference of these layered strata solely through the use of impedance information. In view of this, we introduced the seismic Texture attributes to predict the distribution of karst caves (Gao, 2007; Gao, 2008; Gao, 2011). The Texture attributes are mainly based on seismic waveform clustering, which combines and strengthens the information of similar spatial waveform textures that are more sensitive to the reflection of karst reservoir abnormal geological bodies. It is more suitable for the detection of karst cave reservoirs and can indicate the possibility of karst cave development in the form of a detection probability with values ranging from 0 to 1. It can be used as a seismic constraint trend to predict the presence of large karst caves and corroded cavities. After denoising the seismic data in the study area, the texture data was extracted. The attribute value represents the possibility of cavity development, which is gridded into the model as the seismic probability volume (Figure 7C). Finally, in order to facilitate the use of constrained bodies, the above three probability bodies were integrated into a set of geological and comprehensive seismic probability bodies (Figure 7D) by linear merging according to an appropriate fusion ratio; these served as the trending model to support the modeling of the internal elements of the karst reservoir.
Discrete distribution model of large caves. The average diameter scale of large caves is greater than 5 m. Seismic data can basically be used to identify caves. Using the deterministic modeling method of target truncation, the Texture attributes were calibrated based on the results of multi-well cave recognition to determine the threshold value of a cave. Firstly, we established a preliminary distribution model of large caves based on the Texture threshold. Then, according to the development mode, appropriate artificial-computer interaction correction was achieved to fit all the existing data, and we obtained the large cave model. A total of 62 large caves have been drilled and identified by 40 wells in the study area. The thickness of the drilled caves ranges from 5 to 35 m. The current seismic resolution can basically identify the location of caves with a main frequency of about 25 HZ. The texture data volume that reflects the characteristics of the waveform was extracted and it was resampled into the geological grid; then, the calibrated Texture attribute value was truncated using logging and dynamic data. Through the artificial-computer interaction correction, the deterministic method was used to establish the large-scale cave geological model (Figure 8A). From the distribution characteristics of large-scale caves, the law of fault-controlled is very obvious (Figure 9), and large-scale caves are distributed shallower than the unconformity surface T74. The caves distributed in the upper part are more developed than the deeper part.
[image: Figure 8]FIGURE 8 | Fault-controlled paleokarst internal elements models in the TP12CX units. (A) Three-dimensional model of large caves; (B) Three-dimensional model of dissolved pores; (C) Large and medium fracture model; (D) Small fracture model.
[image: Figure 9]FIGURE 9 | Fault-controlled paleokarst internal elements models in the TP12CX units. (A) The model profile of the TP101 well; (B) The results of the plane distribution of fracture-cavities; (C) The model profile of the Th10421 well; (D) Evolution of fracture-cavities.
Dissolved pores distribution model. Dissolved pores have some characteristics of conventional pore-type carbonate reservoirs, and they have a certain degree of randomness. However, according to their genetic relationship with large fault-controlled caves, their modeling is mainly performed through sequential indicator simulation methods with multi-trend constraints. The multi-trends specifically include the aforementioned geological probability volume along the main faults and the seismic probability volume reflecting the possibility of karst pores distribution. The established large-scale cave model is used as the “facies control” constraint. After adjusting the variation variogram, we finally get the discrete distribution model of the dissolved pores. Taking the dissolved pores results identified from 40 wells in the study area as the hard data for modeling, the comprehensive probability volume obtained above (Figure 6D) was used as the inter-well constraint, and the sequential indicator simulation method was used to establish the three-dimensional distribution model of the dissolved pores (Figure 8B). The dissolved pores model reflects the same distribution characteristics as the large-scale karst caves model (Figure 9); further, the segmentation and longitudinal distribution of dissolved pores reflect the characteristics of genetic control.
Discrete multi-scale fractures distribution model. The hierarchical fractures of different scales are obvious. The hierarchical fracture network model was established step by step at the large, medium, and small scales. The large fractures are equivalent to the main strike-slip faults and were already incorporated in the strike-slip fault model. Therefore, here we mainly focus on the simulation of the distribution of the medium-sized and small fractures. Medium-sized fractures are considered to be fractures that can be further identified by enhancing the discontinuity of seismic data, so the ant tracking technology was used to automatically track the fractures in different directions. The deterministic method was used to establish the discrete distribution model of the medium-sized fractures (Figure 8C). The results show that the strikes mainly include three directions of northeast, northwest, and east-west, with dip angles of 60–90° and extension lengths of 130–1,500 m. It is difficult to identify small fractures directly due to the seismic resolution limitation. The statistics of fracture parameters from wells combined with the characteristics of outcrops in the field show that the fracture length is about 3–130 m. Constrained by the seismic-geological probability volume of the fractures generated by the existing large faults (Figure 7), the object-based process modeling method was adopted, and we obtained the discrete model of small fractures (Figure 8D).
5.2.4 Modelling of the Internal Cave Filling
The internal cave filling directly determines the quality of a fracture-vuggy reservoir, which is difficult to characterize due to data limitations and the high degree of heterogeneity. Geological modeling at this level is challenging. Current research on fracture-cavity filling is mainly based on single well data (core, imaging, and conventional logging) and field outcrops. A single well can basically identify the filling lithology, physical properties, and vertical sequence characteristics of the internal cave filling (Smosna et al., 2005; Li and Fan, 2011; Tian et al., 2012). The relationship among various filling elements can be partially recognized in the outcrop, but the morphological characteristics, especially the quantitative distribution, are still poorly understood. Therefore, it is difficult to directly establish the internal model of each filling element in underground cave reservoirs. The change of physical properties can be reflected by different cavity filling lithologies. There is a good correlation between impedance properties and reservoir porosity. The difference in porosity in a cave can indirectly reflect the difference in the composition of filling elements, for example, high porosity values may indicate a filled or unfilled sandstone and low porosity values may indicate a filled breccia or a layer filled with cemented calcite. Impedance volume was used as a soft constraint, a large cave was used as the “facies control,” lithology data from wells were used as conditional data, and the sequential indication simulation method was used to obtain the internal cave filling model (Figure 10). The results show that the distribution roughly reflects the filling sequence inside the cave, and there is a certain layered constraint relationship between its distribution and impedance.
[image: Figure 10]FIGURE 10 | Cave filling physical model in the TP12CX units. (A) P-impedance volume model; (B) Filling textures of the big cavity.
Finally, the karst caves and fractures of different scales under the same grid system were merged, and according to the principle of facies priority (Lv et al., 2017), several different elements were assigned with different weights, which represent the priority in the merging process, and then, the multiple discrete model of the fault-controlled karst system was established (Figure 11).
[image: Figure 11]FIGURE 11 | Integrated 3D fault-controlled paleokarst geological model in the TP12CX units. (A) Three dimensional from a certain angle; (B) Three dimensional from another angle.
6 DISCUSSION
Fault-controlled paleokarst reservoirs are highly heterogeneous due to the various types of cavern contents and the degree of filling. The characterization of these reservoirs’ internal architectural elements and the construction of robust geological models are two basic approaches to improve oilfield development. Future research regarding the characterization of the internal architecture of karst reservoirs could focus on the following aspects:
For different types of caverns, understanding the relationship between filling type and the distribution of the reservoir’s physical parameters, as well as exploring the seismic predicting methods based on physical parameters, offers an approach to more accurately characterize the heterogeneity in the physical properties of karst reservoirs.
The multiple-scale features of fault-controlled karstic reservoirs creates complex architectural elements, which increases the difficulty of geological modeling. Improving the understanding of the geological features and building a geological knowledge database are important ways to reduce the uncertainty of the geological model.
7 CONCLUSION
A hierarchical modeling method for fault-controlled paleokarst systems is proposed. The overall idea is “level constraints, genetic control, and step-by-step modeling.” High-level elements have hierarchical constraints on lower-level elements, and the principle of constraints is reflected by the geological genesis model, which is modeled step by step according to different levels.
The modeling techniques are optimized based on the scale and distribution characteristics of the fault-controlled paleokarst system at different levels. The deterministic modeling method is mainly used for large karst caves and faults, and the accuracy is further improved through artificial computer interaction. The sequential indicator simulation method and the trend and object-based process simulation method are used to model the dissolved pores and the small-medium fractures, respectively. In the stochastic simulation process, a geological genetic probability body is added as a constraint to make the modeling results more reliable. The filling lithologic model with the soft constraints of wave impedance reflects the filling sequence inside the cave.
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All stages of oil and gas exploration and development involve the study of in-situ stress. Since the traditional two-dimensional and three-dimensional homogeneous models can no longer fulfil the requirements of research and production, numerical simulation of the stress field has become an effective study method. In this study, we took the Jia 2 member in Puguang area as a case to establish a geological model and a mechanical model based on the tectonic framework and the distribution characteristics of the rock mechanical parameters, respectively, and loaded the model with the present-day in-situ stress state calculated from the logging data as the boundary conditions. The simulation results show that 1) the orientation of the maximum horizontal principal stress in the study area is near E-W, and the in-situ stress orientation is locally deflected due to the influence of faults; and 2) the magnitude of in-situ stress is predominantly affected by the burial depth and lithology, and the minimum horizontal principal stress, maximum horizontal principal stress, and differential stress are mainly concentrated in the ranges of 30–60, 50–80, and 10–40 MPa, respectively. We also analysed the opening sequence of the multiple fracture systems during development, using the present-day stress field model. The analysis revealed that the E-W fractures will open first, and the continuously increasing operating pressure will lead to formation breakdown, producing a fracture network.
Keywords: Puguang area, geo-stress, finite element, numerical simulation, fracture opening pressure
INTRODUCTION
In-situ stress is a natural force that objectively occurs in a rock mass (Jing et al., 2011). It is narrowly defined as the internal stress confined in the Earth’s crust (Xie et al., 2008), and broadly defined as the state of stress in the Earth in different geological periods. According to the time of occurrence, in-situ stress can be divided into paleo-stress and present-day in-situ stress. Paleo-stress typically refers to the stress before the Middle Pleistocene of the Quaternary, whereas the present-day in-situ stress refers to the stress state in the present formation (James, 1983; Zeng and Tian, 1998). Every process of oil and gas exploration, development, and production involves the study of in-situ stress. Paleo-stresses controlled the type of basin, as well as the generation, development, and combination, of geological structures. They also affected the migration and accumulation of oil and gas. Present-day in-situ stress influences the injection-production well arrangement, hydraulic fracturing plan, hydraulic fracture propagation, casing deformation, and wellbore stability in oil and gas development.
At present, the methods for evaluating in-situ stress states can be generally divided into three categories: field measurement and analysis, logging, and stress field numerical simulation. The field measurement and analysis methods are currently the most accurate means to obtain in-situ stress data, mainly including those based on casing stress relief (Cai et al., 1997; Qin et al., 2018), acoustic emission (Dong et al., 2009; Li and Dong, 2009), hydraulic fracturing (Zhou et al., 2015), differential strain, seismic velocity anisotropy (Cheng et al., 2008) and micro-seismic wave detection (Liu et al., 2006). These methods have high accuracy but the measurement points are discrete and not able to represent low-stress states of the whole or intact rock mass. Moreover, they cannot be applied on a large scale because of the high cost. In the logging method, the maximum horizontal principal stress orientation is detected by imaging logging based on the information on wellbore collapse and drilling-induced fractures. The maximum and minimum horizontal principal stress magnitudes are then calculated with the conventional logging data and the corresponding stress field model. Thus, the continuous variation patterns of the maximum and minimum horizontal principal stresses with depth are obtained. This method is easy to implement but the calculation results generally deviate from the true values to an extent; they need to be corrected with experimental results to improve the calculation accuracy. In addition, this method can only be applied to calculate the in-situ stress state in a single well, not the inter-well stress state. Numerical simulation of the stress field is one of the most effective methods to analyse the tectonic stress field quantitatively (Hu and Li, 2015). It is the preferred method to reconstruct the structural evolution process and the spatial distribution of stress fields. The currently available numerical simulation techniques include the finite element method, finite difference method, boundary element method, and discrete element method, among which the finite element method is the optimum for stress field modelling. In recent years, owing to the substantial development of finite element theory and software technology, the performance of this method has been significantly improved from qualitative analysis to quantitative calculation, from two-dimensional to three-dimensional. Similarly, it is necessary to combine the numerical simulation approach with other methods when calculating the distribution characteristics of the stress field.
Since the three-dimensional numerical simulation of the stress field can more realistically reflect the subsurface morphology, the three-dimensional finite element numerical simulation method has been widely applied in China to evaluate the differences in vertical stress caused by the weight of the overlying strata. However, when applying this method, researchers generally simulate the entire formation as a homogeneous body (Tan et al., 1997; Shen et al., 2004; Li et al., 2007; Su and Li, 2009; Sang et al., 2010; Tian et al., 2011; Zhan et al., 2011; Dai et al., 2013; Zeng et al., 2013; Meng et al., 2014; Zu et al., 2014; Hu and Li, 2015; Wang et al., 2015; Gong et al., 2021a), ignoring the heterogeneity of the layer due to the variations in sedimentary facies and lithology. Yet, strong heterogeneity can lead to redistribution of the in-situ stress magnitude and abrupt changes in the in-situ stress direction across the layer (Zeng et al., 2010; Zu et al., 2014; Gong et al., 2019; Gong et al., 2021b), thereby directly affecting the exploitation effect of the reservoir (Gao et al., 2000; Su and Li, 2009; Zeng et al., 2013; Li et al., 2019; Gong et al., 2021a; Gong et al., 2021b). This study attempted to establish a three-dimensional, heterogeneous present-day in-situ stress model for the Jia 2 member in Puguang area based on the tectonic framework, distribution of the rock mechanical parameters, and present-day in-situ stress state calculated from logging data, which can provide an essential basis for well pattern deployment and wellbore-instability prevention during drilling. As a next step, we applied this model to predict the fracture opening sequence to provide a foundation for designing a rational hydraulic fracturing plan.
GEOLOGICAL SETTINGS
The Puguang gas field is located in the north-eastern part of the Sichuan Basin, with an exploration area of 1,116 km2 (Xu et al., 2004; Qian and Zhong, 2009). To its north and east are the Micangshan thrust belt and Dabashan arcuate thrust belt, respectively. This gas field is not only controlled by the tectonic deformation of the basement of the Sichuan Basin, but also influenced by the deformation of the Micangshan and Dabashan thrust belts (Figure 1). The entire study area is developed with NE-trending structures. Several boundary faults running through this area divide the region into multiple secondary units, including two positive structures, the Maoba-Leiyinpu and Shuangshixi-Qingxichang structural belts, and two negative structures, the Puguang main body and Xuanhan syncline, showing a pattern of uplift and depression. Three major sets of décollements are developed, namely, from top to bottom, the gypsum salt rock from the lower part of the Leikoupo Formation to the fourth member of the Jialingjiang Formation, the Silurian shale, and the shale of the Cambrian Qiongzhusi Formation. The Puguang area has experienced the Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan orogenies successively. Before the Indosinian orogeny, tectonic movements in this area were dominated by vertical uplift and subsidence. Since the Indosinian epoch, the significant uplift and over-thrusting of the northern Daba Mountain and the Micang Mountains and their piedmont areas led to the uplift of the Puguang area, and its sedimentary facies transformed from marine to terrestrial (Liu et al., 2009). After entering the Yanshanian epoch, a large number of NE-SW-oriented structures were formed under the compression of the NW-SE-oriented structures developed between the late Yanshanian orogeny and early Himalayan orogeny, and a series of NW-SE-oriented structures were formed in the eastern Puguang area under the compression of the NE-SW-oriented structures developed during the late Himalayan orogeny (Tang et al., 2008; Zu et al., 2017).
[image: Figure 1]FIGURE 1 | The structure map (A), location (B) and stratigraphic column (C) of Puguang area.
The Puguang area is developed with gas-bearing systems of terrestrial and marine facies. Currently, the marine facies, Changxing and Feixianguan Formations, are the main production layers in the Puguang gas field. The Jialingjiang Formation is an important regional gas-producing formation in the Sichuan Basin with a good exploration prospect; the Jia 2 member has the best gas logging show. This layer has considerable undulations, with a burial depth between 2,500 and 5,500 m. The lithology of the Jia 2 member is complex, including dolostone, limestone, gypsum rock, and mudstone. According to the core analysis and testing data, the porosity of the dolostone is generally >2%, with an average of 5.8%; the maximum porosity of the limestone is 2.18%, and the average is 1.72%; and the permeability of the matrix is generally <0.25 × 10−3 μm2. Thus, this layer belongs to an ultralow-porosity and low-permeability reservoir.
METHOD OF NUMERICAL SIMULATION OF TECTONIC STRESS FIELD
In this study, we used the finite element method to perform numerical simulation of the tectonic stress field (Zeng et al., 2010; Gong et al., 2019; Gong et al., 2021b). This method is based on the variational principle and approximate interpolation discretization, breaking through the limitations of traditional numerical simulation that requires tectonic reconstruction from the aspects of geometry and kinematics. It can simulate heterogeneous geological features using the mechanical properties of different materials in the calculation. Moreover, the elements of the subdivided geological body are interconnected, and the number of elements can be set as required. The more divided the elements are, the closer the model is to the actual geological body. The whole body moves under the boundary stress, which significantly improves the accuracy of model operation. The finite element numerical simulation of the stress field includes three major steps: establishing a geological model, constructing a mechanical model, and analysing boundary conditions.
Establishment of Geological Model
Establishing a geological model is the prerequisite and basis for numerical simulation. On the one hand, the geological model determines the framework of the mechanical model. On the other, the deviation between the geological model and the actual geological conditions determines the simulation accuracy, which is critical to the correct analysis of the in-situ stress distribution pattern.
The establishment of a geological model needs to follow certain principles:
1) When selecting the target horizon of the work area, the range of the work area shall be extended outward as far as possible, and the real tectonic relief in the work area should be reflected as much as possible based on the tectonic framework. At the same time, it is also necessary to refer to the distribution of sedimentary facies in the work area and divide the geological elements under the joint constraints of facies boundaries and faults.
2) Based on the regional stress state, the exterior of the geological body in the work area is wrapped with a regular cube, whose surface planes facing three directions are perpendicular to the three principal stress directions in the area, respectively.
3) Since numerous faults of different sizes are developed in the work area, displaying these faults one by one would generate excessive workload and also cause errors in software processing. Therefore, the faults need to be screened. The ones whose length is larger than 1 km that influence and reflect the tectonic pattern of the study area are retained, and the minor ones whose length is less than 1 km are ignored.
The geological model in this study was established based on the three-dimensional present-day tectonic framework of the Jia 2 member in the Puguang area. According to the single-well data of the Jia 2 member, the thickness of this layer ranges 146–293 m, with an average of 220 m; hence, the model thickness was set to 220 m.
Establishment of Mechanical Model
Based on the geological model, the mechanical elements are divided and assigned with different rock mechanical parameters according to the distribution of the parameters (mainly the elastic modulus and Poisson’s ratio) that affect the state of the stress field across the layer. The rock mechanical parameters can be acquired using the static and dynamic methods. Since the parameters obtained by the static method are discrete and costly, the core data of the Jia 2 member in the Puguang area are limited, whereas the logging data are relatively abundant. Therefore, we mainly used the logging data to calculate the rock mechanical parameters in this study (Barree et al., 2009).
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where E is the elastic modulus, GPa; μ is the Poisson’s ratio, dimensionless; ρ is the rock density, g/cm3; ts is the transverse wave time difference, μs/ft; and tp is the longitudinal wave time difference, μs/ft.
After fitting the single-well transverse waves with the multiple regression method, we calculated the rock mechanical parameters for 27 wells and established an equivalent mechanical model for a single well based on the litho-stratification data in the vertical direction. Among the rock mechanical parameters, the response of the rock’s elastic modulus to the in-situ stress distribution is more pronounced than the Poisson’s ratio [24]. Therefore, considering the calculation accuracy and the computing power of the workstation, the geological model was divided into different mechanical elements based on the criteria of elastic modulus: E ≥ 54 GPa, 54GPa > E ≥ 50 GPa, 50GPa > E ≥ 46 GPa, and 46GPa > E. To eliminate the influence of boundary effects, we confined the exterior of the modelled region with a rectangular frame as a loading and constraining object. The rectangular frame is a separate mechanical element whose rock mechanical parameters are determined based on the mean values of the internal geological body, and the corresponding elastic modulus and Poisson’s ratio are assigned to each mechanical element.
The treatment of faults is a critical issue. As the samples from fault zones are extremely loose and fragmented, their mechanical parameters cannot be obtained from rock mechanics experiments. According to the theory of tectonic deformation, the fault fracture zone, during its formation, is the dominant stress release zone of the entire geological body. After formation, it is the weakest part of the geological body. In previous studies, ∼40–70% Young’s modulus of the standard rock mass and a Poisson’s ratio with an increase of 0.02 were typically taken as the mechanical parameters of the fault zones. The more complex the tectonics of the study area, the more developed the faults, and the smaller the Young’s modulus and the larger the Poisson’s ratio of the fault zone (Chen and Tian, 1998; Wang et al., 1999; Zu et al., 2018).
On this basis, the mechanical model is subdivided into a grid. The geological body is represented by a finite number of elements interconnected by nodes and lines and transformed into a mathematical model for calculation. The element subdivision needs to be performed according to the geological characteristics; therefore, the same element cannot cross two different geological bodies. Because of if the acute angles is less than 5°, the software will not able to calculate the stress of the element around the corner. So, particularly small acute angles (<5°) in the modelled geological bodies and elements should be avoided. In this study, the strata of the Jia 2 member in the Puguang area were subdivided into 2.78 million elements.
Boundary Condition Analysis
For in-situ stress simulation, the boundary conditions mainly include stress boundary conditions and displacement boundary conditions. Since it is impossible to obtain accurate and reliable data on strain rate induced by the present-day in-situ stress state, we selected the stress boundary conditions as the boundary constraints of the finite element modelling in this study, i.e., the boundary conditions were calculated by loading the stress.
The present-day in-situ stress direction was obtained by analysing the orientation of drilling-induced fractures and the wellbore collapse direction from cross-dipole acoustic logs and dip meter logs of 30 wells in the Puguang area. The results show that the present-day maximum horizontal principal stress orientation is near E-W in the Jia 2 member. The present-day in-situ stress magnitude is calculated based on conventional logging data. According to the structural and geological characteristics of the Puguang area, we employed Huang’s model and the combined spring model to calculate the principal horizontal stress in 22 wells and obtained the average gradient of principal stress magnitude varying with depth in the Jia 2 member. The maximum horizontal principal stress σ1 had an average gradient of 0.0166 MPa/m, with an E-W orientation; and the minimum horizontal principal stress σ2 had an average gradient of 0.0115 MPa/m, with a N-S orientation. In addition, the gravity applied in the vertical direction and the constrained bottom were also boundary conditions for the loading calculations (Figure 2).
[image: Figure 2]FIGURE 2 | The boundary conditions of geo-stress in the second member of Jialingjiang formation, Puguang area.
RESULTS OF STRESS FIELD NUMERICAL SIMULATION
Error Analysis
The accuracy of model calculation results is evaluated by comparative analysis with actual data. The simulated in-situ stress direction was tested with the maximum horizontal principal stress direction calculated based on the wellbore collapse and drilling-induced fracture information from logging data interpretation (Table 1). The average error in the overall in-situ stress direction is 6.25°, and the maximum error in a single well does not exceed 15°. The simulated maximum and minimum principal stress magnitudes were tested with the in-situ stress magnitude calculated from the single-well data (Table 2). The overall maximum and minimum principal stress magnitudes have an average error of 7.29% and 8%, respectively, and the single-well error does not exceed 20%, indicating that the simulation results are reliable.
TABLE 1 | Comparative the simulation results and the orientations of principal stress by measurement.
[image: Table 1]TABLE 2 | Comparative the simulation results and principal stress calculated by logging data.
[image: Table 2]Stress Field Distribution Pattern
The simulation results reveal that the present-day in-situ stress state in the Jia 2 member of the Puguang area is dominated by E-W compressive stress (Figure 3). The minimum horizontal principal stress in the Jia 2 member is mainly concentrated between 30 and 60 MPa, the maximum horizontal principal stress is generally between 50 and 80 MPa (Figure 4), and the differential stress predominantly lies between 10 and 40 MPa (Figure 5). The in-situ stress distribution is remarkably controlled by the burial depth and lithology, and the overall distribution pattern of the maximum and minimum horizontal principal stresses is generally consistent. The high-value areas of principal stress magnitude are concentrated in the north-eastern and western Puguang area, where the tectonic deformation is less intense and the tectonic relief is gentle. The maximum and minimum horizontal principal stresses are small in the structurally high part of the central area.
[image: Figure 3]FIGURE 3 | The distribution map of geo-stress directions in the second member of Jialingjiang formation, Puguang area.
[image: Figure 4]FIGURE 4 | The contour maps of the numerical simulation geo-stress in the second member of Jialingjiang formation, Puguang area (A) the maximum horizontal principal stress (B) the minimum horizontal principal stress.
[image: Figure 5]FIGURE 5 | The contour map of horizontal differential stress numerical simulated in the second member of Jialingjiang formation.
DISCUSSION
The study and evaluation of in-situ stress are carried out throughout the exploration and development of oil and gas fields. Especially during oil and gas field development, the in-situ stress has a significant impact on the well pattern deployment, water injection development design, perforation scheme planning, and hydraulic fracturing treatment, as well as the later-stage casing deformation analysis and wellbore stability evaluation (Wan et al., 2009). In water injection development, it is critical to determine the fracture opening pressure. In particular, the fracture opening pressure and formation fracturing pressure in the areas with multiple fracture systems should be comprehensively considered (Zhao et al., 2015); their magnitudes are closely related to the in-situ stress. In this study, the opening pressure of the fractures with different orientations and the formation fracturing pressure were calculated based on the simulation results of the present-day stress field to determine the appropriate fracture opening sequence.
The Angles Between the Maximum Principle In-Situ Stress and the Azimuth of Nature Fracture
As Figure 3 shows, the in-situ stress orientation is locally deflected due to the influence of faults, and the effects of faults on the in-situ stress state are particularly prominent in the case of similar rock mechanical parameters (Zu et al., 2014). The fault zones are generally shattered zones manifested as weak geological bodies. Under the same regional compressive stress, the fault zone absorbs the stress and causes the deflection of the in-situ stress direction in surrounding areas. The trend of deflection gradually converges to the fault strike, and the deflection of in-situ stress direction is more significant at the fault tips than in the middle section of the fault, with a maximum local deflection of 20–30°. Because the state of the in-situ stress indeed varies between the elements separated by the fault, as a result, the defection pattern varies. When looking from the centre to any of the tip of the fault, on the left side around the fault tips, the orientation of the principle of the in-situ stress rotates clockwise, and on the opposite side, i.e., the right side, the orientation of the principle of the in-situ stress rotates anti-clockwise. In areas away from the fault, the degree of deflection gradually decreases. In addition, the scale of the fault and the angle between the fault strike and the regional maximum horizontal principal stress also affect the degree of present-day in-situ stress field deflection in the vicinity of the fault zone.
The strike, dip, and dipping direction of the tectonic fractures in the Jia 2 member of the Puguang area were counted by imaging logging, and the statistics (Figure 6) show that there are mainly three sets of tectonic fractures in the Jia 2 member, trending E-W, NW-SE, and N-W, respectively (Figure 6A). Among them, the near E-W fractures are high-angle fractures dipping towards due north or due south. Their dip is concentrated between 69.81° and 89.08°, with an average of 80°. The fractures with near NW-SE orientations dip towards NE or SW, with a value of 25–48° and an average of 40°. The near N-S trending fractures dip towards W, with a value of 20–40° and an average of 30° (Figure 6B).
[image: Figure 6]FIGURE 6 | The statistic maps of structural fractures in the second member of Jialingjiang formation, Puguang area (A) the rose diagram of the fracture strike (B) The equal density map of the fracture dip directions and dips.
The Magnitude of Opening Pressure and the Formation Fracturing Pressure
The opening pressure of each fracture system and the formation fracturing pressure can be calculated using the three-dimensional present-day stress field model, and the opening pressure of the fractures with different orientations can be expressed as (Zeng, 2004):
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where [image: image] is the fracture opening pressure, MPa; [image: image] is the Poisson’s ratio of the rock, dimensionless; H is the burial depth of the fracture, m; [image: image] is the rock density, kg/m3; g is the gravitational acceleration, N/kg; [image: image] is the dip of the fracture (°); [image: image] is the angle between the present-day maximum horizontal principal stress and the fracture strike (°); [image: image] is the pore fluid density, kg/m3; [image: image] is the maximum horizontal principal stress, MPa; and [image: image] is the minimum horizontal principal stress, MPa.
The formation fracturing pressure is (Zhao et al., 2015):
[image: image]
Pf is the formation fracturing pressure, Po is the pore fluid pressure, and [image: image] is the tensile strength of the rock.
The calculation results show that the opening pressure of the fractures with near E-W, near N-S, and NW-SE orientations is concentrated in the ranges of 33–49, 78–107, and 84–117 MPa, respectively. In comparison, the formation fracturing pressure lies between 41 and 64 MPa, higher than the opening pressure of the near E-W fractures but lower than that of the other two sets of fractures. Therefore, during the hydraulic fracturing operation, the E-W fractures will open first and serve as the main seepage channels. As the fracturing pressure gradually increases, the formation will begin to rupture, producing a fracture network. A contour map of the fracture opening pressure in the Puguang area can be plotted based on the calculated opening pressures of different fracture systems (Figure 7). Designing the appropriate water injection pressure based on the fracture opening pressure in different areas is an effective measure to enhance oil and gas recovery.
[image: Figure 7]FIGURE 7 | The contour map of E-W fracture opening pressure in the second member of Jialingjiang formation, Puguang area.
CONCLUSION

1) The numerical simulation results show that the present-day in-situ stress state in the Jia 2 member of the Puguang area is dominated by E-W compressive stress, and the in-situ stress orientation is locally deflected due to the influence of faults.
2) The minimum horizontal principal stress, maximum horizontal principal stress, and differential stress in the study area are mainly concentrated in the ranges of 30–60, 50–80, and 10–40 MPa, respectively, and the in-situ stress distribution is remarkably controlled by the burial depth and lithology.
3) Among the opening pressures of the fractures with different orientations in the Jia 2 member, calculated using the three-dimensional heterogeneous present-day in-situ stress model, the opening pressure of the near E-W fractures is the smallest, concentrated between 33 and 49 MPa, which is lower than the formation fracturing pressure. During hydraulic fracturing, the E-W fractures will open first and become the main seepage channels. The continuously increasing operating pressure will lead to formation breakdown, producing a fracture network.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
The first author JL is responsible for the idea and writing of this article, and the co-authors KZ, QL, DZ, ZZ, ZLi, JZ, ZLu, NY, and XD are responsible for the experimental part.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Barree, R. D., Gilbert, J. V., and Conway, M. (2009). “Stress and Rock Property Profiling for Unconventional Reservoir Stimulation,” in SPE Hydraulic Fracturing Technology Conference,  (Woodlands, TX, January 19, 2009) ( OnePetro), 19–21. doi:10.2118/118703-MS
 Cai, M. F., Qiao, L., Yu, B., and He, H. F. (1997). Results and Analysis of In-Situ Stress Measurement in Meishan Iron Mine. Chin. J. Rock Mech. Eng. 16 (3), 233–239. 
 Chen, B., and Tian, C. (1998). Numerical Simulation Technique for Structural Fractures in a Reservoir: Case Studies. Acta Petrolei Sinica 19, 50–54. 
 Cheng, Y. F., Shen, H. C., Zhao, Y. Z., Wang, J. Y., and Zhang, J. G. (2008). Study on the Earth Stress Field in Complex Fault Block——taking Xi-3 fault block in Beier Sag, Hailaer Basin as an example. J. Xi'an Shiyou Univ. (Natural Sci. Edition 0523, 15–20. 
 Dai, L. M., Li, S. Z., Lou, D., Suo, Y. H., Liu, X., Zhou, L. H., et al. (2013). Numerical modeling on the stress field in the Huanghua depression, Bohai Bay basin. Chin. J. Geophys. 56 (3), 929–942. doi:10.6038/cjg20130321
 Dong, P., Han, D., Niu, Y., and Li, L. (2009). Object-Oriented Finite Element Programming for Multiphase Seepage in an Oil Reservoir. Rock Soil Mech. 30 (4), 1115–1130. doi:10.16285/j.rsm.2009.04.007
 Gao, H., Liu, J., and Shen, L. (2000). Measuring Methods of Deep Formation Geostress and Its Application to Borehole Stability Analysis. Chin. J. Rock Mech. Eng. 19, 1124–1127. 
 Gong, L., Fu, X., Wang, Z., Gao, S., Jabbari, H., Yue, W., et al. (2019). A new approach for characterization and prediction of natural fracture occurrence in tight oil sandstones with intense anisotropy. Bulletin 103 (6), 1383–1400. doi:10.1306/12131818054
 Gong, L., Gao, S., Liu, B., Yang, J., Fu, X., Xiao, F., et al. (2021a). Quantitative Prediction of Natural Fractures in Shale Oil Reservoirs. Geofluids, 15. doi:10.1155/2021/5571855
 Gong, L., Wang, J., Gao, S., Fu, X., Liu, B., Miao, F., et al. (2021b). Characterization, controlling factors and evolution of fracture effectiveness in shale oil reservoirs. J. Pet. Sci. Eng. 203, 108655. doi:10.1016/j.petrol.2021.108655
 Hu, Q., and Li, L. (2015). Numerical simulations of tectonic stress fields for Late Mesozoic-Paleogene extensional tectonics in western Shandong. Pet. Geology& Exp. 37, 259–266. doi:10.7603/s40972-015-0040-4
 James, A. T. (1983). Correlation of natural gas by use of carbon isotopic distribution between hydrocarbon components. AAPG Bull. 67, 1176–1991. doi:10.1306/03b5b722-16d1-11d7-8645000102c1865d
 Jing, F., Sheng, Q., Zhang, Y. H., and Liu, Y. K. (2011). Study advance on in-site geostress measurement and analysis of initial geostress field in China. Rock Soil Mech. 32 (S2), 51–58. 
 Li, J., Zeng, L., Li, W., Zhang, Y., and Cai, Z. (2019). Controls of the Himalayan deformation on hydrocarbon accumulation in the western Qaidam Basin, Northwest China. J. Asian Earth Sci. 174, 294–310. doi:10.1016/j.jseaes.2018.12.015
 Li, Y. X., and Dong, B. C. (2009). In-situ stress measurement of reservoir using Kaiser effect of rock. Chin. J. Rock Mech. Eng. 28 (S1), 2802–2807. 
 Li, Z., Zeng, Z., Huang, Z., Liu, L., Wei, Z., and Zhang, K. (2007). Numerical Simulation of the Tectonic Stress Field and Forecasting of Fractures Based on MSC MARC. J. Geostress 13 (3), 233–238. doi:10.3969/j.issn.1006-6616.2007.03.005
 Liu, Y., An, G., and Zhang, L. (2006). Confirming characteristics of ground stress field of Toutai oil field in Songliao Basin by microseismic wave method. Petroleim Geology. Oil Field Dev. Daqing 25, 29–30. doi:10.3969/j.issn.1000-3754.2006.03.010
 Liu, Z., Mei, L., Guo, T., Fan, Y., Tang, J., and Shen, C. (2009). Characteristics and Differences of Hydrocarbon Accumulations in Marine Carbonate Rocks, Northeast Sichuan Basin: A Case Study from Puguang and Maoba Gas Fields. Pet. Explorat. Dev. 36 (5), 552–561. doi:10.3321/j.issn:1000-0747.2009.05.002
 Meng, Q., Wang, T., Lü, J., Dong, Y., and Guo, B. (2014). Three-dimension numerical simulation for tectonic stress field of Tangshan fracture zone. J. Geodesy Geodynamics 34, 38–42. 
 Qian, Z., and Zhong, K. (2009). Sedimentary Facies and Reservoir Features of the Xujiahe Formation in Northeastern Sichuan Basin. Nat. Gas Industry 29 (6), 9–12. doi:10.3787/j.issn.1000-0976.2009.06.003
 Qin, Y., Tang, H., Wu, Z., and Ge, X. (2018). A calculation model for 3D in-situ stress tensor of deep shale based on borehole wall stress relief method. Chin. J. Rock Mech. Eng. 37, 1468–1480. doi:10.13722/j.cnki.jrme.2018.0104
 Sang, G. S., Xia, B., and Zhang, S. L. (2010). Numerical modeling of 3D tectonic stress field for the Xujiaweizi fault depression of Songliao basin. Geotectonica et Metallogenia 34 (2), 196–203. doi:10.3969/j.issn.1001-1552.2010.02.005
 Shen, C., Mei, L., Liu, L., Zeng, Z., and Tang, J. (2004). Study of fault sealing by the 3-D paleo-tectonic numerical simulation. Pet. Geology& Exp. 26, 103–107. doi:10.3969/j.issn.1001-6112.2004.01.020
 Su, Y., and Li, T. (2009). Effects studies of areal heterogeneity on oil-water displacement laws in extra-low permeability reservoirs. Pet. Geology. Recovery efficiency 16, 69–71. doi:10.3969/j.issn.1009-9603.2009.01.019
 Tan, C., Wang, L., and Sun, B. (1997). An Approach to Numerical Simulation of 3-D Tectonic Stress Field of the Oil-Gas-Bearing Basin. J. Geostress 3 (1), 71–79. 
 Tang, D., Chen, X., and Zhang, X. (2008). Fault Systems and Their Tectonic Evolution in Xuanhan-Daxian Area, the Northeastern Sichuan Basin. Pet. Geology. Exp. 30 (1), 58–63. doi:10.3969/j.issn.1001-6112.2008.01.012
 Tian, Y. P., Liu, X., Li, X., and Wei, M. (2011). Finite element method of 3-D numerical simulation on tectonic stress field. Earth Science—Journal China Univ. Geosciences 36 (2), 375–380. doi:10.3799/dgkx.2011.041
 Wan, X. L., Gao, C. N., Wang, Y. K., Zhang, Z. H., Yan, H. L., and An, M. S. (2009). Coupled relationship between created and natural fractures and its implication to development. J. Geomechanics 15 (3), 245–252. doi:10.3969/j.issn.1006-6616.2009.03.006
 Wang, K., Dai, J. S., Liu, H. L., Li, Q., and Zhao, L. B. (2015). Characteristic of current in-situ stress field in Keshen gas field. Tarim Basin. J. Cent. S. Univ. 46 (3), 941–951. 
 Wang, S., Song, H., and Liu, J. (1999). Numerical Modeling of Tectonic Stress Field in Tarim Basin and its Implication to Hydrocarbon Accumulation. Seismology Egology 21 (3), 268–273. doi:10.3969/j.issn.0253-4967.1999.03.010
 Xie, R., Zhou, W., Deng, H., Wang, S., and Yan, C. (2008). Integrated Research Methods of In-Situ Stress Field Characteristics. Oil Drilling Prod. Tech. 30 (4), 32–35. 
 Xu, Y., He, Z., and Zeng, F. (2004). Characteristics of Gas Accumulation in Northeastern Sichuan Basin. Oil Gas Geol. 25 (3), 274–279. doi:10.3321/j.issn:0253-9985.2004.03.007
 Zeng, L. (2004). Fissure and Its Seepage Characteristics in Low-Permeable Sandstone Reservoir. Chin. J. Geol. 39 (1), 11–17. doi:10.3321/j.issn:0563-5020.2004.01.002
 Zeng, L., Su, H., Tang, X., Peng, Y., and Gong, L. (2013). Fractured tight sandstone oil and gas reservoirs: A new play type in the Dongpu depression, Bohai Bay Basin, China. Bulletin 97 (3), 363–377. doi:10.1306/09121212057
 Zeng, L., and Tian, C. (1998). Tectonic stress field and the development of low permeability oil fields. Pet. Exploration Dev. 25, 91–93. 
 Zeng, L., Wang, H., Gong, L., and Liu, B. (2010). Impacts of the tectonic stress field on natural gas migration and accumulation: A case study of the Kuqa Depression in the Tarim Basin, China. Mar. Pet. Geology. 27 (7), 1616–1627. doi:10.1016/j.marpetgeo.2010.04.010
 Zhan, Z. M., Chen, L. W., and Lu, Y. Z. (2011). Crustal dynamic parameters and 3D finite element model of North China. J. Geod. Geodyn 31, 28–32. doi:10.3969/j.issn.1671-5942.2011.z1.007
 Zhao, X., Zeng, L., Jin, B., Jiao, J., Li, P., and Zhang, Y. (2015). Discussion on optimal injection pressure of fractured low-permeability sandstone reservoirs–A case study from Wangyao block in Ansai oilfield. Ordos Basin. Oil Gas Geology. 36, 855–861. doi:10.11743/ogg20150519
 Zhou, J. B., Shi, X. D., Ding, Y. S., Kan, Y. K., and Shi, X. Y. (2015). The multi-parameter quantitative prediction of Reservoir fracture of fu-2 member in Tian 96 fault block of Jinhu sag. J. Geomechanics 21 (3), 341–350. doi:10.3969/j.issn.1006-6616.2015.03.004
 Zu, K., Cheng, X., Luo, Z., Yin, N., and Wang, K. (2018). The Comparative Analysis of Different Methods for Fracture Prediction in Complex Carbonate Rock Reservoir. J. Geostress 24 (4), 465–473. doi:10.12090/j.issn.1006-6616.2018.24.04.048
 Zu, K., Zeng, D., and Cheng, X. (2017). Forming Mechanism and Prediction of Structural Fractures in the Second Member of Jialingjiang Formation in Puguang Area. Xinjiang Petrol. Geol. 38 (4), 111–117. doi:10.7657/XJPG20170405
 Zu, K., Zeng, L., Liu, X., Zhang, J., and Zhao, X. (2014). Analysis of influencing factors for ground stress in channel sandstone. J. Geostress 20, 941–951. doi:10.3969/j.issn.1006-6616.2014.02.006
Conflict of Interest: Authors KZ, ZLi, JZ, and ZLu were employed by the Zhongyuan Oilfield Branch Company. XD was employed by the China National Petroleum Corporation.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Li, Zu, Li, Zeng, Li, Zhang, Luo, Yin, Zhu and Ding. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/feart.2021.827380


[image: image2]
Study on Well Logging Technology for the Comprehensive Evaluation of the “Seven Properties” of Shale Oil Reservoirs—An Example of Shale Oil in the Lucaogou Formation in the Jimsar Sag, Junggar Basin
Hongyan Qi1, Jing Su1, Xuan Hu1, Aiyu Ma1, Yuqing Dong1 and Ang Li2*
1Research Institute of Exploration and Development, PetroChina Xinjiang Oilfield Company, Karamay, China
2Shenyang Centre of Geological Survey, China Geological Survey, Shenyang, China
Edited by:
Lei Gong, Northeast Petroleum University, China
Reviewed by:
Weihong Wang, Northeast Petroleum University, China
Hemin Yuan, China University of Geosciences, China
* Correspondence: Ang Li, 275712780@qq.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 01 December 2021
Accepted: 31 December 2021
Published: 10 February 2022
Citation: Qi H, Su J, Hu X, Ma A, Dong Y and Li A (2022) Study on Well Logging Technology for the Comprehensive Evaluation of the “Seven Properties” of Shale Oil Reservoirs—An Example of Shale Oil in the Lucaogou Formation in the Jimsar Sag, Junggar Basin. Front. Earth Sci. 9:827380. doi: 10.3389/feart.2021.827380

The shale oil reservoir in the Lucaogou Formation in the Jimsar Sag, Junggar Basin has a complex lithology, complex pore structure, and strong heterogeneity. Conventional logging reservoir evaluation methods have difficulty accurately evaluating the lithology, physical properties, electrical properties, oil-bearing properties, source rock characteristics, brittleness, and horizontal in-situ stress. Starting from the logging response characteristics of complex lithologies, a multilevel, multi-logging parameter combination shale oil logging evaluation is proposed, and an evaluation model of the “seven properties” of shale oil reservoirs is established. This model is used to interpret the data in the study area and achieves good results, effectively solving the “three types of quality” evaluation problems of shale oil source rock quality, reservoir quality and engineering quality. Based on the comprehensive evaluation of the seven properties of logging, it is proposed that the lithology of the Lucaogou Formation shale oil determines the physical properties, brittleness, source rock properties, rock mechanical properties, contact relationships with the reservoir and physical property controls on the oil-bearing property; the “sweet spot” of shale oil in the Lucaogou Formation is clarified, providing effective support for the development of shale oil in the Jimsar Depression.
Keywords: the shale oil, petrologic characteristics, logging characterization, the shale oil brittleness, fracture
INTRODUCTION
The success of North American shale oil and gas shows that the shale oil resources in the source rocks in the basin are far greater than the conventional oil resources outside the source. The transformation from outside sources to inside sources is an inevitable choice for the sustainable development of the petroleum industry. In-source shale oil is a major area for future large-scale growth in oil and gas reserves and production (Zhang, 2013; Zhang et al., 2014; Du et al., 2019; Zhang et al., 2019). The “sweet spot” of shale reservoirs provides the material basis for the exploration and development of shale oil. Geophysical logging technology has the advantages of multiple methods, high vertical resolution, a large amount of information, continuity, convenience, and sensitivity; the technology has the ability to determine the petrophysical parameters of the borehole profile and is a powerful method for evaluating shale oil and gas reservoir “sweet spots” (Mehdi et al., 2008; Li et al., 2015; Mu et al., 2015). The core issues of shale oil logging evaluation mainly include three aspects: the first aspect is source rock evaluation, which highlights the calculation of source rock hydrocarbon generation and hydrocarbon expulsion capacity; the second aspect is reservoir evaluation; and the third aspect is engineering quality evaluation, which focuses on determining the orientation of in-situ stress and its evaluation of anisotropy and optimization of favorable fracturing intervals. Through the quantitative calculation of these three aspects and the study of their configuration, the vertical and horizontal distributions of tight oil and gas are evaluated, and the “sweet spot development area” is predicted, providing support for the effective development of shale oil. Generally, reservoir quality evaluation mainly refers to the evaluation of “lithology”, “physical properties”, “electricity and oil-bearing”, and the method is mainly based on traditional “three-combination” logging (Yin et al., 2017). However, due to the complex lithology and strong heterogeneity of shale oil reservoirs, the response and recognition sensitivity of conventional logging curves to lithology are affected by small pores and a complex pore structure. Moreover, the presence of organic matter reduces the sensitivity of conventional curves to porosity, and the response of conventional curves to oiliness is affected by factors such as high irreducible water saturation, organic matter and pyrite, which weaken the linear relationship between the conventional logging response and formation components and pore fluids. Therefore, traditional logging technology is basically unable to effectively identify shale oil reservoirs, and it is even more difficult to quantitatively evaluate the petrophysical parameters of reservoirs. Engineering quality evaluation mainly refers to the evaluation of “brittleness” and “in-situ stress and anisotropy” because parameters such as the brittleness index, in-situ stress orientation, size, and anisotropy are used for shale oil horizontal well bore trajectory optimization and fracturing plan designs. The evaluation of these parameters currently mainly relies on conventional sonic logging and density logging data. Parameters such as the azimuth and anisotropy of in-situ stress must rely on sonic imaging data (Kevin et al., 2021), Generally, the methods of using logging to calculate in-situ stress include imaging logging, formation dip logging, and sonic logging (Yin et al., 2018). Source rock quality evaluation mainly refers to the evaluation of the oil-generating ability of the source rock; the quality evaluation mainly assesses the abundance of organic matter, and the evaluation parameter is the total organic carbon (TOC) content. The methods that are used, such as the Schmoker method and △logR method, are usually based on density logging or resistivity (Schmoker, 1981; Passey et al., 1990; Khoshnoodkia et al., 2011; Craddock, et al., 2013; Yuan et al., 2014). According to the characteristics of Lucaogou Formation shale oil, this paper proposes a multilevel, multi-logging parameter combination shale oil logging evaluation method and establishes an evaluation model of the “seven properties” of shale oil reservoirs.
OVERVIEW OF THE RESEARCH AREA
The Jimsar Sag is located in the eastern part of the Junggar Basin in northwestern China. It is a secondary structural unit with a half graben-like depression deposited on the middle Carboniferous folded basement. Structurally, except for the eroded stratigraphic pinch-out line on the eastern side, which is the boundary, the other three sides are sealed by faults. The western region is connected to the Beisantai uplift by the western No. 1 and southern No. 1 faults, and the northern region is connected to the Shaqi uplift by the Jimsar fault. The Santai fault is adjacent to the southern region, and the eastern region appears as a gradually rising slope that eventually transitions into the Guxi uplift (Yang et al., 2004; Guo et al., 2019; Gao et al., 2020). The centre of the depression is located near the Xidi fault (Figure 1). The discovered strata in the Jimsar Depression are Mesozoic and Cenozoic strata and include Quaternary (Q), Neogene (N), and Paleogene (E) strata, as well as the Cretaceous Tugulu Group (K1tg); Jurassic Qigu Formation (J3q), Toutunhe Formation (J2t), Xishanyao Formation (J2x), Sangonghe Formation (J1s), and Badaowan Formation (J1b); Triassic Karamay Formation (T2k), Shaofanggou Formation (T1s), and Jiucaiyuan Formation (T1j); upper Permian Wuerhe Formation (P3w), Lucaogou Formation (P2l), and Jingjingzigou Formation (P2j); and Carboniferous (C) strata. From top to bottom are the Jurassic Kalazha Formation (J3k), Triassic Haojiagou Formation (T3hj) and Huangshanjie Formation (T3h), and Permian Quanzijie Formation (P3q) and Hongyanchi Formation (P2h), among which the Permian Lucaogou Formation is the main source rock in the Jimsar Depression. The source rock is mainly composed of fine-grained dolomite, argillite, silt-fine sandstone and frequent interbeds, and the thickness of the source rock in the entire depression is uniform (100–250 m); the thickness of the second member of the Lucaogou Formation is generally greater than 50 m, with an area of nearly 900 km2; the thickness of the first member of the Lucaogou Formation is more than 100 m, and the area is nearly 1,100 km2. The Lucaogou Formation is a set of high-quality source rocks with a large thickness, stable distribution, high organic matter abundance, good parent material type, moderate maturity, and great hydrocarbon generation potential, which lay the foundation for the formation and enrichment of shale oil.
[image: Figure 1]FIGURE 1 | Location map of the study area.
LOGGING EVALUATION METHOD FOR THE SEVEN PROPERTIES OF SHALE OIL RESERVOIRS
Petrologic Characteristics and Lithologic Identification Methods of Shale Oil Reservoirs
Petrologic Characteristics of Shale Oil Reservoirs
The Permian Lucaogou Formation in the Jimsar Sag is mainly a set of mixed rocks, including silty fine sand, mud, and carbonates, that were deposited in saline lakes and controlled by mechanical deposition, chemical deposition, and biological deposition. The rock types are mainly laminar lacustrine carbonate rocks (dolomite and limestone), mudstone (silt, very fine, and fine sand) sandstone, and mixed transitional rocks such as silt, mud, dolomite, and calcite. Carbonaceous mudstone, bioclastic limestone, and rocks containing silica, albite, analcime and pyrite, as well as other rock types and thin mineral-rich layers and bands are developed in this formation. An X-ray diffraction analysis of the core of the Lucaogou Formation shows that there are more than 10 kinds of mineral components in the Lucaogou Formation, and the contents of various components vary greatly in the vertical direction (Figure 2). The clay mineral content is generally low, and the rocks typically contain carbonates. The mineral types are mainly dolomite, quartz and plagioclase, and the contents are 20–25%, Which are mainly produced in the form of mud microcrystalline dolomite, dolomite chips, calcite, dolomite cement and metasomatic products. A higher dolomite content can increase the brittleness of the rock, which is conducive to large-scale reservoir stimulation.
[image: Figure 2]FIGURE 2 | X-diffraction characteristic map of whole rock minerals in the Lucaogou Formation.
Multilevel and Multiparameter Lithologic Identification Method
Because the lithology of the Lucaogou Formation reservoir is complex and changeable, the traditional logging correlation analysis has a very low lithologic recognition rate. Through the study and analysis of the vertical changes in the logging curve, a physical property intersection chart and a physical property-electrical chart are built. The layer-by-layer method is used to identify complex lithologies. First, based on an analysis of 845 rock thin sections in the study area, the lithology is classified as mudstone, carbonaceous mudstone, dolomitic mudstone, argillaceous siltstone, siltstone, dolomitic siltstone, sandy dolomite, micritic dolomite, dolomitic limestone, and pyrite-bearing siltstone, for a total of 10 lithologies. Taking nine conventional logging curves as mining fields, computer data mining technology is used through artificial intelligence algorithms to automatically extract sensitive logging parameters that best reflect the petrophysical characteristics; this technology combines multiple parameters, constructs new parameters, and further highlights the differences in different rock types to subdivide lithologic categories and build a lithologic recognition map with a higher recognition rate. In this paper, the Emergent Self-Organizing Map (ESOM) algorithm is used. The ESOM algorithm has self-organization and self-adaptation capabilities. After using large-scale neurons and U matrix visualization processing, it can reveal the emergence phenomenon in the data. Discovering cluster structures and abnormal points is particularly important for solving complex lithology identification problems (Guo et al., 2009). Through data mining, the parameters of the lithologic sensitivity logging curve of the Lucaogou Formation in the Jimsar area, from large to small, are RT > DEN > CNL > AC > GR > RI > SP. The extraction of sensitive parameters from the data mining results is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Extraction of sensitive parameters from the data mining results.
According to the extraction results of lithology-sensitive parameters, the acoustic neutron combination parameter (AC × CNL) is built, the reservoir density parameter (DEN) is added to highlight the difference in the logging response between mudstone and the reservoir, and the first level of the lithologic identification chart is established (Figure 4). Figure 4 shows that by determining the cut-off value of the acoustic neutron combination factor and the different densities, dolomitic mudstone and carbonaceous mudstone can be distinguished. In Figure 4, the horizontal axis is AC × CNL, and the vertical axis is DEN. The scattered points in different colours represent different lithologies. The lithology identification rules are established. First, if AC × CNL is greater than or equal to 2,710 and DEN is greater than 2.25 g/cm3, the lithology is dolomitic mudstone; if DEN is less than or equal to 2.25 g/cm3, the lithologies are dolomitic mudstone and carbonaceous mudstone. For non-mudstone lithologies, such as argillaceous siltstone, siltstone, dolomitic siltstone, sandy dolomite, micritic dolomite, dolomitic limestone, and pyrite-bearing siltstone, the RT/AC and DEN/CNL chart is established as the second level of the lithologic identification chart (Figure 4) to highlight the differences in various lithologies, electrical properties and physical properties. The higher the resistivity is and the better the physical properties are, the more the RT/AC changes significantly. Under other similar geological conditions, this ratio mainly reflects the lithologic changes. The ratio of density to hydrogen content mainly highlights the changes in porosity. If the rock is tight, DEN is large and CNL is small, which indirectly reflects the change in lithology. On the second-level lithologic identification chart, cut-off values of RT/AC and DEN/CNL are determined to better distinguish the oil-bearing lithologies of the Lucaogou Formation (Figure 5). The identification results are as follows. The RT/AC ratio is less than or equal to 0.08 for pyrite-containing siltstone; when the RT/AC ratio is between 0.08 and 0.21 and the DEN/CNL ratio is greater than 0.11, the lithology is silty mudstone; and if the DEN/CNL ratio is less than or equal to 0.11, the lithology is mudstone. If the RT/AC ratio is between 0.21 and 0.55 and the DEN/CNL ratio is greater than 0.11, micrite dolomite is present; if the DEN/CNL ratio is less than or equal to 0.11, silt-fine sandstone is present. The RT/AC ratio is between 0.55 and 1.3 for dolomitic siltstone; the RT/AC ratio is between 1.3 and 4.3 for sandy clastic dolomite; and the RT/AC ratio is greater than 4.3 for dolomitic limestone. According to the lithologic identification rules of the above two charts, and with computer automatic calculations and identification technology, the five types of oil-bearing lithologies of the Lucaogou Formation reservoir in the Jimsar Sag can be effectively classified (Figure 6), and the lithology classification results are consistent with the core analysis results.
[image: Figure 4]FIGURE 4 | Crossplot of AC × CNL and DEN.
[image: Figure 5]FIGURE 5 | Crossplot of RT/AC and DEN/CNL
[image: Figure 6]FIGURE 6 | Lithology classification of Well J10012.
Physical Properties and Logging Characterization of Shale Oil Reservoirs
Reservoir Physical Characteristics
The physical characteristics of the Lucaogou Formation reservoir in the Jimsar Sag are ultralow porosity and ultralow permeability, with a pore throat system dominated by micron (μm)-sized pores and throats. The pore radii are mainly 100–150 μm, the throat radii are mainly less than 0.1 μm, and the pore throat structure is complex. Micron-level pores are dominated by remaining intergranular pores and intergranular dissolved pores, which are mostly developed in silty sandstone and dolomite siltstone with high sand contents. The pore diameters are 3–50 μm, the average overburden porosity is 10.84%, and the average overburden permeability is 0.014 mD.
Porosity Logging Modelling Method
Because the pores of shale oil reservoirs exist in and around intergranular pores, clay minerals, kerogen, and microcracks, and shale contains a certain amount of organic matter, the organic matter is similar to that of a fluid, but it also occupies minerals. The traditional three-porosity algorithm has difficulty accurately obtaining the porosity. In addition, the porosity obtained from the conventional three-porosity curve is a macroscopic average value, which cannot indicate complex pore changes. It is difficult for conventional logging to explain the physical parameters of shale oil, and nuclear magnetic resonance logging (NMR) is needed to determine the porosity of the reservoir. According to the theory of NMR, except for the clay-bound water porosity, other pores are part of the effective pores. Clay-bound water porosity is the short-relaxed component in the T2 spectrum. Generally, the components with T2 times less than 3 ms are classified as clay-bound water. Table 1 shows that the relaxation times of different clay types cover a large range from 0.3 to 16 ms. The X-ray diffraction results of the minerals in the study area show that the contents of the chlorite/smectite mixed layers, illite/smectite mixed layers and smectite are all 25–35%, the average chlorite content is less than 5%, and almost no kaolinite is present; these contents show that the Lucaogou Formation clay is mainly composed of smectite, as the T2 peak of smectite is in the range of 0.3–1 ms; coupled with the comprehensive effects and influences of other minerals, the effective porosity start time in the Jimsar area is generally less than 3 ms.
TABLE 1 | Relaxation times of different clay types.
[image: Table 1]In addition to the clay type, the start time needs to consider the T2 time corresponding to the pore diameter. To systematically study the T2 time corresponding to the nanoscale pores, NMR experiments (Figure 7) of core samples were carried out, and the experimental study showed that the NMR porosity was 6.65%, the helium-implanted porosity was 2.93%, and the cumulative porosity of 0.01–1.66 ms was 3.52%. The NMR effective porosity calculated with 1.7 ms as the starting time has the highest correlation with the helium-implanted porosity.
[image: Figure 7]FIGURE 7 | NMR experimental results of core samples.
Using the NMR logging data, an accuracy analysis of the NMR porosity calculated at different starting times was carried out, the porosity calculation was set to start from 0.3 ms with different starting times, and the porosity was compared with the core analysis porosity (Figure 8). This study found that the mean square error between the porosity calculated with starting times of 1.6 ms, 1.7 and 1.8 ms and the core analysis porosity of the overlying pressure is small, i.e., 14.99, which is smaller than the error between the porosity calculated at other starting times and the core analysis porosity. At the same time, the actual data were processed with different cut-off values. Figure 9 shows the NMR processing result of the X174 well. The first, second and third tracks in the figure show the comparison between the porosity results calculated from 0.3, 1.7, and 3 ms and the core analysis. Figure 9 shows that the trends of the 0.3 and 3 ms porosities correlate well with the analysed porosity, but the absolute errors of the data are both large. Within 3,146–3,150 m, the porosity starting from 3 ms has a better correlation than that starting from 0.3 ms, but the opposite is true at 3,155–3,161 m. However, the NMR effective porosity and overburden porosity calculated using 1.7 ms as the starting time are in good agreement, and the relative error of the calculation is 3.52%, which can effectively meet the needs of reservoir evaluation. Therefore, 1.7 ms was determined as the clay-bound water cut-off value.
[image: Figure 8]FIGURE 8 | Analysis table of the mean square error of different starting time values.
[image: Figure 9]FIGURE 9 | NMR processing result of the X174 well.
Characteristics and Logging Characterization of the Source Rock
Characteristics of the Source Rock
The organic carbon contents of different lithologies in the Permian Lucaogou Formation in the Jimsar Sag have a wide distribution range, but all are greater than 3% (Table 2), among which mudstone is the highest, followed by lime mudstone and silty mudstone, and dolomitic mudstone is the lowest. The chloroform bitumen “A” contents in different lithological mudstones are also higher, with an average value of more than 0.25%, and dolomitic mudstone has the lowest content, with an average value greater than 0.27%; the average value of various mudstones is 0.48%. The average value of S1+S2 is also very high, and the average value of the lowest dolomitic mudstone also reaches 12.48 mg/g. The average S1+S2 of all kinds of mudstones is 15.70 mg/g. Different types of mudstones all have high organic matter abundance. According to the source rock organic matter abundance evaluation standards, most of them have reached a better-good hydrocarbon source rock level. The vitrinite reflectance (Ro) of the source rock is 0.78–0.98%, which indicates the low-mature-mature evolution stage.
TABLE 2 | Statistical table of organic matter abundance in different mudstones.
[image: Table 2]Logging Characterization of the Source Rock
Research on logging petrology and petrophysical characteristics shows that resistivity, acoustic waves, and neutrons have the best sensitivity to source rocks, followed by density, and gamma has the worst sensitivity. In this research, the acoustic wave and resistivity curve overlap method is used to predict TOC under different maturity conditions. This method sets the resistivity curve scale to the level of 328 us/m (100 us/ft) corresponding to the acoustic wave time difference for every two logarithmic scales. The resistivity curve and the acoustic wave curve are consistent or completely overlap within a certain depth range, which is the baseline of non-source rock formation. After determining the baseline, the separation between the two curves (ΔlogR) is used to identify the organic matter-rich layer. The ΔlogR and TOC values are linearly correlated. Using a large amount of known experimental data and the core calibration log, the TOC calculation model is determined by the superposition of the acoustic wave curve and resistivity curve.
[image: image]
where R is the resistivity value, in Ω.m; Δt is the acoustic wave curve, in us/ft; Rbaseline is the resistivity value of the baseline corresponding to the Δt baseline in the non-source rock; and A and B are coefficients.
Since the Lucaogou Formation contains mostly centimetre-level thin layers, the resolution of conventional resistivity logging is low. The vertical resolution of dual lateral logging is usually greater than 0.4 m. Thin layers with thicknesses of less than 0.5 m are usually unidentifiable. The TOC accuracy calculated by the conventional acoustic wave curve and the deep resistivity is low, the microresistivity scanning imaging logging has high resolution, and thin layers larger than 0.05 m can be identified. Utilizing the characteristics of high-resolution microresistivity scanning imaging logging, dimensionality reduction processing and piecewise logarithmic linear calibration methods are used to synthesize high-resolution resistivity curves (Figure 10). By using this method, the resistivity resolution to identify thin layers increases from 0.4 m to approximately 0.1 m and has good recognition for thin interbedded reservoirs, effectively solving the technical problems of identifying and evaluating thin interbedded layers, and the calculation accuracy of organic carbon content is significantly improved.
[image: Figure 10]FIGURE 10 | Comparison chart of organic carbon calculated using conventional deep lateral resistivity and microresistivity scanning.
Chloroform bitumen “A” is the weight percentage of organic matter that can be dissolved by chloroform in the volume of the rock, which is an important parameter for the evaluation of hydrocarbon generation. In the case of the same organic matter content, the higher the content of chloroform bitumen “A” is, the higher the degree of conversion of organic matter to petroleum. In this paper, shale oil NMR is used to calculate the oil saturation to evaluate the source rock. Chloroform bitumen “A” can be calculated from the saturation and rock density:
[image: image]
where A is chloroform pitch “A”, in %; ФT is the total porosity of the rock, in %; So is the oil saturation of the rock, in %; ρo is the density of crude oil; and ρb is the density of the rock. Figure 11 shows the log calculation results of chloroform asphalt “A” of the Lucaogou Formation in Well J37 in the study area. The 8th track in the figure is the comparison between the calculated chloroform asphalt “A” and that from core analysis. The two curves not only have the same shape change and characteristics but also have almost the same values, which shows that the calculation method of formula (2) chloroform asphalt “A” is reliable and effective.
[image: Figure 11]FIGURE 11 | chloroform bitumen “A" calculated from Well Ji 37.
Saturation Model Establishment
The calculation of the oil saturation of shale oil is one of the most difficult tasks in shale oil logging evaluation. The main reason is that shale reservoirs have complex pore structures, various occurrence modes, and serious anisotropy. Generally, there are two methods for evaluating saturation by logging. One method uses resistivity curves to calculate oil saturation, and the other uses NMR to calculate oil saturation (Huerlimann, 2003; Guo and Gu, 2005; Wu et al., 2015; Cheng et al., 2016). Since the resistivity curve is easily affected by formation and non-formation factors, the signal-to-noise ratio is low, which reduces the ability to identify convection properties, and it is difficult to meet the accuracy requirements of the saturation calculation. Therefore, an increasing number of scholars are mainly studying the method of calculating oil saturation using NMR to improve the calculation accuracy. Based on the analysis of NMR experimental data and continuous sealing and coring data, this paper establishes a new method to calculate saturation by using the NMR transverse relaxation time spectrum through the determination of the corresponding minimum time threshold of NMR transverse relaxation under the maximum injection pressure of shale oil reservoirs. The main workflow is as follows: first, store the full-diameter sealing cores at a low temperature of 30°C, select a representative core to drill a 1-inch sample with liquid nitrogen, and remove the part with certain contamination at both ends; the 4 cm in the middle of the core is used as an experimental sample to measure the NMR spectrum of the two-phase oil-water in the original state; then, use carbon dioxide to wash the oil to desaturate; wash away the oil and gas in the large pore throat, and then wash away the oil and gas in the smaller pore throat. In the process, we correspondingly measure the NMR spectrum of the core sample until the hydrocarbons in the core sample are basically washed away, and the remaining water spectrum that contains basically no hydrocarbons. By analyzing the characteristics of the remaining water spectrum, the water volume is determined, the oil saturation is obtained, the T2 threshold is obtained (Figure 12), the iterative method is used to determine the threshold of transverse relaxation time T2 for saturation calculation, and the mean square error is iteratively calculated according to the following formula.
[image: image]
where AT2(j) is the mean square error of the T2 threshold of the jth iteration; n is the number of experimental oil saturation data points; SOi is the saturation measurement data of the ith sample point; and SSOji is the ith calculation saturation of the jth iteration T2 value.
[image: Figure 12]FIGURE 12 | NMR spectrum variation during oil washing.
The T2 value with the smallest calculated mean square error is determined as the T2 saturation calculation threshold, AT2. Figure 13 shows the mean square error calculated by using different AT2 values in the sealed coring section of Well Ji176, and the corresponding AT2 when the mean square error is the smallest is 6 ms, which is completely consistent with the core experiment results. The determined AT2 and continuous T2 spectra obtained by NMR is applied to calculate the saturation of each survey point according to the following formula:
[image: image]
where So is the oil saturation, in decimal values; [image: image] is the relative volume of the pore corresponding to the ith millisecond NMR relaxation time; AT2 is the transverse relaxation time threshold; ATS-NMR is the transverse relaxation time for the effective porosity; and ATD-NMR is the transverse relaxation termination time for the effective porosity.
[image: Figure 13]FIGURE 13 | Mean square error calculated by different AT2 values in Well Ji176.
Figure 14 shows an example of calculated saturation using the determined AT2 and the continuous T2 spectra obtained by NMR logging in Well J176. Compared with the sealing core saturation experimental data, the average relative error of the calculated saturation is 2.74%, and the calculation accuracy is high, which can meet the accuracy requirements of the reserve calculation.
[image: Figure 14]FIGURE 14 | Saturation processing map of J176.
Classification of Shale Oil Brittleness and the Logging Characterization Method
Generally, it is difficult to produce oil and gas under natural conditions in shale oil reservoirs, and large-scale fracturing is required. In fracturing design, rock brittleness is one of the important factors that is considered. Therefore, the evaluation of reservoir rock mechanics and brittleness appears especially important. To understand the rock mechanics characteristics of the shale oil reservoir of the Lucaogou Formation in Jimsar, this paper uses the rock mechanics triaxial test system to carry out the study of the mechanical classification characteristics under different loading conditions and establishes the conversion of dynamic and static rock moduli. A new rock brittleness logging calculation method is proposed, which effectively improves the calculation accuracy of the brittleness index.
Classification of Shale Oil Brittleness
The brittleness of a rock is mainly related to the type of rock. Tight sandstone and limestone are typical brittle rocks that are linear on the stress-strain 1 curve and fracture before large nonlinear deformation. The fracture form is brittle fracture, and mudstone and high-porosity sandstone are typical plastic rocks, which are considered to be poorly brittle in petroleum engineering. It is concave on the stress-strain 1 curve. There is no obvious stage of deformation, that is, theoretically infinite yield, and the fracture form is plastic fracture, while sandstone with a medium-coarse-grained structure is considered to be moderately brittle, which is S-shaped on the stress-strain 1 curve and mainly reflects the mechanical characteristics of microcracks under compression (Li et al., 2012; Diao, 2013; Wang et al., 2017; Tao et al., 2020). In this study, 85 representative cores were selected to study the stress-strain 1 curve, strain 2-strain 1 curve and rock fracture morphology of the core loading process. The three main types of core rock include sand arenaceous dolomite and dolomitic siltstone, silt-fine sandstone and micritic dolomite, and mudstone and carbonaceous mudstone. Through triaxial stress experiments, the brittleness of the rocks in the study area is divided into three types, namely, good brittleness, medium brittleness, and poor brittleness, and the rock mechanics characteristics of the three types of rocks are summarized. The rock mechanics characteristics of the core with better brittleness (sandstone/dolomite and dolomite/siltstone) are linear on the stress-strain 1 curve, the slope of the curve is steep, the rock is broken before reaching the maximum compressive strength, and the rock is strained when it breaks into smaller pieces, generally less than 0.8% strain. The strain 2-strain 1 curve shows that the slope of the curve changes little before the breaking point, and the curve has a sudden change at the breaking point; the rock fracture shape is broken (Figure 15); the rock Young’s modulus is ≥15,000 MPa, and Poisson’s ratio is ≤0.2. The rock mechanics characteristics of medium brittle cores (silt-fine sandstone and micritic dolomite) show medium elasticity on the stress-strain 1 curve, which is S-shaped. When the compressive strength reaches 50%, the curve shows certain elasticity and is a straight line. The rock has plastic deformation before the maximum compressive strength, and the rock breaks at the maximum compressive strength. When the rock fractures, strain 1 is greater than 0.8% and less than 1.5%. On the strain 2-strain 1 curve, a sudden change occurs in the breaking point curve, but the change is slow. The rock fracture forms are shear failure and minor fracture (Figure 15); the parameters are as follows: 10,000 ≤ rock Young’s modulus <15,000 MPa, 0.2 < Poisson’s ratio ≤ 0.23. The rock mechanics characteristics of poor brittle cores (mudstone and carbonaceous mudstone) show poor elasticity (or plasticity) on the stress-strain 1 curve, which is concave, and the rock is plasticized until the maximum compressive strength is reached. Deformation and failure occur only when strain 1 is large, or generally greater than 1.5%; on the strain 2-strain 1 curve, the slope of the curve continues to increase before the rupture point, and the curve changes smoothly at the fracture point without abruptness; the fracture shape of the rock is shear failure (Figure 15); the Young’s modulus is <10,000 MPa, and Poisson’s ratio is > 0.23.
[image: Figure 15]FIGURE 15 | Rock mechanics characteristic curve and fracture pattern of brittle cores. Rock mechanics characteristic curve and fracture pattern of moderately brittle. Rock mechanics characteristic curve and fracture pattern of poor brittle cores.
Brittleness Logging Characterization Method
Generally, the larger the Young’s modulus of the rock and the smaller the Poisson’s ratio are, the better the brittleness of the rock. This is the basis for evaluating the brittleness of rock with rock mechanical parameters. The establishment of a brittleness characterization method not only considers the accuracy and reliability of the characterization but also the factors of dynamic and static conversion. Generally, the static Young’s modulus ratio and Poisson’s ratio of the rock are used to characterize the brittleness index. If the dynamic Young’s modulus and the dynamic Poisson’s modulus can be used to better characterize the static Young’s modulus and the static Poisson’s ratio, the brittleness of the reservoir can be better characterized. However, the experimental analysis shows that the relationship between dynamic parameters and static parameters is poor, and it is difficult to directly establish a correlation. To establish the dynamic and static brittleness index conversion model, 21 representative cores were selected to measure the dynamic and static parameters, porosity and clay content. The triaxial compression experiment simulates the effective stress of the overlying layer at the average depth of the formation as 35 MPa, and the established dynamic and static brittleness index conversion model is:
[image: image]
[image: image]
where BI35 is the static brittleness index of the rock under a 35 MPa confining pressure, in GPa; Bid is the dynamic brittleness index of the rock obtained from the density and the time difference between the vertical and horizontal waves, in GPa; por is the porosity, in %; vcl is the clay content; [image: image] is the dynamic Young’s modulus; and [image: image] is the dynamic Poisson’s ratio.
The correlation coefficient is 0.81, and the dynamic-static conversion model has a better processing effect, with an absolute error of 0.097 and a relative error of 3%. To establish a stress environment correction method for the brittleness index, four representative sets of cores were selected to carry out the static parameters and clay content measurement experiments. The experimental results show that the brittleness index gradually increases with increasing experimental confining pressure (Figure 16). The relationship can be described by the following formula:
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where [image: image] is the static brittleness index under different fracturing conditions, in GPa; γ is the pressure correction index of the brittleness index; and P is the confining pressure. Research reveals that the pressure-corrected brittleness index has a good correlation with the clay content (Figure 17), and the fitting relationship is:
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where γ is the depth correction of the brittleness index and Vcl is the clay content, in %. The calculation formula of the brittleness index for any vertical depth can be obtained from the following formula:
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where BIsc is the static brittleness index after depth correction, in GPa; BI35 is the brittleness index under a 35 MPa confining pressure, in GPa; γ is the effective stress correction index of the brittleness index; lcp is the pressure gradient caused by the overlying lithology of the calculation point, in MPa/100 m; cp is the pressure coefficient of the formation, in MPa/100 m; and h is the vertical depth of the measuring point, in m. In this formula, (lcp-cp) h is the effective stress, which is equivalent to the confining pressure in the experiment. The calculation formula of the static brittleness index can be obtained:
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where BIsc is the static brittleness index after depth correction, in GPa; lcp is the pressure gradient caused by the overlying lithology of the calculation point, in MPa/100 m; cp is the pressure coefficient of the formation; σdye is the dynamic Poisson’s ratio; Edye is the dynamic Young’s modulus, in GPa; and h is the vertical depth of the measuring point, in m.
[image: Figure 16]FIGURE 16 | Variation in the static brittleness index under different confining pressures.
[image: Figure 17]FIGURE 17 | Crossplot of the clay content and γ.
Figure 18 shows an example of the evaluation of the brittleness index of Well J174 in the study area. The sixth track in the figure is the evaluation result of the brittleness index. The figure shows that the static brittleness index calculated by this method is in good agreement with the static brittleness index ascertained from the experiment, showing that the method can be used to evaluate the brittleness index of shale oil formations and achieve continuous quantitative evaluation of the brittleness of shale oil and gas reservoirs under different rock structures and stress environments.
[image: Figure 18]FIGURE 18 | Processing results of the brittleness index of Well Ji 174.
Evaluation of In-Situ Stress and Rock Mechanics Parameters
Prediction Technology of the In-Situ Stress Direction
The prediction technology of the in-situ stress direction is relatively mature at present and mainly includes the borehole caving method and the drilling-induced fracture and prediction method based on fast shear waves (Zhao et al., 2005; Lei et al., 2007; Ding et al., 2009; Su et al., 2017). The principles of these methods have been introduced in detail in the relevant literature and are not repeated in this article (Zeng et al., 2010; Zeng et al., 2013; Gong et al., 2019; Gong et al., 2021a; Gong et al., 2021b). In this study, three methods were used to estimate the direction of the in-situ stress. The three methods confirmed the results of one another and improved the accuracy of the predicted principal stress direction. Figure 19 shows the comparison results of the three methods for in-situ stress evaluation. The figure shows that the direction of the maximum horizontal principal stress in this area is judged to be northwest-southeast by drilling-induced fractures. The direction of the minimum principal stress is ascertained as northeast-southwest by the elliptical wellbore caused by borehole caving. The direction of the maximum horizontal principal stress explained by the fast shear wave azimuth is also northwest-southeast. The directions of the maximum horizontal principal stress predicted by the three methods are basically the same.
[image: Figure 19]FIGURE 19 | Stress direction identification of the Lucaogou Formation in the Jimsar Sag.
In-Situ Stress Prediction Technology
Using the fracturing data and considering the effect of tectonic stress, the preferred calculation method of in-situ stress is used to evaluate the magnitude of in-situ stress, and the formula is as follows:
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where γ1 and γ2 are the tectonic stress coefficients of the maximum horizontal principal stress and the minimum horizontal principal stress, respectively.
“SEVEN CHARACTERISTICS” OF THE LUCAOGOU FORMATION SHALE OIL RESERVOIR
Through this research, the “seven properties” evaluation map is obtained (Figure 20). The figure shows that two common types of sedimentary rock reservoirs in the Permian Lucaogou Formation shale oil reservoirs in the Jimsar Sag have developed at depths of 3,116–3,120 m and are dominated by dolomitic debris beach facies. The main lithology is sandy debris-rich dolomite, with centimetre-level micrite and microcrystalline dolomite. The sand debris grain sizes are fine sand and silt sand. The dolomitic debris gradually increases with increasing depth, the brittleness index increases, the rupture pressure decreases, and the minimum horizontal principal stress is approximately 56 MPa. The delta front deposit facies is in the 3,127–3,134 m interval, the lithology is feldspar lithic silt-fine sandstone, the lithology gradually becomes finer from top to bottom, and the clay content increases. The clay content obviously controls the physical properties, and the physical properties and brittleness gradually become poor from top to bottom. The fracture pressure and the minimum horizontal principal stress gradually increase. The product of a mixed deposition of internal and external debris is in the interval of 3,143–3,146.5 m, and the main lithology is dolomitic debris silt-fine sandstone. The dolomitic debris content is high in the upper formation, the clay content is low, the physical properties are good, and the fracture pressure is low. Lithology has an obvious controlling effect on the physical properties. The mudstone basically contains no reservoir, and the reservoir lithology is fine-grained clastic rock and carbonate rock. The higher the clay content is, the worse the physical properties of the reservoir. Carbonaceous mudstone source rocks have the best quality, with TOC contents generally reaching more than 10%, followed by sandy and dolomitic mudstones. TOC contents are mainly from 2 to 6%. The reservoir itself also has a certain oil-generating capacity. The average carbonate content is 3.2%, and the silty sandstone content is 0.97%, which are typical characteristics of source-reservoir integration. The lithology has an obvious controlling effect on brittleness. The brittleness of reservoirs is obviously better than that of mudstone and source rock. The brittleness of reservoirs with high dolomite contents is better than that of silty sandstone reservoirs, and the brittleness becomes obviously worse with increasing clay content. The brittleness index of the upper dolomite sandstone is within 50–60, and the brittleness index of the lower dolomite sandstone is approximately 50. The closure stress and fracture pressure of mudstone are higher than those of shale oil reservoirs, and the fracture pressure of mudstone is approximately 4 MPa higher than that of reservoirs. Mudstone has a certain stress resistance to fracturing. The closure stress values of the reservoir section are within 56–58 MPa, and the closure stress is relatively high. A total of 14 oil layers were explained by the comprehensive logging evaluation, and 3 of them (No. 1, 6, 10) were preferably selected for oil fracturing, and an industrial oil flow with a daily output of 5.51 tons/day was obtained (Figure 20).
[image: Figure 20]FIGURE 20 | “Seven properties” evaluation map of J174.
CONCLUSION
1) A multilevel and multiparameter lithologic identification method for shale oil in the Lucaogou Formation in the Jimsar Depression was established, which effectively improved the identification accuracy of complex lithologies.
2) A shale oil reservoir physical property modelling method based on NMR technology was built; shale oil reservoir oiliness evaluation methods were studied, and calculation models for oil saturation, organic matter content, TOC and other parameters were established; and a logging characterization method for shale oil brittleness and in-situ stress was established.
3) The evaluation of the “seven properties” shows that in the Lucaogou Formation shale oil reservoir, the physical properties are controlled by lithology and oiliness is controlled by physical properties.
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Natural fractures are developed in the shale oil reservoir, and the hydraulic fracture (HF) morphology is complex. The fracture shape can be inverted by using fracture propagation numerical simulation technology, which provides guidance for fracturing parameter design and fracturing process optimization. However, the existing models still have many deficiencies in the interactive propagation mechanism of HF and natural fracture (NF). Based on the three interactive modes of HF and NF (HF propagation without NF, HF propagation with full NF, and HF propagation with half NF), this work establishes the fracture propagation model and puts forward the simulation calculation method. The Brinkman equation is used to modify the leakage model based on Darcy’s law, and G1701H well is taken as an example to simulate the fracture propagation law under different interaction modes. The research shows that there is a transition region between the HF wall and rock matrix. The greater the porosity and permeability of the rock matrix, the more significant the influence of the transition region on leakage. The NF zone will change the propagation direction of the main fracture. When there are multiple clusters of fractures in the same fracturing section, only some HFs meet with natural fractures, and it is easy to form a “T”-shaped fracture network. The results improve the existing hydraulic fracturing model and provide help for fracturing parameter design and fracture parameter inversion of the shale oil reservoir.
Keywords: shale oil reservoir, hydraulic fracture, natural fracture, interactive mode, Brinkman equation
INTRODUCTION
Shale oil is rich in resources and has a broad prospect of exploration and development, which is another key field of global unconventional oil and gas development after shale gas (Li et al., 2020a; Zhang et al., 2021a). Shale oil development mainly draws lessons from the successful experience of shale gas development and adopts horizontal well large-scale hydraulic fracturing to transform the reservoir to achieve the improvement of production (Li and Weijermars, 2019; Cong et al., 2022). To effectively increase the volume of reservoir reconstruction, it is necessary to master the law of formation fracture propagation during fracturing, so as to provide the basis for reasonable construction parameter design (Li et al., 2016). At present, a large number of techniques such as microseismic monitoring and the stable electric field method have been used to interpret and characterize the propagation morphology of hydraulic fractures. However, these monitoring methods need to pay huge human and economic costs for the arrangement, use, and maintenance of equipment, and the data accuracy of monitoring results still cannot well meet the needs of fracture parameter design (Cai et al., 2018; Liang et al., 2020). Fracture propagation simulation technology is a computer numerical calculation method developed based on the basic theories of fracture mechanics, elasticity, rock mechanics, and seepage mechanics. It can simulate the propagation law of hydraulic fractures under different conditions and obtain fracture parameters. In recent years, it has been widely used in the design of fracturing construction parameters and the optimization of fracturing technology in different oilfields (Li et al., 2019).
The simulation methods of crack propagation mainly include the finite element method (Guo et al., 2017) (FEM), extended finite element method (Lecampion, 2009) (XFEM), discrete element method (Fu et al., 2013) (DEM), and boundary element method (Wu and Olson, 2015) (BME). These methods have great differences in model building, solution ideas, and computational efficiency, but the problems solved by simulation can be basically divided into two categories. One is the model does not include NF and only studies the influence of fracture tip and inter-well interference on fracture propagation. The other one is to analyze the influence of NF on HF propagation. Zeng and Yao (2016) studied the multi-fracture propagation under different stress differences and perforation spacing. The research shows that large perforation spacing and horizontal stress differences are helpful in alleviating the problem of fracture deflection under the action of “stress shadow.” Zhang et al. (2021b) simulated the fracture propagation law with 16 cluster perforations at the same time. The research shows that when the perforation cluster spacing is small, there is the phenomenon of fracture competitive growth. The balanced fracture initiation of multiple perforation clusters can be realized by adjusting the friction of each perforation cluster. Cheng et al. (2019) analyzed the propagation morphology of fractures in staged fracturing, and the study showed that, with the gradual increase in the number of fracturing stages, fracture initiation and propagation would become more difficult. Li et al. (2020a) established the fracture propagation model under high stress and studied the propagation law under different construction parameters. Lan and Gong (2020) compared the effects of formation elastic modulus and reservoir stress by the cohesive zone method (CZM) and pointed out that the minimum horizontal principal stress is the most critical factor on fracture height propagation.
In terms of numerical simulation of fracture propagation in reservoirs with NF, Liu et al. (2019) established a multi-fracture propagation model with shale bedding. The simulation found that the growth of hydraulic fractures in the middle area was inhibited and could not continue to propagate through the bedding like the fractures on the outside. Bakhshi et al. (2019) studied the propagation behavior of HF when hydraulic fractures are orthogonal to NF in three-dimensional space. The research shows that increasing the approximation angle and cohesion is more conducive to promoting the crossing propagation of HF. Tang et al. (2018) well analyzed the inhibitory effect of NF on the propagation of HF height, and the research pointed out that the fracture height is easier to pass through the horizontal NF arranged symmetrically. Fu et al. (2018) considered the anisotropy of NF and pointed out the influence of NF height and intensity on HF. Zhang et al. (2019) studied the propagation behavior of HF in fractured storage by using a full three-dimensional model.
The abovementioned research results have laid a solid foundation for the simulation research of shale oil hydraulic fracturing, but there are still many problems that need to be further studied (Dong et al., 2019; Li et al., 2020b). For example, in the drilling process of shale oil horizontal wells, the horizontal wellbore is not always arranged along the direction of the minimum horizontal principal stress but may form a certain included angle with the direction of the formation of principal stress (Xue et al., 2015; Wang et al., 2020; Gao et al., 2021). Previous studies mostly assumed that the perforation cluster is parallel to the minimum horizontal principal stress, which is inconsistent with the real production situation. Second, the existing models (Weng et al., 2011; Tang and Wu, 2018) lack a precise description of fracturing fluid filtration. Usually, only a leakage coefficient is defined or Darcy’s law is used to calculate the volume of fracturing fluid flowing into the rock matrix. The calculated results are often quite different from the field operation conditions (Olson, 1989). More importantly, the distribution of NF developed in shale oil reservoirs is complex. The simulation of fracture propagation patterns in existing models is poorly consistent with that of the complex fracture patterns presented by microseismic monitoring data. Moreover, for the case that some perforation clusters enter the NF zone (Gottardi and Mason, 2018; Ladevèze et al., 2019), the research on HF propagation simulation is rarely published.
In this article, the Brinkman equation is used to modify the leakage model based on Darcy’s law, and the reasons for the difference between the two models are analyzed. Using the fracturing parameters of G1701H well in the second member of Kongdian Formation of the Cangdong Depression area, the fracture development under three interactive modes of hydraulic fracture and natural fracture is simulated (HF propagation without NF, HF propagation with full NF, and HF propagation with half NF). Combined with microseismic data, the actual fracture propagation law is explained and analyzed. The research results of this paper can provide help for fracturing parameter design and fracture parameter inversion of the shale oil reservoir.
MODELING AND METHOD
The following hypotheses are proposed in the new model: 1) the fracture height is a preset value and does not grow with the increase in operation time; 2) the formation rock is an elastomer and satisfies the calculation criterion of linear elasticity theory; the rocks are homogeneous and isotropic.
Rock Deformation and Fracture Propagation Direction
In the process of fracture propagation, the fracture is divided into finite displacement discontinuous elements (DDM). The stress and displacement of any element i are obtained by the superposition of discontinuous displacements of all elements in the whole calculation domain (Wu and Olson, 2015):
[image: image]
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where σn is the normal stress, Pa; σs is the shear stress, Pa; Dn is the normal displacement discontinuity, m; Ds is the shear displacement discontinuity, m; C is the stiffness matrix that accounts for the mechanical interaction between elements; N is the number of DDM elements; and Gij is the 3D correction factor, which can be given as follows (Olson, 2004):
[image: image]
where h is the fracture height, m; dij is the distance between element i and element j, m; and α and β are empirically determined constants. In this article, α = 1.0 and β = 2.3.
Based on the maximum circumferential stress criterion (Sih, 1974), the arc with any radius at the fracture tip is divided into m segments, as shown in Figure 1. The fracture propagation direction is determined by calculating the circumferential stress at the center point of each arc according to the following equation:
[image: image]
where σxx, σyy, and σxy are three principal stresses at any point of the fracture tip, MPa; r and θ are the polar radius and angle of any point at the fracture tip in the polar coordinate system.
[image: Figure 1]FIGURE 1 | Division of fracture tip elements (Cong et al., 2021).
Fluid Flow Equation
Assuming that there is no relative slip on both sides of the fracture and the fluid pressure drop in the fracture is uniform, the Navier–Stokes equation can be simplified as
[image: image]
where p is the pressure in fracture, Pa; x is the fracture length, m; q is the injection rate, m3/min; μ is the fluid viscosity, mPa s; and w is the fracture width, w = Dn.
The material balance within the fracture can be written as
[image: image]
where qL is the volume rate of fluid loss, m2/min; A is the cross-sectional area of the fracture, m2.
When multiple fractures of horizontal wells propagate synchronously, the flow of fracturing fluid entering each fracture is different, but the total displacement of wellhead pumping is the sum of the displacement of each fracture cluster.
[image: image]
According to Kirchoff’s second law, the pressure in the wellbore meets
[image: image]
where p0 is the total pressure at the wellbore heel, Pa; pw,i is the fluid pressure at the inlet of fracture i, Pa; ppf,i is the perforation friction of fracture i, Pa; and pcf,i is the wellbore flow friction of fracture i, Pa。.
The perforation friction and wellbore flow friction can be calculated by Eqs 14, 15, respectively:
[image: image]
where ρs is the density of the fracturing fluid, kg/m3; np,i is the number of perforations in fracture i; dp,i is the perforation diameter of fracture i, m; and Cd,i is the correction factor of fracture i.
[image: image]
where Ccf is the friction coefficient, Pa s/m4; xj is the distance from fracture j to the horizontal wellbore heel, m; and Qw,j is the remaining fluid flow after j fractures, m3/min.
Calculation Method of Leakage Volume Based on the Brinkman Equation
The fluid velocity at the interface between hydraulic fracture and rock is continuous, and there is a smooth velocity transition between the fracture area and porous rock area (Kahshan et al., 2020). Previously, Darcy’s law used to calculate the fluid loss volume was only applicable to describe the steady flow of fluid in porous media (He et al., 2021). In order to ensure that there is no velocity slip at the interface between rock and HF, the Brinkman equation is used to calculate the fluid velocity in rock. Combined with the fluid flow equation in fracture, the calculation method of fracturing fluid leakage velocity in different flow areas is constructed, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Brinkman–Stokes coupling filtration calculation schematic diagram.
The flow rate of fracturing fluid in the fracture is fast, and the flow rate in the rock matrix is relatively slow. The flow process is continuous at the interface of the two regions. Therefore, there is a region where the velocity increases significantly in the porous medium close to the fracture. To accurately describe the velocity distribution of fluid in this boundary layer, the Brinkman equation is used instead of the Darcy equation to calculate the flow velocity in the rock matrix (Martys et al., 1994).
[image: image]
where K is the rock matrix permeability, m2; ϕ is the dimensionless porosity of the rock matrix; and ubr is the flow rate of the fracturing fluid in the rock matrix, m/s.
The Brinkman–Stokes coupling model needs to meet the following conditions: a) the flow velocity of the porous medium region and free flow region is continuous at the boundary; b) the shear stress at the boundary of the porous medium region and free flow region is continuous; and c) the fluid flow in the far area conforms to Darcy’s law.
[image: image]
where uns is the fluid velocity in the fracture, m/s; ud is the leakage velocity obtained by Darcy’s law, m/s; τbr and τns are the fluid shear stress under the Brinkman equation and Stokes equation, respectively, which can be expressed as
[image: image]
The leakage velocity of the fracturing fluid can be obtained by simultaneous Eqs 5, 11–13.
[image: image]
The leakage rate be obtained by integral calculation along the direction of the rock matrix.
[image: image]
where l is the thickness of the rock matrix, m.
Interaction Propagation Mechanism Between the HF and NF
Hydraulic fracturing of the shale oil reservoir can form complex fracture networks, and the most important reason is that the weak geological discontinuity represented by NF has a significant impact on HF propagation. If the HF does not directly penetrate the NF but turns to propagate along the NF surface, it is bound to increase the complexity of the HF network. When the HF approaches the NF (Figure 3), the induced stress at the tip of the HF is applied to the NF surface, causing changes in normal stress and shear stress.
[image: Figure 3]FIGURE 3 | Schematic of the hydraulic fracture approaching the natural fracture.
Each stress in the tip area of the hydraulic crack is expressed as
[image: image]
where σH and σh are the maximum and minimum horizontal principal stress, respectively, Pa; KⅠ is the stress intensity factor, Pa m0.5。.
Two mechanical conditions need to be met for the HF to continue to propagate through the NF (Gu and Weng, 2010). One is that the maximum principal stress at the tip of the HF reaches the tensile strength of rock mass in the forward direction of the HF. The other is that there is no shear slip at the NF interface.
[image: image]
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where σ1 is the maximum principal stress, Pa; T0 is the tensile strength of rock, Pa; τβ is the shear stress on the wall of the NF, Pa; S0 is the rock cohesion, Pa; μf is the friction coefficient; and σnβ is the normal stress on the wall of the NF, Pa.
Figure 4 is the interactive propagation chart of the HF and NF under different friction coefficients and stress conditions. When the approach angle β between the HF and NF is greater than 60°, with the increase in stress ratio, HFs are easier to penetrate the NF. Also, when the approach angle β is less than 60°, with the increase in stress ratio, HFs are easier to be captured by the NF. Under the same principal stress ratio, the greater the friction coefficient, the easier it is for the HF to penetrate the NF because under the condition of high friction coefficient, the greater the friction on the NF surface, the less likely it is to shear slip, which is conducive to the HF to directly pass through the NF surface. When the HF is 90° orthogonal to the NF, the friction coefficient is greater than 0.41, and the HF will hardly propagate along with the NF.
[image: Figure 4]FIGURE 4 | A crossing criterion for various intersection angles (Gu and Weng, 2010) (tensile strength T0 = 0 and cohesion S0 = 0). The region to the right of each curve is the crossing condition.
Numerical Method for the Model
The flow chart of the numerical algorithm is shown in Figure 5. First, rock, fluid, and other parameters are input, the initial fracture grid is constructed, and the initial fracture pressure Pi is assigned to each grid. The normal and shear displacements of each fracture element are calculated by Eqs 1, 2. [image: image] and [image: image] are determined by the remote and local stress boundary conditions, and the fracture width Dn of each DDM element is calculated by coordinate conversion. The flow rate and viscosity in each element are known; thus, the new pressure Pi+1 in the fracture is obtained according to Eq. 5. When the calculation error of Pi and Pi+1 is less than the convergence accuracy δ (δ = 0.001 MPa), the fracture propagation angle is calculated by the stress numerical search method (SNSM) (Cong et al., 2021), and a displacement discontinuous element is added in this direction (n is the convergence coefficient; in this article, n = 0.2). If the added unit meets the NF in the calculation domain, the interactive propagation is judged by the propagation criterion in Section 2.4. Otherwise, the HF will continue to propagate along the maximum circumferential stress direction until the fracturing operation is completed.
[image: Figure 5]FIGURE 5 | Flow chart of numerical algorithm.
When multiple fractures propagate, the fracture grows competitively under the action of “stress shadow” so that the fracture propagation length is different in each time step. Renshaw and Pollard (Renshaw and Pollard, 1994) proposed a multi-fracture growth step calculation method, which links the specific crack tip energy release rate G with the maximum crack tip energy release rate Gmax in the calculation domain.
[image: image]
The energy release rate is the same as the J-integral value (Wu, 1978), which can be calculated according to the intensity factors KⅠ and KⅡ.
[image: image]
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[image: image]
where l is the increased crack element length, m; G is the energy release rate, N/m; ζ is an empirical parameter, which is taken as 1 in this paper; E is the modulus of elasticity, Pa; v is Poisson’s ratio; and a is the half length of the DDM element, m.
MODEL VALIDATION
This work assumes that hydraulic fracture is a two-dimensional contour model, so the model in this article is compared with the KGD model, and the parameters required for calculation are shown in Table 1.
TABLE 1 | Parameters for KGD model verification (Cheng, 2016).
[image: Table 1]Since the KGD model does not consider the influence of leakage on fracture propagation, the leakage term in Eq. 6 is ignored. Firstly, the model in this paper is used to calculate and compare the fracture width propagation without leakage, as shown in Figure 6. The calculation results show that when there is no leakage effect, the fracture width propagation curve of the KGD model and this model has high consistency. When the fracture propagates to 200 s, the fracture width calculated by the KGD model and this model is 4.13 and 4.32 mm, respectively, with a difference of only 4.3%. Considering the influence of fluid leakage, the crack width propagation is calculated by the Darcy equation and Brinkman equation, respectively. As part of the fracturing fluid leakage into the rock matrix, the fracture width values are lower than those in the non-leakage state, and the fracture width values obtained by the Brinkman equation are lower than the calculation results of the Darcy equation. The Darcy equation has a discontinuous velocity at the fracture boundary (as shown in Figure 7), while the Brinkman equation considers the continuous velocity of the fracturing fluid when it crosses the fracture boundary. The fracturing fluid flow rate shows a gentle downward trend, the calculated fracturing fluid filtration volume is more, and the fracturing fluid volume used for fracture propagation is reduced. Therefore, the results shown in Figure 6 appear.
[image: Figure 6]FIGURE 6 | Comparison of fracture width.
[image: Figure 7]FIGURE 7 | Comparison of the Brinkman model and Darcy model.
Wu and Olson (2014) systematically studied the propagation behavior of the HF after approaching the NF and well analyzed the interactive propagation behavior under different approaching angles, stress differences, crack lengths, and other factors. Two NFs (blue dotted line in Figure 8) are set on the HF propagation path. The propagation form of the HF is simulated by the model in this article and compared with the calculation results in the work of Wu and Olson (2014). The parameters are shown in Table 2, and the simulation results are shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Comparison and verification of numerical simulation results. (A) Numerical results of previous research (Wu and Olson, 2014). (B) Numerical results of this work.
TABLE 2 | Basic data for HF and NF intersection (Wu and Olson, 2014).
[image: Table 2]The HF propagation results calculated by the model in this article are basically consistent with the existing simulation results. When the HF approaches the NF, the HF cannot penetrate the NF. After extending to the end of the NF, the HF continues to propagate in the rock matrix at a certain angle. At the intersection of the HF and NF, the fracture width has an obvious downward trend. In the literature, the fracture width at the injection point is 1.495 mm, and that of the model in this article is 1.443 mm. When the end of the NF extends to the rock matrix, the included angles between the HF and the X-direction are 59° and 61°, respectively. The comparison results show that the calculation results of the two models are in good agreement, which proves that the fracture propagation model in this paper has good accuracy in characterizing the interactive propagation of the HF and NF.
CALCULATION AND RESULTS
The geological parameters of the second member of Kongdian Formation on the Cangdong Depression area and the construction parameters of G 1701H well (Table 3) (Zhao et al., 2018a; Zhao et al., 2018b; Zhao et al., 2020) are used to calculate the fracture propagation under different interaction modes of the HF and NF. The design vertical depth of G1701H is 3,848.98 m, and the horizontal section is 1,503.87 m long, along the east–west direction (Figure 9). The orientation of the maximum horizontal principal stress in the second member of Kongdian Formation is north–west 30°.
TABLE 3 | Basic data of the second member of Kongdian Formation and G1701H (Zhao et al., 2018a; Zhao et al., 2018b; Zhao et al., 2020).
[image: Table 3][image: Figure 9]FIGURE 9 | Layout of G1701H Well. (A) Plan view of G1701H. (B) Profile view of G1701H.
Case A: HF Propagation Without NF
We calculated the propagation of the HF without the NF, as shown in Figure 10. Due to the certain deflection between the direction of formation principal stress and the coordinate axis, the three horizontally arranged perforation clusters do not propagate perpendicular to the X-axis but extend along the direction of the maximum horizontal principal stress. Relevant research (Li et al., 2014; Wang et al., 2016) shows that the larger the horizontal stress difference is, the lower the deflection caused by “stress shadow” is and the more obvious the phenomenon of uneven fracture growth is. The horizontal stress difference in the study area is close to 30 MPa, the three HFs basically propagate in a straight line, and the growth of the middle HF is obviously restrained. At the end of the calculation, the length of HFs on both sides is close to 100 m, and the middle is only 70 m. Comparing the numerical simulation results with the on-site microseismic monitoring results, it is found that case A matches well with stage 6 of G1701H (Figure 11). The number of microseismic events in this stage is only 1,404, which is at a low level in fracturing stage 13 of the whole well. Combined with the direction of horizontal principal stress, it can be inferred that, during the fracturing of stage 6, the HF only opened the rock matrix and formed a simple fracture shape, and the HF propagation area did not intersect with the natural fracture zone.
[image: Figure 10]FIGURE 10 | Numerical results of case A.
[image: Figure 11]FIGURE 11 | Microseismic detection results of G1701H at stage 6.
Case B: HF Propagation With Full NF
The NF zone along the direction of minimum horizontal principal stress is set to pass through the horizontal wellbore. The length of each fracture in the NF zone is 36 m, the spacing of fractures in the X-direction is 4 m, and the spacing of fractures in the Y-direction is 5 m. The simulation results are shown in Figure 12. Since the HF cannot meet the mechanical conditions of penetrating the NF, when it approaches the NF, the HF is captured by the NF and propagates along with it. After reaching the end of the NF, the HF enters the rock matrix and propagates until it is captured by the next NF. It can also be seen in Figure 12 that although the NF existence changes the complexity of HF, the length of the fracture in the middle is still significantly shorter than that on both sides under the action of “stress shadow.” Compared with the microseismic monitoring results of G1701H well, it is found that the simulation results are highly consistent with those of stage 4. The number of microseismic events in this stage is 2,566, and the microseismic events basically occur near the left and right clusters of fractures and then extend to the north–east, indicating that the NF in the fracturing area of stage 4 is relatively developed (Figure 13). During the propagation process, a large number of NFs along the minimum horizontal principal stress are activated, forming a more complex fracture network.
[image: Figure 12]FIGURE 12 | Numerical results of case B.
[image: Figure 13]FIGURE 13 | Microseismic detection results of G1701H at stage 4.
Case C: HF Propagation With Half NF
Figure 14 shows the results of HF propagation when the NF zone is only located in the part of the perforation cluster area. Since the left and middle HFs do not contact the NF, the fractures propagate in a straight line along the maximum horizontal principal stress direction. After the right fracture is captured by the NF, the distance between the north wing and the middle HF gradually increases, while the distance between the south wing and the middle HF decreases, which changes the “stress shadow” effect, making the north and south wings of the middle crack grow asymmetrically. The microseismic monitoring results shown in Figure 15 were obtained from stage 2 of G 1701H Well. The number of fracturing microseismic events in this stage is 1855. Double fractures appear. The main fracture direction is northeast-southwest, and the fractures extend more in the northeast direction. It can also be seen that the branch fractures in the northwest–southeast direction have a short extension distance compared with the main fracture. Combined with the simulation results in Figure 14, it can be inferred that the perforation cluster on the left side of the HF intersects with the NF zone, forming the main fracture along the direction of the minimum horizontal principal stress, while the right fracture without passing through the NF zone continues to propagate in the rock matrix and finally forms a “T”-shaped fracture network.
[image: Figure 14]FIGURE 14 | Numerical results of case C.
[image: Figure 15]FIGURE 15 | Microseismic detection results of G1701H at stage 2.
DISCUSSION
In this work, the Brinkman equation is used to modify the existing leakage model based on Darcy’s law, and combined with the DDM method, the fracture propagation law under different interaction modes of HF and NF is simulated. Since there is a velocity transition region between the HF region and the porous rock matrix region, the Brinkman equation considering the velocity drop in the transition region is more in line with the real flow in fractures and rocks. Comparing Darcy’s law with Eq. 14, it is found that there is an additional velocity term in the leakage rate model in this paper, which is the impact on fracturing fluid leakage in the transition region. According to the generalized Darcy law, the equivalent permeability of the rock matrix in the presence of a transition area is
[image: image]
We set
[image: image]
where ψ indicates the influence of the transition region on the equivalent permeability of the rock matrix. It can be seen from Figure 16 that, under the premise of certain porosity, with the increase in fracture width, the influence of the transition area on rock equivalent permeability becomes greater. The greater the matrix permeability, the more the fracturing fluid will enter the rock through the transition area, and the ψ value is larger (Figure 17). Reducing porosity indicates that the proportion of rock in porous media increases, which reduces the possibility of fracturing fluid entering the rock matrix, and the impact of fracturing fluid flow rate drop on filtration in the transition zone will gradually decrease.
[image: Figure 16]FIGURE 16 | Effect of permeability on equivalent permeability.
[image: Figure 17]FIGURE 17 | Effect of porosity on equivalent permeability.
In this work, a new model is used to simulate the propagation of HF in three cases: perforation clusters without NF, in NF zones, and some perforation clusters in NF zones. At the same time, combined with microseismic monitoring data, the real propagation of formation fractures is explained. The research shows that the NF zone will change the propagation direction of the main fracture. The more complex the fracture is, the more the number of microseismic monitoring events is. When only some HFs meet natural fractures, a “T”-shaped fracture network may be formed.
The model and simulation method can be well used for fracturing simulation of the shale oil reservoir and can provide references for fracturing parameter design, fracture parameter inversion, and other related fields. However, this model also has some shortcomings, such as the single NF length and angle set in the model, and the influence of formation rock thermal stress on fracture propagation is not considered. Further research is still needed to further improve this model.
CONCLUSION

1) There is a flow velocity transition region between the HF wall and porous rock matrix. The flow velocity change can be accurately calculated by the Brinkman equation, and the calculated leakage volume is larger than the Darcy equation.
2) The influence of the transition region on leakage is related to rock porosity and permeability parameters. The greater the porosity and permeability of the rock matrix, the greater the influence of the transition region on filtration.
3) Under high stress difference, when multiple cluster fractures crack synchronously, each HF will hardly deflect, but the middle fracture propagation is obviously restrained.
4) The NF zone will change the propagation direction of the main fracture. When there are multiple clusters of fractures in the same stage, only some HFs meet the NF, and it is easy to form a “T”-shaped fracture network.
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Based on the systematical observations of cores, thin sections, and scanning electron microscope (SEM) sections, together with the testing data and characteristic parameters, this paper discussed the characteristics and controlling factors of fractures, and their control on shale gas accumulation in the Lower Cambrian Niutitang Formation black shale reservoir of Well YX1 in the northern Guizhou Province. The results show that macro structural fractures are common in the Niutitang Formation, which can be divided into shear fractures (e.g., high dip-angle shear fractures and low dip-angle slip fractures), tensional fractures, and tension-shear fractures. Non-structural fractures in microfractures can be divided into organic-related fractures and inorganic mineral-related fractures. Most of the structural fractures were filled and the types of fillings are diverse. The staggered relationships of fractures confirm the complexity of tectonic movement in the study area. The formation of structural fractures in Well YX1 is mainly controlled by the major fault. The influence of mineral composition and content, mechanical properties, brittleness, and organic matter content of rocks on the characteristics of the fractures are from the external manifestation of sedimentary environment. Affected by diagenetic evolution, organic matter-related fractures are not common. Compared with other shale gas reservoirs in China and abroad, the organic-rich shale reservoir of Well YX1 is characterized by both “geological sweet spots” and “engineering sweet spots”; however, strong deformation and faulting have led to the loss of shale gas and damage of the overpressure environment. Therefore, it is suggested that small-scale fractures, caused by tectonic movements but without large penetrating faults, are the most favorable for shale gas reservoirs. Based on the complicated tectonic setting in northern Guizhou, the formation pressure should be taken into account.
Keywords: structural fractures, non-structural fractures, micro-fractures, Niutitang formation, organic-rich shale
INTRODUCTION
Shale gas is a typical target that can be explored and developed in an industrialized manner under the current economic and technical conditions. The shale gas success in the United States (US) has especially changed the competitive landscape of the global natural gas market. In China, the organic-rich shales are widespread in strata of different geological ages, implying a great resource potential for prospective development. The presence of natural fractures is one of the key factors for the formation of a shale gas reservoir (Wang et al., 2018a; Gu et al., 2021; Xie et al., 2021). It plays a dual effect. On one hand, the presence of natural fractures decides directly the enrichment and production of shale gas. For the shales with low permeability and low porosity, the fractures can improve the seepage capacity of shale. In the brittle shale intervals with high elastic modulus, low Poisson’s ratio, and rich organic matters, fractures are easily generated to facilitate the increase of free gas and desorption of adsorbed gas in shale formations (Ding et al., 2012). Well-developed fractures are favorable for shale gas reservoirs (Zeng W. T. et al., 2016; Wang et al., 2021). On the other hand, too large scale of fractures may lead to gas loss (Long et al., 2011; Zeng W. T. et al., 2016; Zeng L. et al., 2016; He et al., 2016). Multi-phase tectonic movements in the study area contributed to the abundance of structural fractures, which however are mostly filled by calcite and quartz. Related studies indicate that open fractures in shale would damage the sealing capacity of rocks, thereby hindering the occurrence of the overpressure environment which is conducive to gas accumulation (Li et al., 2016). However, the fractures sealed by cements may prevent further gas loss, which is relatively favorable to the preservation of shale gas. Moreover, the sealed fractures, which damage the integrity of shale strata and form weak zones, may make induced fractures extending in a single direction diverge into more directions, so as to improve the stimulation performance (Weng et al., 2011; Cho et al., 2013; Gale et al., 2014; Li et al., 2015).
The study on reservoir fractures began in the mid-20th century. By far, the study methods have changed from qualitative description to quantitative research, and the reservoir fracture identification technologies have evolved into a multidimensional system comprised of points (cores and thin sections), lines (well logging data), surfaces (outcrops), bodies (seismic data) and time (production dynamic data) (Ding et al., 2012; Hou and Pan, 2013; Lang et al., 2014; Kosari et al., 2015; Moumni et al., 2016; Bisdom et al., 2017; Han et al., 2019; Zhong et al., 2021). The study on micro-fractures in shale flourished along with the exploitation of shale oil and gas, by means of observations using scanning electron microscope (SEM) (ca. 1960), cold cathodoluminescence microscope (CCLM) (Sipple, 1968) and SEM-based cathodoluminescence microscope (CLM) (Pagel et al., 2000; Gomez and Laubach, 2006). Researchers have proposed some classification schemes for micro-fractures. Typically, the micro-fractures were classified by (1) geological origin; structural fractures and non-structural fractures which are subdivided into diagenetic shrinkage fractures, pressolutional stylolites, overpressure fractures (e.g., undercompaction-induced overpressure fractures, hydrocarbon generation-induced overpressure fractures, and HP crushing-induced fractures); thermal shrinkage fractures; dissolution fractures; and weathering fractures (Long et al., 2011; Guo et al., 2014; Pu et al., 2014; Zhang et al., 2014; Wang J. L. et al., 2015; Yuan et al., 2015; Ma et al., 2016; Yuan et al., 2016); (2) position and matrix relationship, interlayer fractures, matrix mineral related fractures, clay mineral related fractures, and organic-related fractures which could be subdivided into intergranular and intragranular fractures (Yang et al., 2013; Liu Y. X. et al., 2015); (3) size of fractures (Wang Y. et al., 2015); and (4) the combination of the above-mentioned methods (Ye et al., 2012; Zhang et al., 2014; Clarkson et al., 2016; Yu et al., 2016; Zhang et al., 2016a).
The content of brittle minerals is also one of the influential factors for shale fractures. There are many brittleness characterization methods based on minerals, such as quartz (Kassis and Sondergeld, 2010), quartz and dolomite (Slatt and Abousleiman, 2011), feldspar and dolomite (in addition to quartz) (Nelson, 1985), and quartz, feldspar and carbonate minerals (e.g., calcite) (Du et al., 2011). Diao (2013) combined the mineral composition method and the rock mechanics method for calculating brittleness index. Zhang et al. (2016a) suggested quartz, dolomite, and pyrite as brittle minerals for brittleness calculation.
In the northern Guizhou Province located in the hinterland of Southwest China, there are two sets of organic-rich black shales in the Lower Paleozoic, i.e., the Lower Cambrian Niutitang Formation and the Lower Silurian Longmaxi Formation. These shale formations are characterized by huge sedimentary thickness, extensive lateral extent, high TOC content, and a relatively high degree of thermal maturation with moderate burial depth, showing great hydrocarbon generation potential. However, they have not been efficiently ascertained with regard to accumulation conditions, enrichment mechanism, and favorable zone distribution due to the complexities in geological setting, sedimentary environment, and tectonic conditions in South China. The main objectives of this paper are to analyze rock mineral composition, petrographic thin sections, TOC, and SEM data to (1) characterize the types and characteristics of fractures, (2) analyze the key factors for the different types of fractures, and (3) determine faults and fractures control on shale gas accumulation.
GEOLOGICAL SETTING
The Well YX1 is located in the Northern Guizhou Province (Figure 1A) which is generally a part of the Yangtze block and adjacent to the North China block, South China fold belt, and Qinghai-Tibet plate (Figure 1B). The tectonic evolution of the Fenggang-1 area is consistent with the regional tectonic evolution in northern Guizhou Province. The northern Guizhou Province has experienced two tectonic and sedimentary evolution stages: The first is the Caledonian-Hercynian period, where the tectonic movements are mainly dominated by tectonic fluctuation and tension, accompanied by intermittent compression, which formed a structural framework of alternative uplift and depression regionally and deposited sedimentary buildings dominated by marine carbonate rocks intercalated with clastic rocks, The second is the Indosinian and later stage. Due to continental collisions started in the Middle-Late Triassic period, tectonic transformation occurred in the study area from tension due to compression and developed a continental sedimentary system. Due to the compressional stress in the southeastern part during the late Yanshan-Himalayan period, the area was dominated by uplifting, folding, and the deposition area was gradually reduced. Northern Guizhou Province is subject to strong SE-NW compressional stress (Jiu, 2014).
[image: F1]FIGURE1 | (A) Location of the Qianbei Area; (B) Location of the Yangtze plate tectonic unit with the studying area in the south of the Yangtze plate; (C) Fracture system of the study area and the well location; (D) a NW-SE trending, structural section with the location shown in (C). And the BB′ is the location of YX1 well offset time profile of Figure 10.
This zone is dominated by compressional deformation, as well as strike-slip features. The long-term interference and superposition of structures developed in different periods shaped the present structural framework characterized by folds and faults in complex configurations. Moreover, there are trough-like folds with tightly-closed synclines and wide, gentle anticlines. The Permian and Triassic strata are mainly preserved in the syncline core, and the Cambrian and Ordovician strata in the anticline core (Figures 1C,D). The Lower Cambrian Niutitang Formation in the study area generally consists of black carbonaceous shale, siliceous shale, mudstone, silty mudstone, and argillaceous siltstone etc., with common fossils such as trilobites, hyolithes, and sponge spicules (Figure 2).
[image: Figure 2]FIGURE 2 | Comprehensive stratigraphic column of the Niutitang Formation in Lower Cambrian of Guizhou Province (Modified by China‘s Stratigraphic Editorial Board, 2009).
The target formation of Well YX1, the Niutitang Formation (∈1n, 1921.7–2034.5 m), is a set of deposits of deep continental shelf–shallow continental shelf facies (Figure 3). Its bottom (2007–2034.5 m) is dominated by black siliceous shale with a large amount of high resistivity fractures as well as pyrites distributing along the formation. Upwardly, the lithology transits to argillaceous siliceous shale and silicon-rich argillaceous shale due to the gradual increase of shale content, with much less pyrite content (1996.5–2007 m). Its middle-upper part (1921.7–1996.5 m) is dominated by silty mudstone, with dark grey argillaceous siltstone locally, and rare pyrite. Its lower part (1996.5–2034.5 m) has an organic content (TOC of 2.17–9.36% or 5.8% on average, mainly Type II1), suggesting a set of self-generation and self-preservation shale gas reservoirs. According to the analysis of the core data, the Niutitang Formation of Well YX1 has a porosity of 0.85–4.51% (2.23% on average) and a permeability of (0.0031–0.0125)×10–3 μm2 (0.0064 × 10–3 μm2 on average), presenting as a low-porosity and low-permeability reservoir.
[image: Figure 3]FIGURE 3 | The comprehensive column of the characteristics of shale fracture development in the Niutitang Formation of Well YX1. BRT represents brittleness index, EH represents dynamic Young’s modulus, PRH represents dynamic Poisson’s ratio, PPRS represents pore pressure and Dvf represents volume density of fractures.
SAMPLES AND METHODS
Shale Sample Tests
Shale core samples were taken from the Niutitang Formation of Well YX1 for whole rock and clay mineral X-ray diffraction analysis (24 samples), TOC test (52 samples), SEM analysis (24 samples) and thin section observations (18 samples).
The whole rock and clay minerals X-ray diffraction analysis was conducted with the Panalytical X ‘Pert PRO MPD multi-functional X-ray diffraction analyzer under the temperature of 24°C and the environmental humidity of 35% in Beijing Research Institute of Uranium Geology. The samples were exposed in Cu-Kα X-ray with characteristic wavelength of 1.5418Å after oil washing, drying, and grinding and then scanned at the rate of 4°/min within the range of 3–85° (2θ) to obtain the diffraction data. The relative mass percentages of minerals were determined by the semi-quantitative method using the peak area of each mineral in the diffraction data curves obtained, and then corrected for Lorentz Polarization (Pecharsky and Zavalij, 2003). Based on the X-ray diffraction data, the sedimentary background, diagenetic evolution stage, and rock mechanics characteristics of the fractured formation are studied.
The TOC test was completed under the room temperature of 25°C and the environmental humidity of about 60% in Geochemical Experiment Center of Yangtze University. The samples were stripped of inorganic carbon by using the diluted hydrochloric acid with VHCl: VH2O of 1:7, and then burned in a high-temperature oxygen stream to convert total organic carbon to CO2. Finally, the TOC was determined using the LECO CS230 carbon-sulfur analyzer. Based on the TOC data, the sedimentary background and the influence of TOC content on fractures are studied.
The field emission scanning electron microscope (FESEM) analysis was performed in China University of Geosciences (Beijing). The samples were ground into sections in 1 cm × 1.2 cm and polished by argon ion, with the 10–20 nm thick gold films applied on the polished surface to increase the electrical conductivity. Then, the samples were observed using the Zeiss SUPPA55 FESEM. Based on the FESEM data, the microfractures and sedimentary background are studied.
Representative samples with different fracture fillings were selected from the core sections and then ground into thin sections of 2 cm × 2 cm. Then, the types, geometry, and intersection of such fillings were observed under the OLYMPUS Polarization Microscope.
Fracture Description Method

(1) In this study, macroscopic and non-structural fractures and filling characteristics of fractures in YX1 well were introduced. Microscopic fractures are mainly studied for non-structural fractures. From the tectonic setting, depositional, and diagenetic evolutions, the factors influencing the development of fractures were analyzed. Finally, the effects of fault and fracture on shale gas preservation were analyzed.
(2) A brief introduction to the V-R-H model is used in Section 5.3.2.
Voigt (1910) proposed an equal strain averaging model on the assumption that all components have the same strain:
[image: image]
Where MV——The elastic modulus of mixed media in Voight model; fi——The volume fraction of the i-th medium; Mi——The elastic modulus of the i-th medium.
Reuss and Angew (1929) proposed an equal stress averaging model on the assumption of the same stress for each component:
[image: image]
Where MR——The elastic modulus of mixed media in Reuss model; the meanings of fi and Mi are the same as those of the Voight model.
Hill (1952) established the Hill model. In the V-R-H model, the Voigt Model and Reuss model represent the upper and lower bounds of the values of elastic modulus and Poisson’s ratio, and the V-R-H model represents the mean of both parameters. The V-R-H model can significantly improve the accuracy of the estimation results.
[image: image]
RESULTS
Lithofacies and Mineral Composition
Lithofacies
Based on the whole rock X-ray diffraction analysis results and TOC content, and according to the lithofacies classification by “three end members of rock minerals + sedimentary microfacies” proposed by Wang Y. F. et al. (2016), two typical lithofacies combinations were identified in the Niutitang Formation (Figure 4A), i.e., deep continental shelf facies combination (Wang R. Y. et al., 2016b) and shallow continental shelf facies combination (Wang R. Y. et al., 2016b). The former (2.17% < TOC<9.36%) includes siliceous shale (SS) facies, calcareous-siliceous shale (CSS) facies, and calcareous shale (CS) facies, revealing a high abundance of organic matters. The latter (0.29% < TOC<1.14%) includes clay-siliceous shale facies with poor organic matters.
[image: Figure 4]FIGURE 4 | (A) The lithofacies ternary diagram of the Niutitang shale of Well YX1; (B) Mineralogical ternary diagram of shales.
Rock Minerals
The whole rock and clay X-ray diffraction analysis result of 24 samples show that the minerals vary in the whole formation, with quartz and illite (a clay mineral) recording the highest content, followed by plagioclase, dolomite, and pyrite (Figure 5). All minerals in target intervals were divided into three types (clay, quartz–feldspar–pyrite, and carbonate), and mapped to a mineral triangle (Figure 4B). According to comprehensive analysis, in view of clay, which is dominated by illite and chlorite, the clay content ranges between 8.7% and 47.1% with an average of 31.5%, and reduces gradually from shallow layer to deep layer, showing plasticity in the shale. In view of quartz–feldspar–pyrite, which is dominated by plagioclase, the quartz–feldspar–pyrite content ranges between 37.4% and 76.7% with an average of 56.1%, and it is generally lower in the lower part than that in the upper part These types of minerals are commonly believed to be brittle which is conducive to fracture generation. In view of carbonate, the carbonate content varies greatly between 0.0% and 54.0%, with an average of 12.4%, and it increases gradually from shallow layer to deep layer; especially as the dolomite content increases rapidly. This set of organic-rich shale has similar mineral composition and brittle minerals content to the Barnett shale and Woodford shale in the US.
[image: Figure 5]FIGURE 5 | The mineral composition of the Niutitang shale of Well YX1.
Fractures
Fracture Types
Core observation and description reveal the presence of complex fractures in the Niutitang Formation of Well YX1. These fractures are divided into structural fractures and non-structural fractures by geological origin (Ding, 2015). In this classification, all fractures related to structural processes are classified as structural fractures. The structural fractures in this study area, which are the most abundant, are subdivided into shear fractures, extensional fractures, and tensional-shear fractures (Figure 6) (Liu et al., 2008). The non-structural fractures mainly include bedding fractures and overpressure fractures (Ding, 2015; Yuan et al., 2016).
[image: Figure 6]FIGURE 6 | Fractures in the cores of the Niutitang shale of Well YX1. (A) 2019.4 m, high dip-angle shear fracture with the small-sized rhombic block filled by calcite; (B) 1998.25–2000.83 m, calcite -filled vertical shear fractures of 258 cm long and 1–3 mm wide; (C) 2024.7 m, low dip-angle slip fracture with scratches and steps developed; (D) 2019.3 m, horizontal slip fracture with a smooth mirror; (E) 2022.6 m, branched-shaped extensional fractures filled by calcite; (F) 1985.6 m, network extensional fractures filled by calcite; (G) 2006.0 m, parallelly arranged tensional-shear fractures with small branches and filled by calcite, the tensional-shear fractures were split by the slip fracture; (H) 1988. m, Jagged and calcite-filled tensional-shear fractures formed by tracking the X-type conjugate shear joints; (I) 1987.0 m, Jagged and calcite-filled tensional-shear fractures formed by tracking the X-type conjugate shear joints. The left side of the core has low dip-angle slip fracture; the right side was crushed and filled by calcite. (J) 2012.0 m, network fractures were formed by the conjugate shear fractures and the low dip-angle fractures associated with extensional fractures. The narrow fractures were filled with calcite, and the larger fractures were filled with calcite and quartz. (K) 2010.2 m, diagenetic bedding fractures; (L) 2004.0 m, overpressure fracture filled by pyrite, fibrous calcite and quartz.
Types and characteristics of structural fractures in the study area are described as follows.
Shear Fractures
The shear fractures are dominated by vertical or high dip-angle structural fractures, with long extension and straight fracture surface, or an occasional shear-sliding-induced striation. They are often developed directionally in groups and mostly filled. The shear fractures in Well YX1 are long, up to 2.58 m (Figures 6A,B). Slip fractures, another common type of shear fractures in the study area, have small dip angles, and generally occur in the horizontal direction or in a low dip-angle. Such fractures result from shearing along the weak mudstone formations under tectonic compression or extension (Zeng et al., 2007), with striation and mirror features on fracture surfaces (Figures 6C,D).
Extensional Fractures
The extensional fractures are characterized by unstable occurrence and short extension. Single extensional fractures are short and slightly curvy. The fracture surfaces are rough, without striation. The extensional fractures in the study area are mostly irregularly dendritic or net-shaped and filled (Figures 6E,F).
Tensional-Shear Fractures
Compared with high dip-angle shear fractures, the tensional-shear fractures have greatly varied fracture surface flatness, dip angle, and openness. Some main fractures may be associated with small branch fractures. Similarly, the tensional-shear fractures are developed directionally in groups and mostly filled by calcite (Figure 6G).
In addition, the serrated extensional fractures formed by traceable X-conjugate shear joint were detected in the study area (Figures 6H,I). Generally, different types and periods of fractures often appear in combinations (Figures 6I,J), reflecting the complex tectonic setting in the study area.
Types and characteristics of non-structural fractures in the study area are described as follows.
Bedding Fractures
As the most common type, the diagenetic bedding fractures are usually represented by horizontal fractures (Figure 6K). They are the product of under alternating hydrodynamic conditions (strong and weak), and easy to split due to their weak mechanics (Long et al., 2011). The bedding fractures act as favorable reservoir space, and are also main flowing channels for shale reservoir fluids, being conducive to improve the reservoir preservation and seepage capacities (Hu et al., 2014).
Overpressure Fractures
Hydrocarbon generation, the expulsion of the organic-rich shale in certain conditions, or the formation of abnormal pore fluid pressure in the thick shale during a rapid burial stage, as well as other factors, might give rise to overpressure fractures (Kobchenko et al., 2011; Yuan et al., 2016). The overpressure fractures are generally irregular, not in groups, and often filled by calcite, pyrite, or quartz occasionally (Figure 6L). Antitaxial fibrous calcite veins, containing hydrocarbon inclusions, and parallel to shale bedding in shaly source rocks, (Figures 7D,E) can serve as markers for hydrocarbon expulsion and migration under abnormal high pressure within the petroliferous basin, and are also important evidence of hydrocarbon generation in shaly source rocks and primary migration of hydrocarbons (Wang M. et al., 2015). In addition, when the pore fluid pressure in the overpressure system is greater than the tensile strength of the sediments, vertical fractures can also be formed (Bour and Lerche, 1994).
[image: Figure 7]FIGURE 7 | Micrographs of the fracture fillers of Niutitang shale. (A) 1926.53 m, syntaxial blocky calcite vein, the calcite vein with better crystal status has the characteristics of multistage growth, orthogonal light; (B) 1929.77 m, calcite-filled fracture, the calcite vein with poor crystal status has the characteristics of multistage growth, plainlight; (C) 1999.76 m, syntaxial stretching calcite vein with the characteristics of multistage growth, orthogonal light; (D) 1990.46 m, antitaxial fibrous calcite- and quartz-filled fracture with the competitive growth of calcite and quartz, orthogonal light; (E) 2003.94 m, antitaxial fibrous calcite-filled fracture, the bending of the fibers was formed by progressive deformation of the crystal growth, orthogonal light; (F) 2024.05 m, fractures were first filled with calcite and later converted by hydrothermal quartz, orthogonal light; (G) 2029.8 m, fractures were first filled with calcite and later converted by hydrothermal quartz. The dolomite in contact with the quartz has the typical characteristics of saddle dolomite, plainlight; (H,I) 1987.52 m, the quartz-filled fractures formed in the early stage and the later formed the dolomite-filled fractures, orthogonal light; (J,K) 2026.81 m, there are four stages of fractures, followed by dolomite-filled low dip-angle fractures, dolomite-filled or dolomite/calcite filled rightward dipping fractures, calcite-filled leftward dipping fractures and slip fractures, plainlight; (L) 2029.8 m, two stages of dolomite-filled fractures, plainlight.
As shown in Figure 3 and Table 1, fractures are mainly developed in the upper part (1988.5–2034.21 m) and the lower-middle part (1926.5–1935.5 m). The lower part (2011.5–2034.2 m) contains more fractures than the upper and lower-middle parts (1988.5–2009.5 m). According to the statistics of structural fractures in shale core samples (Figure 8), the structural fractures are dominated by high dip-angle and vertical fractures and horizontal fractures are mostly slip fractures (Figure 8A). The fracture length ranges between 0 and 5 cm, followed by 5–10 cm (Figure 8B). The fractures with aperture ≤1.0 mm are overwhelming (Figure 8C). In view of filling, 93.4% of the fractures are filled and the unfilled fractures are mostly low dip-angle slip fractures. These characteristics are similar to those of fractures in shale gas wells in the southeastern Chongqing–northern Guizhou region, South China (Wang R. Y. et al., 2016a). The imaging logging data suggest the dominance of high resistivity fractures, high conductivity fractures, and small faults in Well YX1. High-resistivity fractures are not completely filled with high-resistivity minerals such as calcite, and they rather have a certain aperture, belonging to effective fractures. Fracture gaps are nearly or completely filled with igh-resistivity minerals (calcite), showing poor effectiveness. The high resistivity fractures strike in nearly NS with the dip angle of 52° (Figures 8E,H), and are mainly distributed between 2014.0 and 2030.5 m, which is consistent with the core observation results. The high conductivity fractures and micro-faults mainly strike in NNE-SSW (Figures 8D,F), with the dip angle of 58° (Figure 8G) in dominance and between 14° and 78° (Figure 8I), respectively. The high conductivity fractures, micro-faults, and high resistivity fractures are all moderate—high dip-angle fractures in terms of occurrence. The high conductivity fractures are mainly distributed in 1927–1930 m, with low dip-angle, and the high dip-angle unfilled fractures with a length of 0.5 m or more are also observed, which is consistent with the core observations in this interval (Figure 8).
TABLE 1 | Comparison of the mean values of fractures developed and undeveloped.
[image: Table 1][image: Figure 8]FIGURE 8 | The characteristic parameters of the fractures in cores of Niutitang shale. The structural fractures are dominated by high dip-angle and vertical fractures (A); the fracture length ranges between 0 and 5 cm, followed by 5–10 cm (B); the fractures with aperture ≤1.0 mm are overwhelming (C); the high resistivity fractures strike in nearly NS with the dip angle of 52° (E,H); the high conductivity fractures and micro-faults mainly strike in NNE-SSW (D,F), with the dip angle of 58° (G) in dominance and between 14 and 78° (I), respectively.
Fracture Cement
Fractures in the Niutitang Formation shale reservoir of Well YX1 show variable features under the microscope. They vary greatly in shapes and intersect in multiple manners. The fillings are diverse in type and variable in contact relationships. Figures 7A–C show the fractures filled by calcite, which grew in multiple periods and are different in crystal form. Figure 7D shows the fractures filled by fibrous calcite and quartz, which present obvious competent growth. Figure 7E shows the fractures filled by fibrous calcite or fibrous quartz occasionally. The fibrous waviness shown in Figures 7D,E resulted from the progressive deformation during the crystal growth (Durney and Ramsay, 1973; Ramsay, 1980). Figure 7F shows the fractures with small aperture and filled by quartz and the fractures with large aperture and filled by quartz-surrounded calcite. The latter is supposed forming due to the late hydrothermal transformation of quartz. Figure 7G shows the fractures filled by quartz in the center, indicating saddle dolomite adjacent to the quartz and fine-crystalline dolomite at the periphery. The saddle dolomite is an important indicator for hydrothermal transformation (Xu, 2009), suggesting that such fractures were attributed to the early dolomite filling and the late hydrothermal transformation of quartz. Figures 7H,I show the quartz-filled fractures and dolomite-filled fractures, with the former appearing earlier. Figures 7J,K reveal four stages of fractures, including low dip-angle dolomite-filled factures which were formed the earliest, right-dipping dolomite-filled or dolomite surrounded calcite-filled fractures, left-dipping calcite-filled fractures, and strike-slip fractures which break the first three stages of fracture. Figure 7L presents two stages of dolomite-filled fractures. All these characteristics of micro-fractures clarify the complex tectonic setting of this area.
On the whole core section, fracture fillings of the Niutitang Formation of Well YX1 are dominantly quartz and calcite in the upper part, and calcite, quartz and dolomite in the middle-lower part, followed by pyrite or anhydrite occasionally.
Micro Non-structural Fractures
Fractures having apertures of less than 0.1 mm are termed “microfractures” (Laubach, 2003; Anders et al., 2014). Based on the SEM data, micro-fractures in the Niutitang Formation of Well YX1 are found as structural and non-structural, here focusing on non-structural fractures. According to the classification proposed by Yang et al. (2013), the non-structural fractures are divided into organic matter related fractures (e.g., fractures around the organic matter edge and fractures within the organic matter) and inorganic mineral related fractures (e.g., matrix mineral intergranular fractures, matrix mineral intragranular fractures, clay mineral intergranular fractures, and clay intragranular fractures). These micro-fractures are observed with the following characteristics. First, the structural micro-fractures (Figure 9A) are developed in mineral matrix, with flat form or serrated edges. In contrast to non-structural factures, these structural micro-fractures are generally large in size, with width of several hundreds of nanometers to microns and length of tens of microns to millimeters, even covering the whole section surface. Second, the fractures around the organic matter edge (Figure 9B) and fractures within the organic matter (Figure 9C) are micro-fractures derived from the volume variation of organic matters as a result of hydrocarbon generation and expulsion (Zhang et al., 2016b). These fractures are wide for dozens to hundreds of nanometers, with length depending on the organic matter size. Third, the shale matrix minerals include quartz, feldspar, calcite, dolomite, pyrite and other brittle minerals. The matrix mineral intergranular/intragranular fractures were generated in such minerals at certain burial depth subject to phase transition (Wu et al., 2005), dissolution, and external force between or on crystalline grains, and due to the cleavage feature of the minerals, under certain temperature and pressure. Such fractures are generally small, with their length and width restricted by the size of crystalline grains (Figures 9D–G). Fourth, the clay mineral intergranular/intragranular fractures were mainly generated along with the syneresis and pressure-solution of clay minerals (Zhou et al., 2015). A large quantity of micro-fractures are observed under SEM among the silk and crinkled flake illites, with the width ranging from dozens to hundreds of nanometers or even up to 1 μm, and excellent connectivity (Figures 9H, I).
[image: Figure 9]FIGURE 9 | Characteristics of the micro-fractures of the Niutitang shale. (A) 2014.53 m, micro-structural fractures; (B) 1939.94 m, fractures around the organic matter edge and fractures within the organic matter; (C) 1971.14 m, intra-organic matter fracture; (D) 1927.22 m, the intergranular micro-fracture of calcites; (E) 1999.31 m, the intergranular micro-fracture of pyrites; (F) 1985.65 m, the cleavage micro-fractures of mica; (G) 1939.94 m, the grain breakage fracture of feldspar; (H) 1963.92 m, the intergranular fractures of mud particles; (I) 1966.73 m, the directional arrangement of the flake clay minerals such as illite formed intergranular fractures.
DISCUSSION
Dominant Factors of Fractures in Shale
This study suggests that the development of fractures in shale is mainly controlled by multiple complicated factors, either structural or non-structural, including tectonic setting, sedimentary environment, diagenetic evolution, lithological and mineral composition, organic carbon content, organic matter evolution, rock mechanics, and abnormal high pressure (Ding et al., 2012; Zhang et al., 2015; Wang et al., 2018b; Miao et al., 2020; Wang et al., 2021).
Tectonic Background
In the Upper Yangtze region, northern Guizhou Province, the marine shale experienced deep burial (highly-evolved) in the early stage and strong uplifting, severe denudation and intense deformation in the late stage, along with the polycyclic evolution and multiphase tectonic superimposition and transformation (Cheng et al., 2015). This tectonic setting can be reflected by the complex characteristics and filling periods of fractures within cores from Well YX1.
Xu et al. (2017) considered that the Yanshanian period was the strongest tectonic movement during the past tectonic movements in the study area. The direction of maximum principal stress is NW-SE and the direction of minimum principal stress is NE-SW. F1 - F3 are major faults striking NNE, which were formed before the Yanshanian period and basically controlled the shape and scope of the syncline and anticline in this area; The Xieba anticlinorium, which is close to the Well YX1, was formed in the Yanshannian period. The major faults in the Xieba anticlinorium are in NE and NNE directions and the faults striking NW were also developed to a certain degree. The intersections between multistage systems are presented in this paper. The anticline has a box-shaped feature with an open core and a dip angle of only about 10°. The two wings suddenly become steep with a flexural structure. Although there is no rupture in the sharply deformed flexures, the calcite veins are extremely developed. From imaging logging data of Well YX1, the trend of high-resistivity fractures is mainly near SN, while that of high-conductivity and micro-faults mainly strike NNE-SSW. The strike of natural fractures in Well YX1 is almost consistent with that of F2 and faults in the Xieba anticlinorium. The fracture development is controlled by the major faults. Due to the complex geomorphological and geological conditions, the quality of 2D seismic data in this area is poor. Based on YX1 well offset time profile, and combined with well-side structure analysis based on FMI data, there might be the development of a small thrust fault crossing Well YX1 (Figure 10).
[image: Figure 10]FIGURE 10 | YX1 well offset time profile. Refer to Figure 1C for the location of the profile.
Affected by the current stress field, drilling induced fractures and sidewall cavings associated with current stress fields occurred during drilling (Dai et al., 2014). In the FMI image of Well YX1, the drilling induced fractures that were well developed, trending NEE-SWW (Figure 11A). The sidewall caving analysis indicates that the direction of the lowest horizontal principal stress near the well is NNW-SSE (Figure 11B). Based on the above information, the direction of present maximum horizontal principal stress in this well can be judged to be NEE-SWW, with direction of the minimum horizontal principal stress being NNW-SSE. The strike of high-conductivity fracture in Well YX1 is NNE-SSW. Willis and Wallroth (1995) proposed that the current fracture apertures are inversely proportional to the normal stress on the fracture surface. It can be seen from above that when the direction of fractures is perpendicular to the direction of the maximum principal stress, the normal stress on the fracture surfaces is the largest and the fracture closure degree is high. When the fracture direction is perpendicular to the direction of the minimum horizontal principal stress, the normal stress on the fracture surfaces is the smallest, and the current facture apertures are large. Compared with the high-resistivity fracture mainly striking SN, the angle between the striking of the high-conductivity fracture and the present horizontal principal stress is closer to 90°, and they are easier to maintain their apertures.
[image: Figure 11]FIGURE 11 | Drilling induced fractures trend NEE-SWW (A) and sidewall cavings trend NNW-SSE (B).
Sedimentary Environment
Both lithological/mineral composition and organic carbon content imply the influences of sedimentary environment on fractures within the shale reservoir. Domestic researchers conducted an in-depth investigation on the sedimentary environment of the Lower Cambrian Niutitang Formation black shale which is widely distributed in the South China (Guo et al., 2004; Chen et al., 2006; Zhao et al., 2006; Yuan et al., 2007; Yang et al., 2009; Wu et al., 2014), and proposed that the black shale was deposited as continental shelf facies along with the anoxic event during the Qiongzhusi Age (which was synchronous to the oceanic anoxic event during the Early Tommotian Age), when the sea level rose globally and the oceanic current upwelled to bring about the prosperous bacteria and algae, which resulted in an anoxic and reducing environment. The black shale formed in such environment has high organic abundance and favorable types.
Based on observation of cores from Well YX1, pyrite generally exists between black shale layers in nodular, lenticular, disseminated, or stratified form. The framboidal pyrite, a spherical aggregation composed of microcrystals, is common under SEM, and it is a sedimentary mineral with rich organic matter, indicating a long-period anoxic sedimentary environment (Beveridge et al., 1983; Jørgensen et al., 2009). Total content of pyrite is high in fractures-developed intervals, becomes lower and stable upwards, and shows a good positive correlation with the organic carbon content (Figures 3, 12A). This suggests that the strong reducing sedimentary environment is favorable for enrichment of organic matters. Wang et al. (2014) and Liang et al. (2014) believed that the seafloor hydrothermal activity occurred during the deposition of the Niutitang Formation shale, and the injection of underlying acidic hydrothermal fluids intensified the oxygen-deficiency at bottom of the Niutitang Formation, thereby improving the preservation conditions of organic matter. The existence of numerous barytocalcite, a kind of epithermal mineral, in the Niutitang Formation shale of Well YX1 is a stark example.
[image: Figure 12]FIGURE 12 | Relationships between mineral contents and TOC of Niutitang shale. (A) Total content of pyrite shows a good positive correlation with TOC; (B) the clay mineral content is negatively related to TOC; (C) the quartz content for shallow continental shelf facies is stable and for deep continental shelf facies the quartz content has a positive correlation with TOC; (D)the contents of quartz and carbonate show an obvious negative correlation.
As one of the main components of black shale, quartz was supplied by a variety of sources, such as hemipelagic mud (from shallow continental shelf), and biological skeleton residue. Burial of siliceous organisms (e.g., radiolarian) resulted in high silica content in shale, which is also closely related to the organic matter content (Li et al., 2009). Qin et al. (2010) also suggested that the increase in quartz content of the black shale might be controlled biologically by plankton, benthos, and fungi. The study on correlation between TOC and quartz content (Figure 12C) shows that the quartz content for shallow continental shelf facies is stable and has no obvious correlation to TOC. For deep continental shelf facies the quartz content has a positive correlation with TOC. It is worth noting that the contents of quartz and carbonate (mainly dolomite) show an obvious negative correlation (Figures 3, 12D). Even if the quartz content reduces, the high carbonate content can still keep the black shale in excellent brittleness, showing a tendency to generate natural fractures and artificially induced fractures.
The clay mineral content is negatively related to the organic matter abundance (Figure 12B), which is inconsistent with the general view that high clay mineral content must correspond to high organic matter content. Deep water and far provenance were not favorable for transportation and deposition of terrigenous clastic and clay with water in a deep continental shelf sedimentary environment (Nie and Zhang, 2012). These results indicate that, in a deep continental shelf sedimentary environment, the closer to the abyssal region, the farther the provenance, the lower the contents of clay and shale, and the higher the relative content of silicon (e.g., quartz).
Rock Mechanics and Brittleness
Rock Mechanics
Under the same stress field, the development of fractures derived from shale breakage is closely related to the rock mechanics of shale; especially, the shale with high elastic modulus and low Poisson’s ratio is more brittle and likely to generate fractures (Ding et al., 2012). Based on the results of whole rock X-ray diffraction analysis, the shale elastic modulus and Poisson’s ratio were calculated using the Voigt-Reuss-Hill (V-R-H) average model, which was established with the average of the Voigt (1910) upper limit and the Reuss and Angew (1929) lower limited proposed by Hill (1952). The calculation results indicate that the fracture-developed sections are characterized by high Young’s modulus (E/GPa) and low Poisson’s ratio (ϒ) (Figure 3; Table 1). The calculated Young’s modulus and Poisson’s ratio of minerals are shown in Table 2. Similar to other shale gas reservoirs, the Niutitang Formation shale reservoir in the study area has high elastic modulus, Poisson’s ratio, and high fracturability.
TABLE 2 | Summary of elastic parameters of common minerals in shale.
[image: Table 2]Schlumberger Company conducted the logging interpretation of rock mechanics. However, abnormal changes in dynamic Young’s modulus and Poisson’s ratio well logs occur in the fractured interval due to many factors, for example, mass fractures reduce the mechanical strength of shale (Yu, 2013), borehole instability, and TOC content (Liu S. L. et al., 2015). The base lines, namely, the averages of Young’s modulus and low Poisson’s ratio for well sections with continuous and smooth logs, were overlapped (Figure 3), revealing that the zones with a certain area difference correspond well to the fractures-developed zones. Fracture-developed sections often broke in the process of coring; thus, the core-breaking sections of Well YX1 also well correspond to the above zones (Figure 3).
Brittleness
The content of brittle minerals influences the fracture development in shale. The higher the brittle mineral content, the more brittle the rock , and the more easily natural fractures are generated (Zou et al., 2010). According to the whole rock X-ray diffraction analysis, minerals in the Niutitang Formation of Well YX1 include quartz, clay, plagioclase, dolomite, pyrite, and calcite, in a descending order of content. Compared with the fracture-undeveloped sections (Table 1), the fracture-developed sections have much higher contents of plagioclase, dolomite, and pyrite, but remarkably lower content of clay. In general, the quartz content shows minor variation; however, in the 2011.7–2034.21 m interval, where the volume density of fractures (Dvf) is very large, the quartz content is 39.4% on average, up to 54.5%. Previous studies adopted different brittle minerals depending on study areas, and accordingly, in this study, the numerical simulation was used to analyze the variation of elastic modulus and Poisson’s ratio with content of minerals. The average volume fraction of main minerals was estimated with the known average mass fraction (Table 2). The result indicates that the clay minerals, showing the most significant change of volume fraction with the mass fraction, have the smallest density. For Well YX1, the average volume fraction of quartz, a commonly-recognized brittle mineral, was selected and defined as a constant of 36.0%, and the V-R-H model was used to simulate the variation of elastic modulus and Poisson’s ratio with the clay mineral content for plagioclase, dolomite, pyrite, and calcite. The V-R-H model simulation results show that (Figure 13), within the respective mineral volume fraction, the slopes of the Young’s modulus fitting of pyrite, dolomite, calcite, and plagioclase is 1.78, 1.70, 0.60 and 1.05, respectively, and that of the Poisson’s ratio fitting is -1 × 10–3, -8 × 10–4,6 × 10–5 and 6 × 10–4, respectively. The larger the slope of Young’s modulus fitting, the smaller the slope of Poisson’s ratio fitting, indicating that the influence of minerals on Young’s modulus and Poisson’s ratio is greater. Therefore, the decreasing influence of the four minerals on Young’s modulus and Poisson’s ratio is pyrite, dolomite, plagioclase, and calcite. It can be seen that the Young’s modulus increases and the Poisson’s ratio decreases as the contents of dolomite and pyrite increase, suggesting increasing brittleness. When the contents of plagioclase and calcite increase, the Young’s modulus increases but the Poisson’s ratio does not change greatly or tends to increase slightly (Figure 13). Accordingly, quartz, dolomite, and pyrite were taken as brittle minerals to calculate brittleness index in this study (BRT, Figure 3). It is found that the calculation results coincide with the fracture development (Table 2).
[image: Figure 13]FIGURE 13 | Elastic parameters versus pyrite (A,B), dolomite (C,D), calcite (E,F) and plagioclase (G,H) content, respectively.
Different fracture presence in rocks with varied litholgies reflect macroscopically the heterogeneity of rock minerals. This study reveals the presence of fractures for siliceous shale facies, but non-presence of fractures for mixed shale facies. However, for the same lithofacies, fracture presence may be different due to the small difference in mineral composition. For mixed shale facies, fractures are more developed in the sandy mudstone with higher sand content and the fractures developed in silty mudstone are found terminating in mudstone through core analysis (Figure 12G). Similarly, the lithologic heterogeneity of siliceous shale facies leads to the difference in fracture development (Figure 12H).
TOC Content
It is generally believed that under the same mechanical background, that the organic carbon content is one of the important factors influencing the development of fractures (Wang R. Y. et al., 2015). From the top of Niutitang Formation to 1996.5 m, the TOC content is between 0.29% and 1.14%, averaging on 0.73%; from 1996.5 m to the bottom of Niutitang Formation, it ranges between 2.17% and 9.36%, with an average of 5.8%, which is obviously higher than the middle-upper sections. The organic carbon content is closely correlated with fracture development. The net-like fractures and low dip-angle slip fractures are very well-developed in the middle-lower sections with high TOC. Figure 3 shows that the slip fractures are concentrated in the areas with high TOC—averagely 6.7%. Sayers (1995) and Hill and Nelson (2000) considered that the organic matter in shale have much weaker physico-mechanical properties than other minerals, and the organic matters result in small cohesion and internal friction angle of shale, thereby, greatly reducing the anti-shear ability, so that the shale may break to generate low dip-angle slip fractures and net-like fractures. Ding et al. (2012) made a statistical analysis on large shale gas reservoirs in China and abroad and also indicated that the higher the organic matter content, the better the fractures and micro-fractures develop.
Diagenetic Evolution and Hydrocarbon Generation
Both diagenetic evolution and hydrocarbon generation from organic matter within shale might produce abnormal fluid pressure (Kobchenko et al., 2011; Nguyen et al., 2013), which has apparent influences on the development of micro-fractures. Rock often breaks to generate micro-fractures when the pore fluid pressure exceeds the minimum principal stress and the tensile strength of the rock (Jones, 1981). The abnormal pressure in strata may counteract the confining pressure to a certain extent, so that the effective stress acting on the rock diminishes and the Mohr’s stress circle moves leftward as a whole to approach the rock rupture envelope, making the rock more prone to breakage. When the abnormal fluid pressure reaches a certain value, the minimum principal stress changes from positive (compressive stress) to negative (tensile stress), forming extensional fractures perpendicular to the minimum principal stress (Zeng and Li, 2010).
The evolution and combination of clay minerals can reflect the diagenetic stage and maturity. The clay minerals in the Niutitang Formation of Well YX1 contain abundant illite (average mass fraction of 78.5%), I/S layer and chlorite, without kaolinite, illustrating Phase B of late diagenetic stage, which corresponds to the evolution stage of high maturity and over-maturity. Micro-fractures in the clay minerals exist mainly among grains of illite. Hydrocarbon generation from organic matter induced fractures around the organic matter edge and fractures within the organic matter. However, with the further increase of organic matter maturity, pores, and fractures associated with organic matter decrease in size. Zhao et al. (2018) proved in their study on the characteristics of Niutitang Formation shale in western Hunan-Hubei region that high evolution could lead to the carbonization of shale with high abundance, thus diminishing the quantity of organic pores and fractures. Yang et al. (2016) discovered a positive correlation between the desorbed gas volume and the micro-fracture volume ratio when they investigated the relationship between micro-fracture development and gas content. Highly-evolved organic pores and fractures are not developed well in the Niutitang Formation shale of Well YX, which is not favorable for the shale gas adsorption and accumulation.
In conclusion, based on the above analysis, tectonic background, rock mechanics, brittleness, and TOC content are the main factors of structural fractures, the bedding fractures in non-structural fractures are mainly controlled by sedimentary environment, while the overpressure fractures are mainly affected by diagenetic evolution and hydrocarbon generation.
Control of Faults and Fractures on Shale Gas
The shale in Well YX1 is characterized by large thickness (nearly 40 m), high abundance of organic matter (average TOC of 5.8%), high–over maturity, presence of matrix pores (average porosity of 3.2%), and part of the fractures have a certain aperture, presenting favorable evidence for “geological sweet spots”. Moreover, it is dominated by siliceous shale facies, with comparable elastic modulus, Poisson’s ratio, and brittleness to other global shale gas reservoirs (Abousleiman et al., 2007; Sone and Zoback, 2010; Koesoemadinata et al., 2011; Kumar et al., 2012; Li et al., 2012; Wang R. Y. et al., 2016b), recording as good conditions for “engineering sweet spots”. Therefore, the key factors for why the shale gas of Well YX1 cannot form industrial gas flow may be attributed to fault and fracture damage to the reservoir. According to the available shale gas accumulation mechanism, the primary shale gas reservoir should be in abnormal high pressure (Zhang et al., 2004). However, according to the pore pressure logging results (Figure 3), the pore pressure of the Niutitang Formation in the well ascends gently from top to bottom, without occurrence of overpressure. The Barnett, Marcellus, and Haynesville shale plays in the US are characterized by obvious overpressure (Li et al., 2007; Liang and Yu, 2016). After years of exploration, people gradually realized that due to the complex tectonic background of marine shale in southern China, it is necessary to consider formation pressure as a key parameter for shale gas reservoirs (Liang and Yu, 2016; Liu et al., 2021).
Based on the formation dip-angle data, the occurrence of organic-rich shale reservoir in this well is similar to the underlying and overlying strata, but varies greatly within reservoir itself (Figure 3). Compared with the upper and lower strata, the strata of a 2010–2030 m interval tends to deflect clockwise by approximately 90°, indicating that there is obvious deformation in this interval. Moreover, a lot of natural fractures are found in the cores taken from this interval, and most of them cut rock layers in net-like manner, as proved by core breaking and crumpling. In summary, the phenomena of variance in stratigraphic occurrences and development of a large number of fractures all indicate that faults or folds may be developed near 2010–2030 m. The two-dimensional geological data and well-side structure analysis also confirm this view (Figure 10). Faults or folds communicate with other formations, resulting in the escape of shale gas and damaging the overpressure environment. Therefore, it is very favorable for shale gas reservoirs to form small-scale fractures due to tectonic movements without large faults or fractures.
CONCLUSION

(1) Macro fractures are common in the Niutitang Formation, which can be divided into structural fractures and non-structural fractures. The structural fractures, being dominant, can be divided into shear fractures (e.g., high dip-angle shear fractures and low dip-angle slip fractures), extensional fractures, and tensional-shear fractures. The non-structural fractures are represented by bedding fractures and overpressure fractures. Macro-fractures are mostly filled with diverse fillings which represent varied morphologies and contact relationships under microscope. The fillings include calcite, quartz, dolomite, and pyrite, as well as anhydrite occasionally. The staggered relationships of fractures prove the complexity of tectonic movements in the study area. The Niutitang Formation shale reservoir of Well YX1 has micro-fractures with the dominance of non-structural fractures, which can be divided into organic matter related fractures (e.g., fractures around the organic matter edge and fractures within the organic matter) and inorganic mineral related fractures (e.g., matrix mineral intergranular fractures, matrix mineral intragranular fractures, clay mineral intergranular fractures, and clay intragranular fractures).
(2) The formation of structural fractures in Well YX1 is mainly controlled by the major fault. The influence of mineral composition and content, mechanical properties, brittleness, and organic matter content of rocks on the fracture development are the external manifestation of the sedimentary environment. The organic matter related fractures are not common due to diagenetic evolution. The Lower Cambrian Niutitang Formation organic-rich shale of Well YX1 is characterized by organic matters in favorable type and high abundance, rich silicon, high pyrite content, and high dolomite content in intervals with low silicon content. It was deposited as continental shelf facies along with the anoxic event during the Qiongzhusian Age (which was synchronous to the oceanic anoxic event during the Early Tommotian Age). The simulation using V-R-H model shows that, in addition to quartz, a commonly-recognized brittle mineral, the increase in dolomite and pyrite contents leads to increase in the elastic modulus and decrease in the Poisson’s ratio, thus increasing the rock brittleness. Therefore, this type of organic-rich shale not only easily forms fractures, but is also conducive to fracturing.
(3) Compared with the shale gas reservoirs at home and abroad, the organic-rich shale reservoirs in Well YX1 have both conditions of “geological sweet spots” and “engineering sweet spots”. However, strong tectonic movements have formed inter-strata faults that lead to the loss of shale gas and damage to the overpressure environment. Therefore, for fractures, small-scale fractures due to tectonic movement without large inter-strata faults are most favorable to shale gas reservoirs. Based on the complex tectonic setting in northern Guizhou Province, it is necessary to strengthen this work by finding a better confined area of pressure in the region.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
XZ: Conceptualization, Methodology, Formal analysis, Resources, Writing-original draft, Writing-review and editing; RW: Methodology, Investigation, Supervision, Editing and revision ZD: Conceptualization, Methodology, Supervision, Funding acquisition; JW: Methodology, Funding acquisition; ZW: Conceptualization, Methodology; WD: Editing and revision; AL: Resources, Writing-original draft; ZX: Writing-review and editing; ZC: Methodology, Investigation; XW: Formal analysis, Resources; All authors reviewed the article.
FUNDING
This research was supported by the National Natural Science Foundation of China (No. 41902134 and 42172165) and SINOPEC Ministry of Science and Technology Project (No. P20046-1).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank the staff at the laboratories that helped in performing the tests and analyses. We are also grateful to the editors and reviewers for their revisions and comments.
REFERENCES
 Abousleiman, Y., Tran, M., and Hoang, S. (2007). “Geomechanics Field and Laboratory Characterization of Woodford Shale: The next gas play,” in Society of Petroleum Engineers , Anaheim, California, USA. 
 Ahrens, T. J. (1995). A Handbook of Physical Constants. Chicago: American Geophysical Union. 
 Anders, M. H., Laubach, S. E., and Scholz, C. H. (2014). Microfractures: a Review. J. Struct. Geology. 69, 377–394. doi:10.1016/j.jsg.2014.05.011
 Belikov, B. P. (1962). Elastic Properties of Rocks. Stud. Geophys. Geod. 6, 75–85. doi:10.1007/BF02590043
 Beveridge, T. J., Meloche, J. D., Fyfe, W. S., and Murray, R. G. E. (1983). Diagenesis of Metals Chemically Complexed to Bacteria: Laboratory Formation of Metal Phosphates, Sulfides, and Organic Condensates in Artificial Sediments. Appl. Environ. Microbiol. 45 (3), 1094–1108. doi:10.1128/aem.45.3.1094-1108.1983
 Bisdom, K., Bertotti, G., and Bezerra, F. H. (2017). Inter-well Scale Natural Fracture Geometry and Permeability Variations in Low-Deformation Carbonate Rocks. J. Struct. Geology. 97, 23–36. doi:10.1016/j.jsg.2017.02.011
 Bour, O., and Lerche, I. (1994). Numerical Modelling of Abnormal Fluid Pressures in the Navarin Basin, Bering Sea. Mar. Pet. Geology. 11 (4), 491–500. doi:10.1016/0264-8172(94)90082-5
 Castagna, J. P., Batzle, B. L., and Eastwood, R. L. (1985). Relationships Between Compressional Wave and Shear Wave Velocities in Clastic Silicate Rocks. Geophysics 50 (4), 571–581. doi:10.1190/1.1441933
 Chen, L., Zhong, H., Hu, R. Z., and Xiao, J. F. (2006). Composition of Organic Carbon Isotope of Early Cambrian Black Shale in the Xiang-qian Area and its Significances. Jmineral Petrol. 26 (1), 81–85. doi:10.3969/j.issn.1000-0569.2006.09.018
 Cheng, L. Y., Yong, Z. Q., Wang, T. Y., Lan, N., Yu, J. Y., and Deng, B. (2015). Evaluation index of Shale Gas Preservation for Niutitang Formation in the strong Transformation Zone. Nat. Gas Geosci. 26 (12), 2408–2416. 
 Cho, Y., Ozkan, E., and Apaydin, O. G. (2013). Pressure-dependent Natural-Fracture Permeability in Shale and its Effect on Shale-Gas Well Production. SPE Reserv.Eval. Eng. 16 (2), 216–228. doi:10.2118/159801-pa
 Clarkson, C. R., Haghshenas, B., Ghanizadeh, A., Qanbari, F., Williams-Kovacs, J. D., Riazi, N., et al. (2016). Nanopores to Megafractures: Current Challenges and Methods for Shale Gas Reservoir and Hydraulic Fracture Characterization. J. Nat. Gas Sci. Eng. 31, 612–657. doi:10.1016/j.jngse.2016.01.041
 Dai, J. S., Shang, L., Wang, T. D., and Jia, K. F. (2014). Numerical Simulation of Current in-situ Stress Field of Fengshan Formation and Distribution Prediction of Effective Fracture in Futai Buried Hill. PGRE 21 (6), 33–36. doi:10.13673/j.cnki.cn37-1359/te.2014.06.008
 Diao, H. Y. (2013). Rock Mechanical Properties and Brittleness Evaluation of Shale Reservoir. Acta Petrologica Sinica 29 (9), 3300–3306. 
 Ding, W. L., Li, C., Li, C. Y., Jiu, K., and Zeng, W. T. (2012). Dominant Factor of Fracture Development in Shale and its Relationship to Gas Accumulation. Earth Sci. Front. 19 (2), 212–220. (In Chinese). 
 Ding, W. L. (2015). Study of Fracture Identification Methods and Characteristics on Unconventional Oil and Gas Reservoirs. Beijing: Geological Publishing House, 72–73. 
 Du, J. F., Yang, H., and Xu, C. C. (2011). A Discussion on Shale Gas Exploration and Development in China. Nat. Gas Industry 31 (5), 6–8. doi:10.3787/j.issn.1000-0976.2011.05.002
 Durney, D. W., and Ramsay, J. G. (1973). “Incremental Strains Measured by Syntectonic crystal Growths,” in Gravity and Tectonics ed . Editors KA De Jong, and K Scholten (New York: Wiley), 67–96. 
 Gale, J. F. W., Laubach, S. E., Olson, J. E., Eichhuble, P., and Fall, A. (2014). Natural Fractures in Shale: A Review and New Observations. Bulletin 98 (11), 2165–2216. doi:10.1306/08121413151
 Gomez, L. A., and Laubach, S. E. (2006). Rapid Digital Quantification of Microfracture Populations. J. Struct. Geology. 28 (3), 408–420. doi:10.1016/j.jsg.2005.12.006
 Gu, Y., Xu, S., Zhang, W., Xu, J. J., and Zhai, Z. Y. (2021). Fracture Development Characteristics and Geological Significance of Longmaxi Formation Shale in Northern Guizhou. Fault-Block Oil & Gas Field 28 (06), 733–738. doi:10.6056/dkyqt202106003
 Guo, Q,J., Liu, C. Q., Strauss, H., and Goldberg, T. (2004). Isotopic Investigation of Late Neoproterozoic and Early Cambrian Carbon Cycle on the Northern Yangtze Platform, south china. Acta Geoscientica Sinica 25 (2), 151–156. 
 Guo, X. S., Li, Y. P., Liu, R. B., and Wang, Q. B. (2014). Characteristics and Controlling Factors of Micro-pore Structures of Longmaxi Shale Play in the Jiaoshiba Area, Sichuan Basin. Nat. Gas Industry 34 (6), 9–16. doi:10.3787/j.issn.1000-0976.2014.06.002
 Han, G., He, F., and Zhang, X. Z. (2019). Application of Array Acoustic Logging to Fracture Identification:A Case Study of Area K in Ordos Basin. Pet. Geology. Recovery Efficiency 26 (03), 63–69. doi:10.13673/j.cnki.cn37-1359/te.2019.03.008
 He, Z. L., Nie, H. K., and Zhang, Y. Y. (2016). The Main Factors of Shale Gas Enrichment of Ordovician Wufeng Formation-SilurianLongmaxi Formation in the Sichuan Basin and its Adjacent Areas. Earth Sci. Front. 23 (2), 8–017. 
 Hill, D. G., and Nelson, C. R. (2000). Gas Productive Fractured Shales: An Overview and Update. Gas Tips Gas Res. Inst. 6 (2), 4–13. 
 Hill, R. (1952). The Elastic Behaviour of a Crystalline Aggregate. Proc. Phys. Soc. A. 65 (5), 349–354. doi:10.1088/0370-1298/65/5/307
 Hou, G. T., and Pan, W. Q. (2013). Fracture Geological Modeling and its Mechanism. Beijing: SciencePress. 
 Hu, D. F., Zhang, H. R., Ni, K., and Yu, G. C. (2014). Main Controlling Factors for Gas Preservation Conditions of marine Shales in southeastern Margins of the Sichuan Basin. Nat. Gas Industry 34 (6), 17–23. doi:10.3787/j.issn.1000-0976.2014.06.003
 Jiu, K. (2014). Reservoir Characterization and Evation of Paleozoic Shale in Fenggang Guizhou and Surrounding Areas. PhD thesis. Beijing (Haidian), China: China University of Geosciences, 13–18. doi:10.27493/d.cnki.gzdzy.2014.000016
 Jones, R. W. (1981). Some Mass Balance and Geological Constraints on ( Oil) Migration Mechanisms. Am. Assoc. Pet. Geol. Bull. (United States 65 (1), 103–122. doi:10.1306/2f91977e-16ce-11d7-8645000102c1865d
 Jørgensen, C. J., Jacobsen, O. S., Elberling, B., and Aamand, J. (2009). Microbial Oxidation of Pyrite Coupled to Nitrate Reduction in Anoxic Groundwater Sediment. Environ. Sci. Technol. 43 (13), 4851–4857. doi:10.1021/es803417s
 Kassis, S., and Sondergeld, C. H. (2010). Fracture Permeability of Gas Shale: Effects Ofroughness, Fracture Offset, Proppant, and Effective Stress. Soc. Pet. Eng, J. 131376, 1–17. doi:10.2118/131376-ms
 Kobchenko, M., Panahi, H., Renard, F., Dysthe, D. K., Malthe-Sørenssen, A., Mazzini, A., et al. (2011). 4D Imaging of Fracturing in Organic-Rich Shales during Heating. J. Geophys. Res. 116, B12201. doi:10.1029/2011jb008565
 Kosari, E., Ghareh-Cheloo, S., Kadkhodaie-Ilkhchi, A., and Bahroudi, A. (2015). Fracture Characterization by Fusion of Geophysical and Geomechanical Data: a Case Study from the Asmari Reservoir, the central Zagros Fold-Thrust belt. J. Geophys. Eng. 12 (1), 130–143. doi:10.1088/1742-2132/12/1/130
 Koesoemadinata, A., El-Kaseeh, G., and Banik, N. (2011). “Seismic Reservoir Characterization in Marcellus Shale,” in Society of Petroleum Engineers , San Antonio, Texas.
 Kumar, V., Sondergeld, C. H., and Rai, C.S. (2012). “Nano to Macro Mechanical Characterization of Shale,” in Society of Petroleum Engineers , San Antonio, Texas, USA.
 Lang, X. L., Guo, Z. J., and Liu, H. Q. (2014). Combination of Well Logging with Seismic Data in theIdentification and Prediction of Fractures and Cave. J. Southwest Pet. University(Science Techn. Edition) 36 (04), 12–20. doi:10.11885/j.issn.1674-5086.2012.11.27.01
 Laubach, S. E. (2003). Practical Approaches to Identifying Sealed and Open Fractures. Bulletin 87 (4), 561–579. doi:10.1306/11060201106
 Li, G., Liu, H., and Meng, Y. (2012). “Challenges in Deep Shale Gas Drilling: A Case Study in Sichuan Basin,” in Society of Petroleum Engineers , Tianjin, China.
 Li, S. J., Yuan, Y. S., Sun, W., Sun, D. S., and Jin, Z. J. (2016). The Formation and Destroyment Mecha-Nism of Shale Gas Overpressure and its Main Controlling Factors in Silurian of Sichuan Basin. Nat. Gas Geosci. 27 (5), 924–931. doi:10.11764/j.issn.1672-1926.2016.05.0924
 Li, X. J., Lu, Z. G., and Dong, D. Z. (2009). Geologic Controls on Accumulation of Shale Gas in North America. Nat. Gas Industry 29 (5), 27–32. doi:10.3787/j.issn.1000-0976.2009.05.006
 Li, X. J, Hu, S. Y., and Cheng, K. M. (2007). Suggestions From the Development of Fractured Shale Gas in North America. Pet. Explor. Dev. 34 (4), 392–400. doi:10.3321/j.issn:1000-0747.2007.04.002
 Li, Z. W., Pan, R. F., Shao, Y., and Yang, B. G. (2015). Comparative Study on Reservoir Spaces and Occurrence Ways of Shale Gas and Oil. J. Chongqing Univ. Sci. Techn. (Natural Sci. Edition) 17 (5), 1–4. doi:10.3969/j.issn.1673-1980.2015.05.001
 Liang, Y., Hou, D. J., Zhang, J. C., and Yang, Q. G. (2014). Hydrothermal Activities on the Seafloor and Evidence of Organic-Rich Sourcerock from the Lower Cambrian Niutitang Formation, Northwestern Guizhou. Pet. Geology. Recovery Efficiency 21 (4), 28–32. doi:10.13673/j.cnki.cn37-1359/te.2014.04.007
 Liang, Z. Z., and Yu, T. H. (2016). Research Status and Exploration Enlightenment on Over-pressure and Enrichment Shale Gas in North America. Coal Sci. Techn. 44 (10), 161–166. doi:10.13199/j.cnki.cst.2016.10.030
 Liu, D. D., Guo, J., Pan, Z. K., Du, W., Zhao, F. P., Chen, W., et al. (2021). Overpressure Evolution Process in Shale Gas Reservoir: Evidence from the Fluid Inclusions in the Fractures of Wufeng Formation-Longmaxi Formation in the Southern Sichuan Basin. Nat. Gas Industy 41 (09), 12–22. doi:10.3787/j.issn.1000-0976.2021.09.002
 Liu, J. Z., Sun, Q. Y., Xu, G. M., and Chen, F. (2008). Study on reservoir fractures in oil and gas fields. Beijing: petroleum industry press. 
 Liu, S. L., Li, H., and Zhang, Y. C. (2015). Analysis of TOC Content Influence on Shale Brittleness Index Evaluation. Well Logging Thchnology 39 (3), 352–356. doi:10.16489/j.issn.1004-1338.2015.03.018
 Liu, Y. X., Yu, L. J., Zhang, Q. Z., Bao, F., and Lu, Y. F. (2015). Mineral Composition and Microscopic Reservoir Features of Longmaxi Shales in southeastern Sichuan Basin. Pet. Geology. Exp. 37 (3), 328–333. doi:10.11781/sysydz201503328
 Long, P. Y., Zhang, J. C., Tang, X., Nie, H. K., Liu, Z. J., Han, S. B., et al. (2011). Feature of Muddy Shale Fissure and its Effect F or Shale Gas Exploration and Development. Nat. Gas Geosci. 22 (3), 525–532. 
 Ma, C. F., Dong, C. M., Luan, G. Q., Lin, C. Y., Liu, X. Q., and Derek, E. (2016). Types, Characteristics and Effects of Natural Fluid Pressure Fractures in Shale: A Case Study of the Paleogene Strata in Eastern China. Pet. Exploration Develop. 43 (4), 580–589. doi:10.1016/s1876-3804(16)30074-x
 Mavko, G., Mukerji, T., and Dworkin, J. (2008). The Rock physics hand‐book:tools for seismic analysis in porous media ed . Translated by H. B. Xu, and J. C. Dai (Hefei: Press of University of Scienceand Technology of China), 260–263. 
 McSkimin, H. J., Andreatch, P., and Thurston, R. N. (1965). Elastic Moduli of Quartz vs. Hydrostatic Pressure at 25°C and 195.8°C. J. Appl. Phys. 36, 1624–1632. doi:10.1063/1.1703099
 Miao, F. B., Peng, Z. Q., Wang, Z. X., Yu, Y. N., Ma, Y., and Shui, Z. H. (2020). Development Characteristics and Major Controlling Factors of Shale Fractures in the Lower Cambrian Miutitang Formation, Western Margin of Xuefeng Uplift. Bull. Geol. Sci. Techn. 39 (02), 31–42. doi:10.19509/j.cnki.dzkq.2020.0204
 Moumni, Y., Msaddek, M. H., Chermiti, A., Chenini, I., Mercier, E., and Dlala, M. (2016). Quantitative Analysis of Fractured Carbonate Reservoir and Hydrodynamic Implications: Case Study of Horchane-Braga basin (central tunisia). J. Afr. Earth Sci. 124, 311–322. doi:10.1016/j.jafrearsci.2016.09.016
 M. Pagel, V. Barbin, P. Blanc, and D. Ohnenstetter (Editors) (2000). Cathodoluminescence in Geosciences (New York: Springer-Verlag). 
 Nelson, R. A. (1985). Geologic Analysis of Naturally Fractured Reservoirs. Houston, TX: Gulf PublishingCompany. 
 Nguyen, B. T. T., Jones, S. J., Goulty, N. R., Middleton, A. J., Grant, N., Ferguson, A., et al. (2013). The Role of Fluid Pressure and Diagenetic Cements for Porosity Preservation in Triassic Fluvial Reservoirs of the central Graben, north Sea. Bulletin 97 (8), 1273–1302. doi:10.1306/01151311163
 Nie, H. K., and Zhang, J. C. (2012). Shale Gas Accumulation Conditionsand Gas Content Calculation: A Case Study of Sichuan Basin and Itsperiphery in the Lower Paleozoic. Acta Geologica Sinica 86 (2), 349–361. 
 Pecharsky, V. K., and Zavalij, P. Y. (2003). Fundamentals of Powder Diffraction and Struc-Tural Characterization of Minerals. New York: Kluwer Academic Publishers, 713. 
 Peselnick, L., and Robie, R. A. (1963). Elastic Constants of Calcite. J. Appl. Phys. 34, 2494–2495. doi:10.1063/1.1702777
 Pu, B. L., Dong, D. Z., Wu, S. T., Er, C ., Huang, J. L., and Wang, Y. M. (2014). Microscopic Space Types of Lower Paleozoic marine Shale in Southern Sichuan Basin. J. China Univ. Pet. ( Edition Nat. Sci. ) 38 (4), 19–25. doi:10.3969/j.issn.1673-5005.2014.04.003
 Qin, J. Z., Shen, B. J., Fu, X. D., Tao, G. L., and Teng, G. E. (2010). Ultram Icroscopic Organic Petrology and Potential of Hydrocarbon Generation and Expulsion of Quality marine Source Rocks in South China. Oil&gas Geology. 31 (6), 826–837. doi:10.1016/S1876-3804(11)60008-6
 Ramsay, J. G. (1980). The Crack-Seal Mechanism of Rock Deformation. Nature 284, 135–139. doi:10.1038/284135a0
 Reuss, A., and Angew, Z. (1929). Berechnung der Fließgrenze von Mischkristallen auf Grund der Plastizitätsbedingung für Einkristalle. Z. Angew. Math. Mech. 9 (1), 49–58. doi:10.1002/zamm.19290090104
 Sayers, C. M. (1995). Simplified Anisotropy Parameters for Transversely Isotropic Sedimentary Rocks. Geophysics 60, 1933–1935. doi:10.1190/1.1443925
 Sipple, R. F. (1968). Sandstone Petrology, Evidence from Luminescence Petrography. J. Sediment. Petrol. 38, 530–554. 
 Slatt, R. M., and Abousleiman, Y. (2011). Merging Sequence Stratigraphy and Geomechanics for Unconventional Gas Shales. The Leading Edge 30 (3), 274–282. doi:10.1190/1.3567258
 Sone, H., and Zoback, M. D. (2010). “Strength, Creep and Frictional Properties of Gas Shale Reservoir Rocks” in Society of Petroleum Engineers Salt Lake City, UT. 
 Voigt, W. (1910). Lehrbuch der Kristallphysik. Leipzig: Tuebner. 
 Wang, J. L., Zhu, Y. M., Gong, Y. P., and Fang, H. H. (2015). Influential Factors and Forecast of Microcrack Development Degree of Longmaxi Formation Shales in Nanchuan Region, Chongqing. Nat. Gas Geosci. 26 (8), 1579–1586. doi:10.11764/j.issn.1672-1926.2015.08.1579
 Wang, M., Chen, Y., Xu, X. Y., Zhang, X. J., Han, Y., Wang, C. J., et al. (2015). Progress on Formation Mechanism of the Fibrous Veins in Mudstone and its Implications to Hydrocarbon Migration. Adv. Earth Sci. 30 (10), 1 107. doi:10.11867/j.issn.1001-8166.2015.10.1107
 Wang, R. Y., Ding, W. L., Gong, D. J., Leng, J. G., Wang, X. H., and Yin, S. (2015). Logging Evaluation Method and its Application for Total Organic Carbon Content in Shale: A Case Study on the Lower Cambrian Niutitang Formation in Cengong Block, Guizhou Province. J. China Coal Soc. 40 (12), 2874–2883. 
 Wang, R. Y., Ding, W. L., Gong, D. J., Leng, J. G., Wang, X. H., Yin, S., et al. (2016). Gas Preservation Conditions of marine Shale in Northern Guizhou Area: A Case Study of the Lower Cambrian Niutitang Formation in the Cen’gong Block, Guizhou Province. Oil Gas Geology. 37 (01), 45–55. doi:10.11743/ogg20160107
 Wang, R. Y., Ding, W. L., Gong, D. J., Zeng, W. T., Wang, X. H., Zhou, X. H., et al. (2016b). Development Characteristics and Major Controlling Factors of Shale Fractures in the Lower Cambrian Niutitang Formation, southeastern Chongqing-Northern Guizhou Area. Acta Petrolei Sinica 37 (7), 832–845. doi:10.7623/syxb201607002
 Wang, R. Y., Wang, X. H., Gong, D. J., Yin, S., Fu, F. Q., and Chen, E. (2018a). Development Features and Dominant Controlling Factors of Fractors in the Lower Cambrian Shale in South-Eastern Guizhou Area. J. Northeast Pet. Univ. 42 (03), 56–64. doi:10.3969/j.issn.2095-4107.2018.03.006
 Wang, R. Y., Hu, Z. Q., Liu, J. S., Wang, X. H., Gong, D. J., and Yang, T. (2018b). Comparative Analysis of Characteristics and Controlling Factors of Fractures in marine and continental Shales: A Case Study of the Lower Cambrian in Cengong Area, Northern Guizhou Province. Oil Gas Geology. 39 (04), 631–640. doi:10.11743/ogg20180401
 Wang, R. Y., Hu, Z. Q., Zhou, T., Bao, H. Y., Wu, J., Du, W., et al. (2021). Characteristics of Fractures and Their Significance for Reservoirs in Wufeng-Longmaxi Shale, Sichuan Basin and its Periphery. Oil Gas Geology. 42 (06), 1295–1306. doi:10.11743/ogg20210605
 Wang, Y. F., Leng, J. G., Li, P., and Li, F. (2016). Characteristics and its Main Enrichment Controlling Factorsof Shale Gas of the Lower Cambrian Niutitang Formationin Northeastern Guizhou Province. J. Palaeogeogr. 18 (4), 605–614. doi:10.7605/gdlxb.2016.04.045
 Wang, Y., Jin, C., Wang, L. H., Wang, J. Q., Jiang, Z., Wang, Y. F., et al. (2015b). Characterization of Pore Structures of Jiulaodong Formation Shale in the Sichuan Basin by SEM with Ar-Ion Milling. Rock Mineral. Anal. 34 (3), 278–285. doi:10.15898/j.cnki.11-2131/td.2015.03.003
 Wang, Y. M., Dong, D. Z., Cheng, X. Z., Huang, J. L., Wang, S. F., and Wang, S. Q. (2014). Electric Property Evidences of the Carbonfication of Organic Matters Inmarine Shales and its Geologic Significance: A Case of the Lower Cambrian Qiongzhusi Shale in Southern Sichuan Basin. Nat. Gas Industry 34 (8), 1–7. doi:10.3787/j.issn.1000-0976.2014.08.001
 Weng, X., Kresse, O., and Cohen, C. E. (2011). Modeling of Hydraulic-Fracture-Network Propagation in a Naturally Fractured Formation. SPE Prod. Operations 26 (4), 368–380. doi:10.2118/140253-pa
 Willis, R. J., and Wallroth, T. (1995). Approaches to the Modelling of HDR Reservoirs:A Review. Geothermics 24 (3), 307–332. doi:10.1016/0375-6505(95)00011-E
 Wu, C. J., Zhang, M. F., Ma, W. Y., Liu, Y., Xiong, D. M., Sun, L. N., et al. (2014). Organic Matter Characteristic and Sedimentary Environment of the Lower Cambrian Niutitang Shale in southeastern Chongqing. Nat. Gas Geosci. 25 (8), 1267–1274. doi:10.11764/j.issn.1672-1926.2014.08.1267
 Wu, Y. Y., Wu, S. H., and Cai, Z. Q. (2005). Oil Field Geology. Beijing: Petroleum Industry Press. 
 Xie, J. T., Fu, X. P., Qin, Q. R., and Li, H. (2021). Prediction of Fracture Distribution and Evaluation of Shale Gas Preservation Conditions in Longmaxi Formation in Dongxi Area. Coal Geology&Exploration 49 (6), 35–45. doi:10.3969/j.issn.1001-1986.2021.06.004
 Xu, Y. F., Zuo, Y. J., Wu, Z. H., and Sun, W. J. B. (2017). Numerical Simulation of Tectonic Stress Field and Fracture Prediction of Yanshan Period in Fenggang Area. Coal Technol. 36 (7), 128–130. doi:10.13301/j.cnki.ct.2017.07.050
 Xu, W. S. (2009). Comprehensive Study on Carbonate Reservoirs by Hydrothermal Transformation. Inner Mongolia Petrochemical Techn. 35 (1), 20–22. doi:10.3969/j.issn.1006-7981.2009.01.009
 Yang, C. M., Bai, Y. Q., Zhu, L. W., Liu, M., and Li, Z. L. (2016). The Study of the Relationship between Development Shale Micro-feature and its Gas Production in Longmaxi Formation. Sci. Techn. Eng. 16 (20), 108–113. doi:10.3969/j.issn.1671-1815.2016.20.018
 Yang, F., Ning, Z. F., Hu, C. P., Wang, B., Peng, K., and Liu, H. Q. (2013). Characterization Ofmicroscopic Pore Structures in Shale Reservoirs. Acta Petrolei Sinica 34 (2), 301–311. doi:10.7623/syxb201302012
 Yang, Y. J., Lin, L., Zhang, Y. G., Ma, L. Y., and Li, D. L. (2009). Analysis on Lithological Characteristics and Sedimentary Environment of Niutitang Formation in Songlin Area, Zunyi. Mar. Geology. Lett. 25 (11), 21–26. doi:10.3969/j.issn.1009-2722.2009.11.004
 Zhao, W., Jing, T., Xiong, X., Wu, B., and Zhou, Y. (2018). Graphitization Characteristics of Organic Matters in Marine-Facies Shales. Geol. Sci. Technol. Info. 37 (2), 183–191doi:10.19509/j.cnki.dzkq.2018.0225
 Ye, Y. H., Liu, S. G., Sun, W., Ran, B., Yang, D., Wang, S. Y., et al. (2012). Micropore Characteristics of Upper Sinian-Lower Silurian Black Shale in Upper Yangze Area of China. J. Chengdu Univ. Techn. (Science& Techn. Edition) 39 (6), 575–582. 
 Yu, B. S., Li, J., Zeng, Q. N., Sun, M. D., and Shi, M. (2016). Sedimentary Environment and Diagenesis of Enriched Organic Shale. Shanghai: East China University of Science and Technology Press, 172–175. 
 Yu, Y. F. (2013). Multi-scale Structure Description and Borehole Instability Mechanism of Organic Rich Shale (Xindu District, Chengdu, Sichuan, China: Southwest Petroleum University). Ph. D thesis.
 Yuan, H., Xiao, J. F., He, X. Q., and Bai, P. (2007). Geochemical Characteristics and Formation Environment of the Niutitang Formation in the North Guizhou. Guizhou Geology. 24 (1), 55–59. doi:10.3969/j.issn.1000-5943.2007.01.011
 Yuan, Y. S., Zhou, Y., Qiu, D. F., and Wang, Q. Q. (2015). Evolutionary Patterns of Non-tectonic Fractures in Shale during Burial. Oil Gas Geology. 36 (5), 822–827. doi:10.11743/ogg20150514
 Yuan, Y. S., Zhou, Y., Qiu, D. F., and Wang, Q. Q. (2016). Formation Mechanism and Characteristics of Non-tectonic Fractures in Shales. Geoscience 1, 155–162. doi:10.3969/j.issn.1000-8527.2016.01.017
 Zeng, L. B., and Li, Y. G. (2010). Tectonic Fracture in Tight Gas Sandstones of the Upper Triassic Xujiahe Formation in the Western Sichuang Basin, China. Acta Geol. Sinica(English Edition) 84 (5), 1229–1238. doi:10.1111/j.1755-6724.2010.00293.x
 Zeng, L. B., Qi, J. F., and Wang, Y. X. (2007). Origin Type of Tectonic Fractures and Geological Conditionsin Low-Permeability Reservoirs. Acta Geologica Sinica 28 (4), 52–56. doi:10.3321/j.issn:0253-2697.2007.04.010
 Zeng, L., Lyu, W., Li, J., Zhu, L., Weng, J., Yue, F., et al. (2016). Natural Fractures and Their Influence on Shale Gas Enrichment in Sichuan basin, china. J. Nat. Gas Sci. Eng. 30, 1–9. doi:10.1016/j.jngse.2015.11.048
 Zeng, W. T., Ding, W. L., Zhang, J. C., Li, Y. X., Lin, T., Wang, R. Y., et al. (2016). Research on the Fracture Effectiveness of the Lower Cambrian Niutitang Shale in the southeastern Chongqing and Northern Guizhou Areas. Earth Sci. Front. 23 (1), 096–106. 
 Zhang, C. C., Wang, Y. M., Dong, D. Z., Li, X. J., and Guan, Q. Z. (2016a). Evaluation of the Wufeng-Longmaxi Shale Brittleness and Prediction of "sweet Spot Layers" in the Sichuan Basin. Nat. Gas Industry 36 (9), 51–60. doi:10.3787/j.issn.1000-0976.2016.09.006
 Zhang, J. C., Jin, Z. J., and Yuan, M. S. (2004). Reservoiring Mechanism of Shale Gas and its Distribution. Nat. Gas Industry 24 (7), 15–18. 
 Zhang, Q., Liu, C., Mei, X. H., and Qiao, L. J. Y. (2015). Status and prospect of Research on Microscopic Shale Gas Reservoir Space. Oil &Gas Geology. 36 (4), 666–674. 
 Zhang, Q., Zhu, X. M., Li, C. X., Qiao, L. J. Y., Liu, C., Mei, X. H., et al. (2016b). Classification and Quantitative Characterization of Microscopic Pores in Organic-Richshale of the Shahejie Formation in the Zhanhua Sag, Bohai Bay Basin. Oil &Gas Geology. 37 (3), 422–432. doi:10.11743/ogg20150417
 Zhang, S. W., Meng, Z. Y., Guo, Z. F., Zhang, M. Y., and Han, C. Y. (2014). Characteristics and Major Controlling Factors of Shale Reservoirsin the Longmaxi Fm, Fuling Area, Sichuan Basin. Nat. Gas Industry 34 (12), 16–24. doi:10.3787/j.issn.1000-0976.2014.12.002
 Zhao, Y. L., Yang, R. J., Yang, X. L., and Mao, Y. Q. (2006). Globular Sponge Fossils Fram the Lower Cambrian in Songlin Guizhou Province China. Geol. J. China Universities 12 (1), 106–110. doi:10.3969/j.issn.1006-7493.2006.01.012
 Zhong, G. Y., Zhang, X. L., and Yang, Z. (2021). Logging Identification Method for Fractures in Tight sandstone Reservoirs of Yanchang Formation in Dingbian-Zhidan Area, Ordos Basin. Prog. Geophys. 36 (04), 1669–1675. doi:10.6038/pg2021EE0318
 Zhou, W. D., Wang, Y., Bao, Z. Y., and Han, X. T. (2015). The Application of Iso-Therm Adsorption in Measuring the Shale Pore Structure. Bull. Sci. Techn. 31 (1), 12–18. doi:10.3969/j.issn.1001-7119.2015.01.004
 Zou, C. N., Dong, D. Z., Wang, S. J., Li, J. Z., Li, X. J., Wang, Y. M., et al. (2010). Geological Characteristics, Formation Mechanism and Resource Potential of Shale Gas in China. Pet. Explor. Dev. 37 (6), 641–653. doi:10.1016/S1876-3804(11)60001-3
Conflict of Interest: Author ZC was employed by the company SINOPEC Star Petroleum Company.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhou, Wang, Du, Wu, Wu, Ding, Li, Xiao, Cui and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 18 March 2022
doi: 10.3389/feart.2022.856321


[image: image2]
Identification Method of Evolution Patterns of Favorable Oil and Gas Channels at Source Fault Configuration and Its Application
Zhang Bowei* and Fu Guang
College of Earth Science, Northeast Petroleum University, Daqing, China
Edited by:
Wei Ju, China University of Mining and Technology, China
Reviewed by:
Wenjie Feng, Yangtze University, China
Shijia Chen, Southwest Petroleum University, China
* Correspondence: Zhang Bowei, 857602305@qq.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 17 January 2022
Accepted: 14 February 2022
Published: 18 March 2022
Citation: Bowei Z and Guang F (2022) Identification Method of Evolution Patterns of Favorable Oil and Gas Channels at Source Fault Configuration and Its Application. Front. Earth Sci. 10:856321. doi: 10.3389/feart.2022.856321

Favorable oil and gas channels during fault activity and cease episodes were determined to understand oil and gas distribution in reservoirs of “lower generation, upper accumulation”-type near faults in petroliferous basins through identifying and coupling conduit systems and hydrocarbon expulsion distribution during these periods, respectively. It was used to establish a method to identify the evolution patterns of favorable oil–gas charging positions at source fault configurations, which was applied to understand the evolution of favorable oil and gas channels in the middle and lower Es-3 sub-member in the southwest of the Jiuzhou fault. The results show that the conduit pattern in the Es-3 sub-member is mainly distributed in the center, west, and east of the F1 fault and the eastern part of the F7 fault in the southwest of the Jiuzhou fault. The conduit to non-conduit pattern is mainly distributed in the middle and center of the F7 fault. The non-conduit to conduit pattern is mainly distributed in the west and east of the F1 fault and the east of the F7 fault. The non-conduit is mainly distributed in the middle and east of the F7 fault. The conduit pattern and conduit to non-conduit pattern in the middle and lower Es-3 sub-member are favorable for hydrocarbon migration and accumulation. It is consistent with the oil and gas discovered in the middle and lower Es-3 sub-member near the southwest of the Jiuzhou fault, indicating that this method is feasible to identify the favorable oil and gas channels at source fault configurations.
Keywords: source fault configuration, conducting oil and gas, favorable channels, evolution pattern, identification method
INTRODUCTION
The oil and gas exploration practices show that oil-source faults play an important role in controlling the reservoir of “lower generation, upper accumulation” type in petroliferous basins, while some sub-units of faults have no occurrence of oil and gas migration (Tong-wen et al., 2014; Xinlei and Guang, 2014; Yanfang et al., 2014; Bowei et al., 2017; Fu and Wang, 2018; Guang et al., 2018). Hence, the development of favorable conduit systems at source fault configurations is one of the important elements to govern oil and gas accumulation and distribution. Accurately identifying the evolution patterns of favorable conduit systems at source fault configurations is important to deeply understand oil and gas distribution near oil-source faults in petroliferous basins and guide oil and gas exploration.
Considerable research studies have been performed on the favorable positions of source fault configurations for oil and gas migration. In terms of favorable parts during fault activity episodes, previous researchers believed that they were primarily located within hydrocarbon expulsion from source rocks (Xiaolong et al., 2017; Xinhuai et al., 2009; Tongwen et al., 2012; Xinbing et al., 2012; Gui-pu et al., 2017; Fu et al., 2021). Currently, research studies on favorable positions during fault cease episodes are mainly based on the spatial coupling of convex ridge and hydrocarbon expulsion (Hao-ran, 2016; Junqiao et al., 2017; Jianmin et al., 2019; Junpei et al., 2020). The earlier results play a significant role in correctly understanding the distribution law of oil and gas near oil-source faults in petroliferous basins.
However, our limited understanding and research approaches only allow us to separately identify favorable positions during fault activity and cease episodes. Currently, the evolution patterns of conduit systems and their identification methods are poorly investigated because of some problems. These problems make current research studies difficult to accurately predict oil and gas distribution near oil-source faults and bring risks to oil and gas exploration. Therefore, identifying the evolution patterns of favorable conduit systems at source fault configurations is of great significance for correctly understanding oil and gas distribution near oil-source faults.
FAVORABLE POSITIONS AND EVOLUTION PATTERNS OF CONDUIT SYSTEMS AT SOURCE FAULT CONFIGURATIONS
Oil-source faults can migrate oil and gas during activity periods because they not only connect source rocks and target intervals but also remain open during oil and gas charging. More importantly, its associated fractures have relatively high porosity and permeability compared with matrix rocks, which are the dominant channels for oil and gas migration. Therefore, oil-source-associated fractures within hydrocarbon expulsion are the favorable positions for oil and gas accumulation during fault activity periods (Figure 1A). Associated fractures are tightly closed due to the overlying sedimentary load and regional pressure during fault cease episodes, losing their ability to migrate oil and gas. However, these fractures are commonly filled, where only positions with relatively high porosity and permeability can be used as oil and gas channels. The porosity and permeability of fractures primarily vary with the shale content, decreasing with the increasing shale content. It can be concluded that the favorable positions for oil and gas migration during fault cease episodes are the lowly filled positions within hydrocarbon expulsion (Figure 1B).
[image: Figure 1]FIGURE 1 | Schematic diagram of evolution form of favorable position for transporting oil and gas with source-fault configuration.
Four main evolution patterns of favorable oil and gas channels at source fault configuration are concluded via coupling favorable conduit systems during fault activity and cease episodes. The first is the conduit pattern, that is, the source fault configuration is completely favorable for oil and gas migration during fault activity and cease episodes, which is most conducive to oil and gas migration and accumulation (① in Figure 1C). The second is the conduit to non-conduit pattern, that is, the source fault configuration is favorable for migrating oil and gas during the fault activity period, while it is negative for oil and gas migration during fault cease episodes. This pattern can be contributive to oil and gas migration and accumulation (② in Figure 1C). The third is the non-conduit to conduit pattern, where source fault configuration is not favorable for oil and gas migration during the fault activity period, but it is favorable for oil and gas charging during the fault cease period. This pattern is not conducive to oil and gas migration and accumulation (③ in Figure 1C). The last one is the non-conduit pattern, where source fault configuration is not favorable for migrating oil and gas during fault activity and cease periods, which is most unfavorable for oil and gas migration and accumulation (④ in Figure 1C).
IDENTIFICATION METHOD OF EVOLUTION PATTERNS OF FAVORABLE CONDUIT SYSTEMS AT SOURCE FAULT CONFIGURATION
Determining favorable positions for oil and gas migration during fault activity and cease episodes are essential to identify their evolution patterns. Favorable positions of conduit systems and distribution of hydrocarbon expulsion during fault activity episodes are necessary to be determined, since their coupling positions are favorable for oil and gas migration during this period.
In this study, current displacements of oil-source faults at target intervals are acquired using three-dimensional seismic data. Ancient displacements during fault active periods are restored using the maximum fault distance subtraction method, and then they are divided by active periods to obtain the ancient activity rate (Roman et al., 1998; Rongcai et al., 2003). Figure 2 shows the relationship between the determined paleoactivity rate of oil-source faults at known well points and their nearby oil and gas shows. The minimum paleoactivity rate at the oil and gas display is selected as the minimum value required for oil and gas migration along oil-source faults, because their associated fractures can only migrate oil and gas into reservoirs, developing oil and gas pools, when the paleoactivity rate is higher than the minimum value (Guang et al., 2018). The favorable conduit systems during fault active periods can be determined with paleoactivity rates determined previously and the minimum activity rate required for oil and gas migration (Figure 3A). Hydrocarbon expulsion threshold of the source rock can be determined by the method proposed by Xiongqi et al. (2004), and the distribution of expelled hydrocarbon can be determined based on the relationship between the thermal maturity of the source rock and buried depth (Figure 3B). Consequently, the favorable positions for oil and gas migration during the fault activity period can be identified by superimposing favorable conduit systems and hydrocarbon expulsion distribution (Figure 3C).
[image: Figure 2]FIGURE 2 | Schematic diagram of determining favorable positions for oil source faults to transport oil and gas in active period.
[image: Figure 3]FIGURE 3 | Schematic diagram of determining favorable positions for transporting oil and gas by source-fault configuration during fault active period.
Similarly, favorable conduit systems and hydrocarbon expulsion distribution during fault cease episodes should be determined and superimposed to identify favorable oil and gas channels at the source fault configuration during these periods. The shale content of the fault filler at different positions can be calculated using Eq. 1 (Figure 4), while oil-source fault displacements in target reservoirs, interval thickness, and shale content can be acquired using drilling and seismic data. The relationship between the shale content of filling at oil-source faults and nearby oil and gas shows in the study area is statistically analyzed in this study. The minimum shale content is assumed as the maximum value required for conduit systems, which can allow oil and gas to migrate into the reservoir. Comparing the determined shale content in the oil-source fault filler with the maximum value, we can identify the favorable positions of oil-source faults to migrate oil and gas during fault cease periods (Figure 4). Favorable oil and gas migration positions during fault cease periods can be figured out by superimposing the identified favorable positions with hydrocarbon expulsion distribution (Figure 5).
[image: image]
[image: Figure 4]FIGURE 4 | Schematic diagram of determining the favorable position for oil source fault to transport oil and gas after stopping activity.
[image: Figure 5]FIGURE 5 | Schematic diagram of determining the favorable position of the source fault configuration to transport oil and gas after the fault ceases to be active.
where Rf is the shale content of fractured rock, %; Hi is the thickness of certain fractured strata, m; Ri is the shale content of certain fractured strata, %; n, the number of fractured strata; and L, the fault displacement, m.
Consequently, the evolution pattern of oil and gas channels at source fault configuration can be identified by superimposing the determined favorable positions during fault activity and cease episodes (Figure 1C).
APPLICATION AND DISCUSSION
The middle and lower Sha-3 sub-member at the southwest of the Jiuzhou fault in the Daliuquan area in the Bohai Bay Basin are employed as an example to identify the evolution patterns of favorable oil and gas channels in the source fault configurations. The oil and gas discovered in the middle and lower Sha-3 sub-member in the southwest of the Jiuzhou fault is used to verify the feasibility of the method.
The Daliuquan area in the middle of Langgu sag is an important oil and gas exploration target. The Paleogene is mainly filled by the Kongdian Formation, Shahejie Formation, and Dongying Formation. The Neogene mainly includes the Guantao Formation and Minghuazhen Formation, with thin quaternary sequences. Currently, oil and gas are mainly discovered in the middle and lower Sha-3 sub-member, which was mainly derived from the underlying Sha-4 member. Hence, it is regarded as a typical “lower generation, upper accumulation”-type reservoir. The Jiuzhou fault in the middle of the Daliuquan area is an NNE-trending normal fault, which is composed of F1 and F7 faults in the southwest (Figure 6). It is a large-scale fault extending from the Sha-4 member to the bottom of the Guantao Formation, which connects the Sha-4 source rock and the middle and lower Sha-3 sub-member in the southwest. It was active during oil and gas expulsion in the Sha-2 period, acting as oil-source faults for the middle and lower Sha-3 sub-member (Junqiao, 2018). Figure 6 shows that oil and gas discovered in the middle and lower Sha-3 sub-member near the southwest of the Jiuzhou fault is mainly distributed in the west and east of the F7 fault as well as in the center of the F1 fault. Consequently, the evolution of favorable oil and gas channels at source fault configurations is critical for the oil and gas distribution, and it is important to accurately identify the evolution patterns of these favorable channels in the middle and lower Sha-3 sub-member near the southwest of the Jiuzhou fault.
[image: Figure 6]FIGURE 6 | Petroleum distribution relationship between the southwest of Jiuzhou fault and the middle and lower sub-member of Es3.
3D seismic data are used in this study to acquire current displacement at the southwest of the Jiuzhou fault in the middle and lower Sha-3 sub-member. Figure 7A shows that the middle-west and east of the F7 fault and the east of the F1 fault have relatively large ancient displacements. The cross plot of the paleoactivity rate of oil-source faults in the middle and lower Sha-3 sub-member and oil and gas shows in the Daliuquan area (Figure 8A) suggests that the minimum activity rate required to migrate oil and gas is about 10 m/Ma, which can be used to identify favorable positions for oil and gas migration. Figure 9A shows that the favorable conduits at the southwest of the Jiuzhou fault are primarily developed in the middle-west and east of the F7 fault and the east of the F1 fault.
[image: Figure 7]FIGURE 7 | In the southwest part of the Jiuzhou fault, the internal source fault is configured to transport oil and gas in the middle and lower sub-member of Es3.
[image: Figure 8]FIGURE 8 | Determination of lower limit for oil and gas transportation of faults in Daliuquan area in the middle and lower sub-member of Es3.
[image: Figure 9]FIGURE 9 | The mapping of the favorable position of the source and fault configuration for transporting oil and gas in the southwest of the Jiuzhou fault in the middle and lower sub-member of Es3 during fault activity period.
The hydrocarbon expulsion threshold determination suggests that the hydrocarbon expulsion of the Sha-4 source rocks occurred at about 3,280 m in the Daliuquan area, and expelled hydrocarbon from the Sha-4 source rock was mainly distributed in the southwest of the Jiuzhou fault (Figure 9B). The favorable channels determined earlier are superimposed with the hydrocarbon expulsion distribution to identify favorable positions for oil and gas migration during the fault activity period, where the middle and lower Sha-3 sub-member was located at the favorable position (Figure 9C), distributed in the middle-west and east of the F7 fault and the middle and east of the F1 fault.
The drilling and seismic data are used to acquire displacements in the middle and lower Sha-3 sub-member in the southwest of the Jiuzhou fault, interval thickness, and shale content. Shale contents of filling in the middle and lower Sha-3 sub-member in the southwest of the Jiuzhou fault are calculated using Eq. 1. Figure 7B shows that the shale content is relatively high in the center and west of the F7 fault and the east and west of the F1 fault. The minimum shale content (Figure 8B) required for sealing in the middle and lower Sha-3 sub-member is about 29%. Therefore, the favorable positions for oil and gas migration in the lower middle Sha-3 sub-member in the southwest of the Jiuzhou fault during fault cease periods can be identified. Figure 10A shows that the favorable parts for oil and gas migrations during fault cease periods were mainly distributed in the east of the F7 fault and the F1 fault.
[image: Figure 10]FIGURE 10 | The map of the favorable position of the source and fault configuration for transporting oil and gas in the southwest of the Jiuzhou fault after the fault ceases to be active in the middle and lower sub-member of Es3.
The favorable oil and gas channels in the middle and lower Sha-3 sub-member during fault cease periods are superimposed with the distribution of hydrocarbon expulsion in the southwest of the Jiuzhou fault, which was located in the east of the F7 fault and the F1 fault (Figure 10B). The evolution pattern of favorable conduits at source fault configurations can be identified through combining these channels during fault active periods and cease periods. The conduit pattern in source fault configuration is mainly distributed in the east of the F7 fault and the center, west, and east of the F1 fault (① in Figure 11). The second pattern is mainly distributed in the middle-west and center of the F7 fault (② in Figure 11). The third pattern is mainly distributed in the east of the F7 fault and the west and east of the F1 fault (③ in Figure 11). The fourth pattern is mainly distributed in the middle and east of the F7 fault (④ in Figure 11).
[image: Figure 11]FIGURE 11 | The evolution pattern and oil and gas distribution diagram of the favorable position for transporting oil and gas in the inner source fault configuration in the lower member of the middle and lower sub-member of Es3 in the southwest of Jiuzhou fault.
The oil and gas generated by the Es-4 source rocks migrated and accumulated at the middle and lower Es-3 sub-member via the first and second evolution patterns during fault activity periods, which can well explain the oil and gas discovered in the middle-west of the F7 fault and the middle-west of the F1 fault (Figure 11).
SUMMARY AND CONCLUSION

(1) The evolution patterns of favorable oil and gas channels at source fault configurations refer to the coupling of conduit systems at source fault configurations during fault activity and cease periods. It can be divided into four patterns. The first, the conduit pattern, is defined as favorable conduit systems during both fault active periods and cease periods, which is most conducive to oil and gas migration and accumulation. The second is the conduit to non-conduit pattern, where the source fault configurations are a favorable oil and gas channels during the fault activity period, but is negative for oil and gas migration during fault cease periods, which can contribute to oil and gas migration and accumulation. The third pattern is the non-conduit to conduit pattern, where source fault configuration cannot act as the oil and gas migration channel during fault activity periods, but can contribute to oil and gas migration during fault cease periods, which also can make contribution to oil and gas migration and accumulation. The fourth is the non-conduit pattern during fault activity and cease periods, which is unfavorable for oil and gas migration and accumulation.
(2) Favorable conduit systems and the hydrocarbon expulsion distribution during fault active and cease periods are determined to identify favorable positions for oil and gas migration, respectively. Consequently, the identification method of favorable channel evolution at source fault configurations is established, whose feasibility is confirmed by the application.
(3) The conduit pattern in the middle and lower Sha-3 sub-member in the southwest of the Jiuzhou fault in the Daliuquan area, Bohai Bay Basin, is mainly distributed in the east of the F7 fault and the center, west, and east of the F1 fault. It was positive for the migration of oil and gas from the Es-4 source rock to the middle and lower Es-3 sub-member. The conduit to non-conduit pattern is mainly distributed in the center and west of the F7 fault, which could contribute to the oil and gas migration and accumulation. The non-conduit to conduit pattern is mainly distributed in the eastern part of the F7 fault and the western and eastern parts of the F1 fault, which was negative for oil and gas migration and accumulation. The non-conduit pattern is mainly distributed in the middle and eastern terminals of the F7 fault, which was unfavorable for the oil and gas migration and accumulation. The results are consistent with oil and gas discovered near the southwest of the Jiuzhou fault.
(4) The earlier identification method can be applicable to identify the evolution patterns of favorable channels for hydrocarbon pools of “lower generation, upper accumulation” type in petroliferous basins.
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In order to clarify the fracture distribution characteristics of the Bozi gas field in the Kuqa Depression, based on the statistics of fracture parameters from core data and imaging logging, the three-dimensional (3D) structural model of the complex thrust structure is established by using the voxel-based morphometry (VBM) structural framework modeling technology; the 3D heterogeneous rock mechanics field in the study area is constructed by well-to-seismic integration. The relationship between in situ stress field and fracture parameters is established under the consideration of rock fracture criterion, and fracture prediction of the Cretaceous reservoir in the Bozi gas field is carried out with the finite element numerical simulation method. Considering the influence of in situ stress field on fracture parameters, fracture activity is analyzed. The results show that the Cretaceous reservoirs in the Bozi gas field generally develop fractures, most of which are high-angle shear fractures of tectonic origin and are semi-filled or unfilled. The fracture distribution of the Bozi gas field is obviously controlled by local structures such as folds and faults. From north to south, the fracture development gradually weakens, and the fracture density of Bozi 104 and Bozi 102 fault blocks in the north is the highest. The fracture in the northern fault block of the Bozi gas field shows high activity, while that in the southern fault block shows low activity. The fractures in the higher structural parts of most fault blocks show high activity.
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INTRODUCTION
China boasts of rich deep oil and gas resources with great potential, and its deep—ultra-deep oil and gas resources exceed 670 × 108 t oil equivalent, accounting for 34% of the total oil and gas resources (Jia et al., 2014). In recent years, China has made a series of important discoveries in the field of deep—ultra-deep oil and gas exploration (Wang et al., 2013; Tian et al., 2020; Yang et al., 2020; Yang et al., 2021), especially the Kuqa Depression in Tarim Basin, which is one important block for deep—ultra-deep natural gas exploration and development in China. The buried depth of Keshen No. 9 gas reservoir and Bozi No. 8 gas reservoir is close to 8,000 m. Under such deep—ultra-deep burial conditions, the reservoir becomes extremely dense after strong diagenetic compaction and cementation, resulting in a matrix porosity of about 4–7% and a permeability of less than 1 mD (Wang et al., 2019). However, natural fractures widely develop in this kind of ultra-deep reservoir. Natural fractures are the effective reservoir space and main seepage channel of this kind of reservoir, which affect oil and gas enrichment, single well productivity, and development effect (Nelson, 2001; Laubach et al., 2009; Lu H et al., 2015; Zeng et al., 2021). Therefore, study on the development and distribution of natural fractures is of great significance for ultra-deep oil and gas exploration and development.
However, the formation, development and distribution of fractures is a nonlinear, complex and heterogeneous system (Dong et al., 2020), which is controlled by many factors such as tectonic stress field, lithology, fault, and structural morphology (Ju et al., 2013; Ju et al., 2020; Gu et al., 2020). It has the characteristics of multi-scale and multi-stage superposition, and strong heterogeneity (Liu et al., 2019; Ren et al., 2020). In recent years, study on fracture has moved from qualitative, to semi-quantitative, and to quantitative research. The fracture identification method is mainly based on field outcrop, drilling core, microscopic thin section, and imaging logging interpretation (Olson et al., 2009; Zeng and Li, 2009; Casini et al., 2011; Ellis et al., 2012; Wang K, 2014). Based on the field outcrop, we can fully understand the distribution characteristics of natural fractures laterally, and the relationship among fractures in different formations (Deng et al., 2009). Fractures from drilling core are the most direct method to identify underground reservoir fractures. Through the observation and statistics of core fractures, we can obtain parameters such as mechanical type, occurrence, opening, length, density, formation characteristics, filling degree, etc. It is the original database for research regarding reservoir fracture in oil and gas exploration and development and is also one of the criteria to test whether the results obtained by other reservoir fracture prediction methods are reasonable (Luo, 2010). The object of thin section fracture analysis is reservoir microfracture, which includes intragranular fracture, marginal fracture, and trans-granular fractures. According to the self-similarity principle, studying the distribution of reservoir microfractures also provides important reference for understanding the distribution law of macro-fractures (Zeng et al., 2007). Imaging logging fracture interpretation is the fastest and most common method to identify fractures in the oilfield, which may provide a vertical continuous reservoir fracture development profile of a single well. Through the core fracture scale, we may interpret the fracture development of the whole well section and quantitatively calculate parameters such as linear density, length, opening, and porosity of fractures in different layers (Huang et al., 2006). The prediction methods of fractures in three-dimensional (3D) space mainly include rock curvature method (Li et al., 2008; Li et al., 2009), fractal dimension method (Feng et al., 2011), energy method, rock fracture method (Ju et al., 2013; Yu et al., 2016), geophysical method, and so on (Wang et al., 2014; Liu et al., 2021). At present, various prediction methods of reservoir fractures have their own advantages, but they inevitably have some defects or limitations.
Currently, there are still many key scientific issues in the research on reservoir fractures, especially in the Tarim Basin in western China, which has experienced multi-stage tectonic movement (He et al., 2005; Neng et al., 2012), resulting in multi-stage superposition of reservoir fractures. In addition, due to complex structure and great reservoir buried depth, further research is required in terms of high-precision 3D geological modeling, quantitative prediction of fractures, the effectiveness evaluation of fracture network system, etc.
Therefore, with the Bozi gas field in Kelasu structural belt of the Kuqa Depression in Tarim Basin as an example, based on the description, observation, and interpretation of fractures from cores, thin section, and imaging logging in multiple single wells, this paper establishes the 3D structural model of complex thrust structure by using the voxel-based morphometry (VBM) structural framework modeling technology and constructs the 3D heterogeneous rock mechanics field in the study area by using the well-to-seismic integration. The in situ stress field is simulated by the finite element numerical simulation method. The relationship between in situ stress and fracture parameters is established through the rock fracture criterion to clarify the development and distribution characteristics of fractures. The influence of in situ stress field on fracture parameters is elaborated to clarify the distribution of fracture activity.
GEOLOGICAL SETTING
The Kuqa Depression, located in the northern margin of Tarim Basin, is a multi-stage superimposed depression developed in the front of South Tianshan Mountain and dominated by the Meso-Cenozoic sedimentation (Qi et al., 2013; Wang Z, 2014; Neng et al., 2019). Laterally, it has four belts and three depressions, namely, the northern monoclinal belt, Kelasu structural belt, Qiulitage structural belt, southern slope belt, Wushi Sag, Baicheng Sag, and Yangxia Sag (Figure 1). Affected by the long-range effect of Cenozoic Eurasian plate collision, the difference of compression rate, stress direction, and magnitude during the uplift of South Tianshan Mountain, and distribution of salt lakes, the Kuqa Depression widely develops thrust structures and shows strong zonal deformation characteristics (Wang et al., 2010). The Kelasu structural belt develops a series of thrust faults and ∼E-W-trending fault-related folds from north to south.
[image: Figure 1]FIGURE 1 | (A) The Tarim Basin, located in the northwestern China, contains seven first-order tectonic units: Kuqa Depression, Northern Tarim Uplift, Northern Depression, Central Uplift, Southwestern Depression, Southeastern Uplift, and Southeastern Depression. The Kuqa depression contains seven second-order tectonic units. The Bozi gas field is located in the Kelasu structural belt, the second structural belt in Kuqa Depression. (B) The Cretaceous top contour map of the Bozi gas field. The Bozi gas field is a thrust structure complicated by faults, with many fault blocks and different sizes, and pop-up structures are developed in the middle. From north to south, the reservoir depth increases gradually.
The Bozi gas field, located in the middle-west of Kelasu structural belt, contains multiple fault blocks from north to south. The main exploration target layers of Bozi gas field are the Cretaceous Bashijiqike Formation and Baxigai Formation (Figure 2), which are generally buried in depth of more than 6,000 m, and are deposited at the front edges of fan delta and braided river delta. The Bashijiqike Formation in the study area only has the second and third lithologic sections from top to bottom, without the first one. The second lithologic section is characterized by medium- to thick-layered brown, grayish brown fine sandstone, pebbly fine sandstone, thin- to medium-layered brown mudstone, and silty mudstone. The third lithologic section is characterized by the interbedding of medium- to thick-layered brown fine sandstone, thin- to medium-layered brown mudstone, and silty mudstone. The lithology of the upper part of the Baxigai Formation is mainly composed of thin to medium brown mudstone, grayish brown fine sandstone, and siltstone of unequal thickness, intercalated with thin grayish brown argillaceous siltstone; the lower part is mainly composed of thin to medium brown mudstone and silty mudstone, intercalated with grayish brown fine sandstone.
[image: Figure 2]FIGURE 2 | From top to bottom, the strata encountered in the Bozi gas field are: Quaternary Xiyu Formation (Q1x), Neogene Kuqa Formation (N2k), Kangcun Formation (N1-2k), Jidike Formation (N1j), Paleogene Suweiyi Formation (E2-3s), Kumugelimu Group (E1-2km), Cretaceous Bashijiqike Formation (K1bs), and Baxigai Formation (K1bx). The Bashijiqike Formation is divided into the second lithologic section (K1bs2) and the third lithologic section (K1bs3) from top to bottom, without the first lithologic section. The Baxigai formation is divided into the first lithologic section (K1bx1) and the second lithologic section (K1bx2) from top to bottom.
The average porosity of the Cretaceous reservoir in the Bozi gas field is about 7%, and the overall average permeability is about 0.3 mD. The analysis of exploration well test samples shows that the content of methane is high with an average volume fraction of 85.21%, and the content of non-hydrocarbon gas, nitrogen, and carbon dioxide is low with an average volume fraction of about 3%. It does not contain H2S. It is a typical condensate gas.
CHARACTERISTICS OF FRACTURE
The fracture development characteristics of a single well are comprehensively described based on core fracture identification, microscopic thin section fracture observation, and fracture interpretation from imaging logging. From cores, it can be found that fractures of Cretaceous reservoir in the Bozi gas field are relatively developed. Shear fractures are dominant, which are characterized by flat fracture surface, small opening (0.1–0.2 mm), long extension distance, and partially being filled with calcite and gypsum. Tensile fractures account for a small portion, commonly with rough fracture surface, large opening (>2 mm), short extension distance, and mostly being filled (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Well Z102, 6,779.20 m, unfilled oblique shear fracture; (B) Well Z7, 7,742.96 m, unfilled high angle oblique fracture; (C) Well Z901, 7,678.53 m, medium-high angle shear fracture, flat fracture surface; (D) Well Z104, 6,846.75 m, a group of unfilled oblique shear fracture, with broken core; (E) Well Z10, 7,318.64 m, a nearly vertical shear fracture with flat fracture surface.
The characteristics of microfractures can be seen on thin sections (Figure 4). Intragranular fractures, grain edge fractures, and grain penetrating fractures can be seen with the opening of generally at micron level. Most of these microfractures are connected with matrix pores, which also play an important role in improving the physical properties of low-permeability sandstone reservoir.
[image: Figure 4]FIGURE 4 | (A) Well Z102-1, 6,906.12 m, microfracture extending along grain edge with an opening of about 0.1 mm; (B) Well Z101-2, 7,078.83 m, microfracture extending through the particles, with argillaceous semi-filled in the fracture, and has an opening of about 0.1 mm; (C) Well Z103, 7,399.16 m, microfracture filled with anhydrite in the gravel, and microfractures seen at the edge of the gravel; (D) Well Z104, 6,799.9 m, microfractures distributed along the grain edge; (E) Well Z104-2, 7,005.50 m, microfracture found in the gravel and at the edge of the gravel; (F) Well Z7, 7,550.6 m, several microfractures developed in local dolomite strips.
The combination relationship of large-scale fractures can be more intuitively observed from imaging logs, including parallel fracture, oblique fracture, and reticular fracture. As shown in Figure 5, a group of nearly parallel fractures are developed in 7,028–7,031 m of Well Z1-1, while a series of reticular type fractures are developed in 7,150–7,152 m. In addition, in 7,005–7,008 m of Well Z13, the well wall is fragmented, and a series of fractures with different dip angles can be seen. In 6,941–6,943 m of Well Z104, reticular fractures composed of high-angle fractures and medium- and high-angle fractures can be observed.
[image: Figure 5]FIGURE 5 | (A) Well Z2, 7,658–7,660 m, a group of nearly parallel fractures; (B) Well Z1-1, 7,150–7,152 m, reticular fracture; (C) Well Z13, 7,005–7,008 m, the well wall is fragmented, with a series of fractures with different dip angles; (D) Well Z104, 6,941–6,943 m, reticular fractures composed of high angle fractures and medium and high angle fractures.
The vertical development and distribution characteristics of fractures also significantly vary. As shown in Figure 6A, during the drilling of Well Z101-2, the Cretaceous Bashijiqike Formation and Baxigai Formation were both encountered, with a total of 67 fractures identified. The most fractures are developed in the lower part of K1bs2 and the upper part of K1bs3 formation, i.e. within 6,870–6,970 m, and most of them are high-angle or near-vertical fractures. It can be seen from Figure 6B that a total of 102 fractures were identified in the Cretaceous Bashijiqike Formation of Well Z24. Due to a small-scale reverse fault encountered during the drilling, the formation duplication was shown. It can be found that no matter in the hanging wall or footwall, fractures are denser in the K1bs2, with only few fractures in the K1bs3 formation. Moreover, it can be seen from Figure 6C that the identified 32 fractures in Well Z901 are only developed in the upper part of the K1bs2 formation, without any fracture identified in other layers, and the fractures are mainly of medium-high dip angle.
[image: Figure 6]FIGURE 6 | (A) Fracture identification of imaging logs in Well Z24, with a total of 102 fractures identified; (B) fracture identification of imaging logs in Well Z101-2, with a total of 67 fractures identified; (C) fracture identification of imaging logs in Well Z901, with a total of 32 fractures identified.
The statistical analysis of fracture parameters shows that natural fractures in the Bozi gas field are highly heterogeneous, and the distribution of fractures among wells greatly varies.
It can be seen from Figure 7 that the fracture strike is generally ∼N-S-trending; very few wells develop nearly ∼E-W-trending fractures such as well Z2. Most fractures are of tectonic origin, the dip angle of fractures is mostly larger than 70°, and the aperture is mostly between 0.1 and 2 mm. Among them, semi-filled and unfilled fractures are dominant. The filling material of those filled fractures is mainly calcite.
[image: Figure 7]FIGURE 7 | Stereographic of fracture strike of typical well in the Bozi gas field.
Based on the relationship among fractures and previous studies, it is considered that fractures in the Bozi gas field were formed in three stages (Table 1) (Zeng et al., 2004; Yuan et al., 2015; Wang et al., 2020): Fractures in the first stage were formed in the sedimentary period of Jidike Formation from the end Cretaceous to Neogene, and a small number of ∼E-W-trending tensile fractures and ∼N-S-trending shear fractures were formed under the action of ∼N-S extension and short-term weak compression and uplift. However, fractures in this stage were fully filled by calcite and other minerals, basically resulting in ineffective fractures, and they make extremely less contribution to the productivity of gas wells. Fractures in the second stage were formed in the early sedimentary stage of Kangcun Formation—Kuqa Formation of Neogene. Under the action of ∼N-S compression, a certain number of ∼N-S shear fractures were formed, mainly semi-filled fractures, which maintained some effectiveness. Fractures in the third stage were formed in the late sedimentary stage of the Neogene Kuqa Formation. Under the action of strong compression and nappe in the ∼N-S direction, the strata underwent strong bending and thrust structure, and the Kelasu structural belt including the Bozi gas field was finally finalized. Fractures formed in this stage mainly include shear fractures under the action of ∼N-S compressive stress and ∼E-W-trending tensile fractures under the action of anticline bending deformation. They are featured by large number, large opening, low filling degree, high effectiveness, and high contribution to the productivity of gas wells (Wang et al., 2016).
TABLE 1 | Tectonic fracture formation sequence of Cretaceous reservoir in the Bozi gas field.
[image: Table 1]METHOD OF FRACTURE PREDICTION
Establishment of 3D Geological Model
The Bozi gas field has many fault blocks and high degree of structural superposition. If only the target layer model of a single structure is established, it is difficult to accurately simulate the distribution of in situ stress and fractures. The main technology adopted in this paper is voxel-based (VBM) structural framework modeling technology. In the traditional corner grid modeling process, horizon modeling focuses on the structural modeling of key layers, which may lead to drastic changes in the thickness of the same small layer and even unreasonable interleaving between layers. In the VBM modeling technology system, firstly, a tetrahedral grid model with volume of interest (VOI) range is created based on the input data. Then, the isochronous attributes representing the same sequence of all input data are calculated in the tetrahedral mesh model, which is a key step in the VBM algorithm. The calculation of such isochronous attribute is based on the seamless grid attribute (i.e. watertight model) established completely based on the input data (fault, layer and well layering). The grid attribute is continuously distributed in the whole structural framework with discontinuous fault, which may minimize the influence of dip angle and thickness changes. Because the attribute model is based on the isochronous principle of sequence stratigraphy and includes all horizons specified by the input data, once the isochronous grid attribute model is established, the attributes at the corresponding positions may be extracted according to the input data to obtain the horizons within the structural framework and further establish the stratigraphic model. The complex structure model formed by VBM technology is more real and has higher accuracy, and the spatial relationship among different structures is more in line with the actual underground situation.
As shown in Figure 8, based on drilling data, logging data, seismic data, and regional geological data, the fault and layer are interpreted, and the 3D geological model of the Bozi gas field is constructed. The model consists of four lithologic members and 18 faults. The Bozi gas field is a thrust structure complicated by faults with varying scale of internal faults, and a series of pop-up structures are developed in the middle section. From north to south, the reservoir depth increases gradually.
[image: Figure 8]FIGURE 8 | Three dimensional structural model of Cretaceous reservoir in the Bozi gas field.
Calculation of Rock Mechanical Parameters
Rock mechanical parameters mainly include the Young’s modulus, Poisson’s ratio, and rock density, which are the basic parameters for fracture prediction. The continuous rock mechanical parameters on a single-well profile are interpreted by logging data calculated according to the following equations (Lu S et al., 2015):
[image: image]
[image: image]
where, Ed is the Young’s modulus, MPa; μd is the Poisson’s ratio, dimensionless; ρb is rock density, kg/m3; Δtp and Δts are P-wave slowness-time and S-wave slowness-time, μs/ft.
Due to the strong heterogeneity of rock mechanical properties, this paper adopts the combination method of logging and seismic data to establish the distribution of 3D heterogeneous rock mechanical parameters (Xu et al., 2018). That is, the rock mechanical parameters are determined by seismic interval velocity, and constrained and corrected by logging data. It should be noted that logging and seismic data have different resolutions, and the vertical accuracy of logging data is much higher than that of seismic data. Therefore, during the correction of logging and seismic velocity, the arithmetic average coarsening method is adopted for the logging data to make them consistent with the seismic data sampling points for fitting.
From the 3D distribution of rock mechanical parameters in the Bozi gas field (Figure 9), the elastic modulus is mainly between 26 and 28 GPa, locally as high as 30 GPa; the Poisson’s ratio mainly ranges between 0.24 and 0.27, and the 3D numerical value of rock density mainly ranges between 2.5 and 2.6 g/cm3. Rock mechanical parameters show obvious heterogeneity within and among fault blocks.
[image: Figure 9]FIGURE 9 | 3D heterogeneous rock mechanical parameters of Bozi gas field, (A) 3D distribution of Young’s modulus in Cretaceous reservoir; (B) 3D distribution of Poisson’s ratio in Cretaceous reservoir; (C) 3D distribution of rock density in Cretaceous reservoir.
Prediction of Fracture Distribution
In this study, the fracture prediction is based on 3D finite element method (FEM). The basic idea of FE numerical simulation method is (Ding et al., 2011), firstly, the geological body is discretized into several finite elements. The elements are connected by nodes, and the corresponding rock mechanical parameters are assigned to the corresponding elements. The basic variables of the field function in the study area include displacement, stress, and strain. According to the boundary stress conditions and node equilibrium conditions, the solution of the equations with the node displacement as the unknown quantity and the overall stiffness matrix as the coefficient matrix are obtained, followed by the displacement on each node, and then the stress and strain values in each element can be calculated.
The linear algebraic equation of finite element is (Song, 2012):
[image: image]
where, U is the displacement vector of system nodes, and K is the system stiffness matrix:
[image: image]
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p is the equivalent nodal force vector of load, and Q is the equivalent nodal force vector of load q on the edge interface:
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The stress and strain tensors under 3D conditions are expressed as vectors (Zoback, 2007):
[image: image]
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where, T is the transpose of the matrix.
The constitutive equation is (Fossen, 2010):
[image: image]
where, D is the elastic matrix.
Based on the understanding of rock mechanical parameters and in situ stress distribution, we may calculate whether the rock has fracture and the degree of fracture using the rock fracture criterion, so as to clarify the distribution of fracture parameters.
Fractures in the Bozi gas field are mainly shear fractures based on the observations from core and rock thin sections; hence, the development degree and distribution state of shear fractures are mainly analyzed and judged according to the Coulomb-Navier criterion, in which the relationship between fracture and stress is as follows (Fossen, 2010):
[image: image]
where: τ is the shear stress, MPa; σn is normal stress, Mpa; C is the cohesion of rock, Mpa; and φ is the internal friction angle of rock, °.
However, the Coulomb–Navier criterion only considers the influence of the maximum principal stress and the minimum principal stress on the rock strength. It does not consider the contribution of intermediate principal stress to the rock strength. As an equivalent maximum shear stress model, it can only judge whether the rock has shear fracture rather than the degree of shear fracture development. Therefore, in order to explain the relationship between tectonic stress state and fracture development state, the concept of fracture value is introduced (Yu et al., 2016), which is defined as:
[image: image]
where, τ is the shear stress, Mpa; and τn is the shear strength, Mpa.
Therefore, if I << 1, it means that it is far from shear fracture of rock; if I < 1, it means that there is no shear fracture in the rock; if I > 1, it means that the rock has shear fracture; if I >> 1, it means that shear fracture has already occurred. The fracture value may be linked with the development degree of shear fracture, and it is considered that tectonic fractures are developed in areas with high fracture values than those in areas with low ones. Furthermore, by fitting the calculated shear fracture value with the fracture density of a single well, we may establish the quantitative relationship between rock fracture value and fracture development degree, thereby realizing the quantitative prediction of fractures.
Evaluation of Fracture Activity
The practice of oilfield production shows that under the action of both shear stress and normal stress, the fracture in critical state has better seepage capacity. Therefore, the shear deformation activity capacity of fracture may be regarded as one of the symbols to judge whether it is a high-quality fracture. When the in situ 3D principal stress acts on natural fracture surface, it may be decomposed into an effective normal stress perpendicular to the fracture surface σne and a shear stress parallel to the fracture surface τ; these two stresses are the main factors controlling geomechanical response of natural fractures.
The ratio of shear stress to normal stress, τ/σne, affects the sliding of fracture surface. It is not only a parameter reflecting the sliding of fracture surface but also an important index reflecting fracture permeability and fluidity (Zoback et al., 2012; Jiang et al., 2021).
The normal stress and shear stress can be defined by the relationship between fracture and principal stress field (Maerten and Maerten, 2006):
[image: image]
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where, nij is the cosine direction (Zoback, 2007):
[image: image]
where: σ1, σ2, and σ3 are the maximum, intermediate, and minimum principal stress, respectively, (Mpa); γ is the included angle between the normal of the fracture surface and the minimum principal stress σ3, (°); λ is the included angle between the projection of fracture strike in plane σ1-σ2 and σ1, (°). According to the above method, based on the quantitative prediction of 3D distribution of natural fractures, the relationship between in situ stress tensor and fracture occurrence may be used to clarify the development location and occurrence information of the fracture with good activity (with high ratio of shear stress to normal stress τ/σne).
RESULT
Fracture Prediction Results
The prediction results of fracture density and fracture activity in the Bozi gas field are shown in Figure 10, in which the density of discrete fracture slices represents fracture density, the color represents fracture activity, with red for high and blue for low activity. It can be seen that fracture distribution in the Bozi gas field shows a certain pattern, and the fracture development gradually weakens from north to south. The fracture density of the Bozi 104 and Bozi 102 fault blocks in the north show the highest value, the fracture development degree of Bozi 1 fault block in the middle is reduced, and Bozi 9 fault block in the south has the lowest fracture development. From the fracture distribution in a single fault block, fractures are mostly developed in the higher part of anticline structure, and the farther away from the higher part of anticline structure, the lower the degree of fracture development. The fracture density near the fault is high, especially in the hanging wall of the thrust fault.
[image: Figure 10]FIGURE 10 | Prediction results of fracture parameters in the Bozi gas field.
The distribution of fracture activity in the Bozi gas field shows strong heterogeneity. Overall, the fault block in the north is highly active, especially the Bozi 104 and Bozi 102 fault blocks. The Bozi 9 fault block in the south has poor fracture activity. For a single fault block, fractures in the higher structural part of most fault blocks have higher activity.
Error Analysis
In this study, fracture prediction results of 10 wells in the Bozi gas field are selected and compared with actual measured statistical results (Table 2), in which the calculation method of coincidence I is defined as follows:
[image: image]
where, Dm is the actual measured statistical result of fracture density, unit: number·m−1; DC is the fracture density predicted by numerical simulation, unit: number·m−1. It may be seen that the predicted coincidence of most wells is more than 85%, indicating that the fracture development predicted through numerical simulation is consistent with the results from core and thin section observation. Overall, the predicted results can reflect the fracture development and distribution in the study area.
TABLE 2 | Comparison between measured and predicted fracture results.
[image: Table 2]The possible reasons for errors in the prediction results are as follows:
1) Accuracy of the geological model. Because the burial depth of the Cretaceous reservoir in the Bozi gas field is more than 6,000 m, or even close to 8,000 m, the overlying strata consist of a set of extremely thick gypsum-salt layer, which has a strong shielding effect on the seismic signal, resulting in poor quality of seismic data below the gypsum-salt layer and increasing the difficulty of structural interpretation. As a result, it is difficult to accurately reflect the shape of underground structure based on the structural map. The accuracy of the geological model will inevitably be reduced. In addition, the simplification of the model in the modeling process will also affect the accuracy of the final results.
2) Error caused by reservoir rock heterogeneity. Due to reservoir rock heterogeneity, rock mechanical parameters are constantly changing both laterally and vertically, that is, they exist in a continuous field function. Even if heterogeneous mechanical parameters are used, it is difficult to fully reflect the real underground situation, which will inevitably affect the prediction results.
3) Simplification of the fracture parameter calculation model. The micro process of rock fracture under stress is complex; it is difficult to describe the whole process with an accurate mathematical model. Therefore, the micro process of rock fracture is reasonably simplified in the calculation process, which will not have a significant impact on the prediction results but will obviously reduce the prediction accuracy.
4) The fracture distribution obtained from fracture prediction is a probability distribution, which represents the mathematical expected value of fracture parameters, that is, the “theoretical value” of fracture development. However, due to the complexity of fracture development, the actual fracture development may not be consistent with it. In addition, fracture distribution is not only controlled by stress, structural location, fault, etc., considered in numerical simulation, but also controlled by pore fluid and other factors, which are difficult to couple into numerical simulation at present.
Therefore, it is difficult to achieve complete numerical correspondence for the prediction results.
CONCLUSION

1) The fractures of Cretaceous reservoir in the Bozi gas field are relatively developed, most of which are tectonic in origin, and are high-angle shear fractures. The majority of fractures in the study area are semi filled and unfilled, which are formed under the rapid and strong compression in the Late Himalayan period, making great contribution to oil and gas migration and accumulation and gas well productivity.
2) The heterogeneity of fracture development and distribution in the Bozi gas field is extremely strong. Local structures such as folds and faults obviously control the fracture development characteristics and distribution. The degree of fracture development gradually weakens from north to south. The fracture density of Bozi 104 and Bozi 102 fault blocks in the north indicates the highest.
3) The fault block in the northern Bozi gas field has high fracture activity while that in the south is low. For a single fault block, the fractures in the higher part of the structure of most fault blocks have high activity.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
KX, Conceptualization, Investigation, Writing—Original Draft; HZ, Supervision, Methodology, Validation; HW, Software, Visualization; ZW, Formal Analysis; GY, Data Curation; XW, Data Curation; TK, Formal Analysis; LH, Formal Analysis; ZW, Software; WZ, Software.
FUNDING
This study is funded by the Major National Science and Technology Project (2016ZX05051), Major Science and Technology Project of PetroChina Company Limited (2018E-1803), and China Postdoctoral Science Foundation (2019M660269).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Casini, G., Gillespie, P. A., Vergés, J., Romaire, I., Fernández, N., Casciello, E., et al. (2011). Sub-seismic Fractures in Foreland Fold and Thrust Belts: Insight from the Lurestan Province, Zagros Mountains, Iran. Pet. Geosci. 17 (3), 263–282. doi:10.1144/1354-079310-043
 Deng, H. C., Zhou, W., Jiang, W. L., Liu, Y., and Liang, F. (2009). Genetic Mechanism and Development Periods of Fracture in Yanchang and Yan’an Formation of Western Mahuangshan Block in Ordos Basin [J]. J. Jilin University(Earth Sci. Edition) 39 (5), 811–817. 
 Ding, W. L., Fan, T. L., Huang, X. B., and Li, C. Y. (20112011). Upper Ordovician Paleo Tectonic Stress Field Simulating and Fracture Distribution Forecasting in Tazhong Area of Tarim Basin, Xinjiang, China. [J]. Geol. Bull. China 30 (4), 588–594. 
 Dong, S. Q., Lyu, W. Y., Xia, D. L., Wang, S. J., Du, X. Y., Wang, T., et al. (2020). An Approach to 3D Geological Modeling of Multi-Scaled Fractures in Tight sandstone Reservoirs. Oil Gas Geology. 41 (3), 627–637. (in Chinese with English abstract). doi:10.11743/ogg20200318
 Ellis, M. A., Laubach, S. E., Eichhubl, P., Olson, J. E., and Hargrove, P. (2012). Fracture Development and Diagenesis of Torridon Group Applecross Formation, Near an Teallach, NW Scotland: Millennia of Brittle Deformation Resilience?J. Geol. Soc. 169 (3), 297–310. doi:10.1144/0016-76492011-086
 Feng, C. D., Dai, J. S., Deng, H., Xiao, X. J., Zhao, L. B., Zheng, G. Q., et al. (2011). Quantitative Evaluation of Fractures with Fractal Geometry in Kela-2 Gas Field[J]. Oil Gas Geology. 32 (54), 928–933. 
 Fossen, H. (2010). Structural Geology. Cambridge: Cambridge University Press. [M]. 
 Gu, Y., Ding, W., Tian, Q., Xu, S., Zhang, W., Zhang, B., et al. (2020). Developmental Characteristics and Dominant Factors of Natural Fractures in Lower Silurian marine Organic-Rich Shale Reservoirs: A Case Study of the Longmaxi Formation in the Fenggang Block, Southern China. J. Pet. Sci. Eng. 192, 107277. doi:10.1016/j.petrol.2020.107277
 He, D. F., Jia, C. Z., Deng, S., Zhang, C. J., Meng, Q. R., and Shi, X. (2005). Formation and Evolution of Polycyclic Superimposed Tarim Basin [J]. Oil Gas Geology. 26 (01), 64–77. doi:10.11743/ogg20050109
 Huang, J. X., Peng, S. B., Wang, X. J., and Xiao, K. (2006). Applications of Imaging Logging Data in the Research of Fracture and Ground Stress [J]. Acta Petrolei Sinica 27 (6), 65–69. 
 Jia, C., Zhang, Y., and Zhao, X. (2014). Prospects of and Challenges to Natural Gas Industry Development in China [J]. Nat. Gas Industry 34 (2), 1–11. 
 Jiang, T. W., Zhang, H., Xu, K., Yin, G. Q., Wang, H. Y., Wang, Z. M., et al. (2021). Technology and Practice for Quantitative Optimization of Borehole Trajectory in Ultra-deep Fractured Reservoir: a Case Study of Bozi A Gas Reservoir in Kelasu Structural belt, Tarim Basin. China Pet. Exploration 26 (4), 149–161. (in Chinese with English abstract). doi:10.3969/j.issn.1672-7703.2021.04.001
 Ju, W., Hou, G. T., Huang, S. Y., and Ren, K. X. (2013). Structural Fracture Distribution and Prediction of the Lower Jurassic Ahe Formation Sandstone in the Yinan-Tuzi Area, Kuqa Depression. Geotectonica et Metallogenia 37 (4), 592–602. (in Chinese with English abstract). 
 Ju, W., You, Y., Feng, S. B., Xu, H. R., Zhang, X. L., and Wang, S. Y. (2020). Characteristics and Genesis of Bedding-Parallel Fractures in Tight sandstone Reservoirs of Chang 7 Oil Layer, Ordos Basin. Oil Gas Geology. 41 (3), 596–605. (in Chinese with English abstract). doi:10.11743/ogg20200315
 Laubach, S. E., Olson, J. E., and Gross, M. R. (20092009). Mechanical and Fracture Stratigraphy. Bulletin 93 (11), 1413–1426. doi:10.1306/07270909094
 Li, H., Cai, Z. Q., Tan, X. C., He, X. Q., Lyu, B., Du, W. F., et al. (2008). Forecasting of Fracture Reservoirs in Thin Carbonate Rocks of Precipitous Structure belt, East Sichuan[J]. Pet. Exploration Development 35 (4), 431–436. doi:10.1016/s1876-3804(09)60092-6
 Li, J. H., Yang, S. C., Chen, N. N., and Zhao, X. D. (2009). Forecasting Method of Tectoclase in the Igneous Reservoirs Using a Curvature of the Microtectonics [J]. J. China Univ. Mining Technology 38 (6), 815–819. 
 Liu, J. S., Ding, W. L., Xiao, Z. H., and Dai, J. S. (2019). Advances in Comprehensive Characterization and Prediction of Reservoir Fractures. Prog. Geophys. 34 (6), 2283–2300. (in Chinese with English abstract). doi:10.6038/pg2019CC0290
 Liu, J. Z., Han, L., Shi, L., Chen, S. Q., and Lyu, W. Y. (2021). Seismic Prediction of Tight sandstone Reservoir Fractures in XC Area Western Sichuan Basin [J]. Oil Gas Geology. 42 (03), 747–754. 
 Lu, H., Lu, X. S., Fan, J. S., Wang, X. H., Fu, X. F., Wei, H. X., et al. (2015). The Controlling Effects of Fractures on Gas Accumulation and Production in Tight Sandstone:A Case of Jurassic Dibei Gas Reservoir in the East Kuqa Foreland Basin[J]. Nat. Gas Geosci. 26 (6), 1047–1056. 
 Lu, S. K., Wang, D., Li, Y. K., Meng, X. J., Hu, X. Y., and Chen, S. W. (2015). Research on Three-Dimensional Mechanical Parameters’ Distribution of the Tight sandstone Reservoirs in Daniudi Gasfield[J]. Nat. Gas Geosci. 26 (10), 1844–1850. 
 Luo, Q. (2010). Core Observation and Description of Tight Sandstone Fractured Reservoir: An Example from Wenmingzhai Tight Sandstone[J]. Xinjiang Pet. Geology. 31 (3), 229–231. 
 Maerten, L., and Maerten, F. (2006). Chronologic Modeling of Faulted and Fractured Reservoirs Using Geomechanically Based Restoration: Technique and Industry Applications. Bulletin 90 (8), 1201–1226. doi:10.1306/02240605116
 Nelson, R. A. (2001). Geologic Analysis of Naturally Fractured Reservoirs [M]. second edition. Houston: Gulf Professional Publishing. 
 Neng, Y., Li, Y., Xie, H., Shi, K., and Ren, C. (2019). Tectonic Transformation Characteristics of Subsalt Thrut Belts in Kuqa Foreland Basin[J]. Xinjiang Pet. Geology. 40 (1), 54–60. doi:10.7657/XJPG20190108
 Neng, Y., Qi, J. F., Xie, H. W., Li, Y., Lei, G. L., and Wu, C. (2012). Structural Characteristics of Northern Margin of Kuqa Depression, Tarim basin. Geol. Bull. China 31 (09), 1510–1519. 
 Olson, J. E., Laubach, S. E., and Lander, R. H. (2009). Natural Fracture Characterization in Tight Gas Sandstones: Integrating Mechanics and Diagenesis. Bulletin 93 (11), 1535–1549. doi:10.1306/08110909100
 Qi, J. F., Li, Y., Wu, C., and Yang, S.-J. (2013). The Interpretation Models and Discussion on the Contractive Structure Deformation of Kuqa Depression. Tarim Basin[j]. Geology. China 40 (01), 106–120. 
 Ren, Q., Jin, Q., Feng, J., Li, Z., and Du, H. (2020). Geomechanical Models for the Quantitatively Prediction of Multi-Scale Fracture Distribution in Carbonate Reservoirs. J. Struct. Geology. 135, 104033. doi:10.1016/j.jsg.2020.104033
 Song, H. Z. (2012). Tectonic Stress Field and Finite Element Method [M]. Dongying: University of Petroleum Press. 
 Tian, J., Yang, H. J., Wu, C., Mo, T., Zhu, W. H., and Shi, L. L. (2020). Discovery of Well Bozi 9 and Ultra-deep Natural Gas Exploration Potential in the Kelasu Tectonic Zone of the Tarim Basin [J]. Nat. Gas Industry 40 (1), 11–19. 
 Wang, K. (2014). Quantitative Description of Reservoir Fracture in Clastic Rocks of Keshen Gasfield. 
 Wang, K., Yang, H. J., Li, Y., Zhang, R. H., Yang, X. J., and Wang, J. P. (2020). Formation Sequence and Distribution Regularity of Structural Fracture in Tight Sandstone Reservoir of Keshen Gas Field in Kuqa DepressionTarim Basin. Geotectonica et Metallogenia 44 (1), 30–46. (in Chinese with English abstract). doi:10.16539/j.ddgzyckx.2020.01.003
 Wang, X., Wu, Z., Bo, Z., and Yin, H. W. (2010). Cenozoic Salt Tectonics and Physical Models in the Kuqa Depression of Tarim Basin, China. SciSin Terrae 40 (12), 1655–1668. 
 Wang, Y., Chen, X. G., Wang, Y. L., and Gui, Z. X. (2014). Application of Multiple post Stack Seismic Attributes in the Prediction of Carboniferous Fracture in West Hashan[J]. Prog. Geophys. 29 (04), 1772–1779. 
 Wang, Z. (2014). Formation Mechanism and Enrichment Regularities of Kelasu Subsalt Deep Large Gas Field in Kuqa Depression, Tarim Basin[J]. Nat. Gas Geosci. 25 (2), 153–166. 
 Wang, Z. M., Li, Y., Xie, H. W., and Neng, Y. (2016). Geological Understanding on the Formation of Large-Scale Ultra-deep Oil-Gas Feld in Kuqa Foreland basin. China Pet. Exploration 21 (1), 37–43. (in Chinese with English abstract). doi:10.3969/j.issn.1672-7703.2016.01.004
 Wang, Z. M., Xie, H. W., Li, Y., Lei, G. L., Wu, C., Yang, X. Z., et al. (2013). Exploration and Discovery of Large and Deep Subsalt Gas Fields in Kuqa Foreland Thrust Belt [J]. China Pet. Exploration 18 (03), 1–11. 
 Xu, K., Dai, J. S., Feng, J. W., Shang, L., and Ren, Q. Q. (2018). Prediction of 3D Heterogeneous In-Situ Stress Field of Northern Area in Gaoshen, Nanpu Sag, Bohai Bay Basin, China[J]. J. China Univ. Miniming Technology 1 (6), 1276–1286. doi:10.1007/s12182-019-00360-w
 Yang, H. J., Chen, Y. Q., Tian, J., Du, J. H., Zhu, Y. F., Li, H. H., et al. (2020). Great Discovery and its Signifi Cance of Ultra-deep Oil and Gas Exploration in Well Luntan-1 of the Tarim Basin [J]. China Pet. Exploration 25 (2), 62–72. 
 Yang, X. W., Tian, J., Wang, Q. H., Li, Y. L., Yang, H. J., Li, Y., et al. (2021). Geological Understanding and Favorable Exploration fields of Ultra-deep Formations in Tarim Basin [J]. China Pet. Exploration 26 (04), 17–28. 
 Yu, X., Hou, G. T., Li, Y., Lei, G. L., Neng, Y., Wei, H. X., et al. (2016). Quantitative Prediction of Tectonic Fractures of Lower Jurassic Ahe Formation Sand-Dibei Gasfield. Earth Sci. Front. 23 (01), 240–252. doi:10.13745/j.esf.2016.01.022
 Yuan, J., Yang, X. J., Yuan, L. R., Chen, R. H., Zhu, Z. Q., Li, C. T., et al. (2015). Cementation and its Relationship with Tectonic Fractures of Cretaceous Sandstones in DB Gas Field of Kuqa Sub-basin. Acta Sedimentologica Sinica 33 (4), 754–763. (in Chinese with English abstract). doi:10.14027/j.cnki.cjxb.2015.04.014
 Zeng, L. B., Li, Y. G., Wang, Z. G., Chen, G. M., and Li, M. (2007). Distribution of Microfractures in Ultralow Permeability sandstone Reservoirs of the Second Member of Xujiahe formation(T3x2) in Qiongxi Structure [J]. Nat. Gas Industry 27 (6), 1–3. 
 Zeng, L. B., Lyu, W. Y., Zhang, Y. Z., Liu, G. P., and Dong, S. Q. (2021). The Effect of Multi-Scale Faults and Fractures on Oil Enrichment and Production in Tight sandstone Reservoirs: A Case Study in the Southwestern Ordos Basin, China. Front. Earth Sci. 1 (9), 1–12. doi:10.3389/feart.2021.664629
 Zeng, L. X., and Li, X. Y. (2009). Fractures in sandstone Reservoirs with Ultra-low Permeability: A Case Study of the Upper Triassic Yanchang Formation in the Ordos Basin, China [J]. AAPG Bull. 93 (4), 461–477. 
 Zoback, M. D., Kohli, A., Das, I., and Mcclure, M. (2012). The Importance of Slow Slip on Faults during Hydraulic Fracturing Stimulation of Shale Gas reservoirs[C]//Society of Petroleum Engineers SPE Americas Unconventional Resources Conference. Pennsylvania, USA: Pittsburg. doi:10.2118/155476-MS
 Zoback, M. D. (2007). Reservoir Geomechanics[M]. Cambridge: Cambridge University Press. 
Conflict of Interest: Authors KX, HZ, HW, ZW, GY, XW, TK, LH, ZW, and WZ are employed by PetroChina Tarim Oilfield Company.
Copyright © 2022 Xu, Zhang, Wang, Wang, Yin, Wang, Kang, Huang, Wang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 24 March 2022
doi: 10.3389/feart.2022.865534


[image: image2]
Fracture Characteristics and its Role in Bedrock Reservoirs in the Kunbei Fault Terrace Belt of Qaidam Basin, China
Zhaosheng Wang1*, Hui Xiang2, Libin Wang3, Lin Xie4, Zhenguo Zhang1,5, Lianfeng Gao1, Zhifeng Yan1 and Fuling Li1
1College of Mining Engineering, Liaoning Technical University, Fuxin, China
2Zhundong Oil Production Plant, Xinjiang Oilfield Company, Petro China, Fukang, China
3Research Institute of Petroleum Exploration and Development, Petro China, Beijing, China
4Research Institute of Petroleum Exploration and Development, Qinghai Oilfield Company, Petro China, Dunhuang, China
5College of Mining Engineering, North China University of Science and Technology, Tangshan, China
Edited by:
Kouqi Liu, Central Michigan University, United States
Reviewed by:
Jinxiong Shi, Yangtze University, China
Wenya Lyu, China University of Petroleum, China
* Correspondence: Zhaosheng Wang, zhaoshengw@126.com
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 30 January 2022
Accepted: 25 February 2022
Published: 24 March 2022
Citation: Wang Z, Xiang H, Wang L, Xie L, Zhang Z, Gao L, Yan Z and Li F (2022) Fracture Characteristics and its Role in Bedrock Reservoirs in the Kunbei Fault Terrace Belt of Qaidam Basin, China. Front. Earth Sci. 10:865534. doi: 10.3389/feart.2022.865534

Fracture characteristics at bedrock reservoirs in the Kunbei fault terrace belt in the southwest of Qaidam Basin, China, are investigated based on cores, thin sections, formation microscanner imaging, and production data. Results show that the weathered unit at the top of bedrocks is not an effective reservoir because of extremely low porosity. A semi-weathered unit is a potential reservoir, where formation water migrating along early effective fractures could form dissolution fractures and pores as primary storage space, and fractures can also act as seepage channels. Four fracture types can be identified from bedrock reservoirs, e.g., structural ones, diagenetic ones, weathering ones, and dissolution ones, while shear fractures related to faults are the most important ones. Fracture types and characteristics are different in granite and slate, e.g., high fracture density results in intensive dissolution in granite. Fracture density is closely related to tectonic stress. The bedrock reservoirs near fault zones and semi-weathered units are potential oil and gas exploration targets in the Kunbei fault terrace belt. Effective fractures govern dissolution behaviors as well as dominant seepage directions, which play a significant role in the development of bedrock reservoirs.
Keywords: fractures, bedrock reservoirs, in-situ stress, fracture identification, distribution characteristics
INTRODUCTION
Bedrocks are defined as all rocks forming a basin basement, which are commonly buried under sedimentary rocks (Miriam et al., 2010). With increasing oil and gas exploration practices, bedrock reservoirs (including metamorphic and plutonic rocks) have become potential unconventional oil and gas exploration targets, which increasingly attracts the attention of petroleum geologists and engineers (Tamagawa and David, 2008; Tong et al., 2017; Wang J. Q. et al., 2021). Hydrocarbon in bedrock reservoirs was primarily sourced from upper sedimentary sequences via unconformities or faults (Bagriy and Griga, 2015), which was characterized as a “new source to old reservoir” (Ma et al., 2006). The bedrocks can be favorable reservoirs as they are adjacent to hydrocarbon generation centers, high-quality reservoir-cap assemblages, and conduit systems (Zhu et al., 2020). The storage space in bedrock reservoirs includes fractures associated with tectonism, weathering, and dissolution, as well as dissolution pores (Shanley and Cluff, 2015; Zhang et al., 2021), whose production behavior varies greatly with fracture density, connectivity, and distribution (Wu et al., 2012). Variations in mineral compositions and rock structures give rise to different weathering resistance and dissolubility of bedrocks, resulting in strong heterogeneity in fracture growth (Wishart et al., 2008; Liu, 2012). Consequently, bedrock reservoirs are commonly characterized by high initial production, but rapid decline with short or no stable period. Therefore, understanding fracture characteristics and their primary controllers is critical for the efficient exploration and development of bedrock reservoirs.
In this paper, taking bedrock reservoirs in the Kunbei fault terrace belt in southwestern Qaidam Basin, China, as an example, we systematically investigated fracture characteristics in bedrock reservoirs and their role in hydrocarbon accumulation and reservoir development through integrating geology, imaging log, and experiment and production data.
GEOLOGICAL SETTING
Structure
Kunbei fault terrace belt in the southwest of Qaidam Basin in China is an inherited uplift developing on Paleozoic metamorphic rocks and Hercynian granite (Liu et al., 2015). The study area is a NW-NWW extending transpressional structural system controlled by basin-range coupling and tectonic evolution, especially the NS-trending tectonic dynamics during Himalayan movement (Fu et al., 2010) (Figure 1) NW-trending faults control primary structural trends as well as alternated sags and uplifts in the Kunbei fault terrace belt, where NS-trending secondary faults modified local structures. Diverse traps were developed in the Kunbei fault terrace belt, including faulted noses, faulted blocks, and faulted anticlines. (Chen et al., 2010).
[image: Figure 1]FIGURE 1 | Structure location of the study area.
Oil Source
Oil source correlation shows that oil and gas in the Kunbei fault terrace belt are mainly derived from the Qiekelike Sag in the northeast (Liu et al., 2008; Wu et al., 2014), where E32 and N1 source rocks are developed with an area over 2000 km2. The average organic carbon content (TOC) of E23 source rocks is 0.85%. Ro values are about 0.5–1.1%, indicating that source rocks are at the hydrocarbon generation peak (Chen et al., 2012; Gao et al., 2014). They are high-quality source rocks for bedrock reservoirs in the Kunbei fault terrace belt.
Reservoirs
The eastern Kunbei fault terrace belt is dominated by a granite basement, while the western has a compound basement dominated by metamorphic rocks and granite, with a small amount of siliceous rocks and metasandstone (Li et al., 2011). Granite is a typical plutonic intrusive rock that is dominated by potassium feldspar, plagioclase, quartz, and biotite, with amphibole and muscovite of secondary importance. It is surrounded by metamorphic rocks, mainly slate with a small amount of metasandstone. The slate is primarily composed of sericite, with a small amount of feldspar, quartz, and carbonate minerals, such as ferrocalcite and ferrodolomite. (Liu et al., 2015). The storage space is dual medium consisting of pores and fractures, where matrix porosity is 1.5–4.5%, with an average value of 2.8%, and permeability varies between 0.02 × 10–3 μm2 and 5.5 × 10–3 μm2, with an average value of 0.6 × 10–3 μm2.
Production Performance
The pilot production of bedrock reservoirs in the Kunbei fault terrace belt shows that both granite and slate have good production performance, which varies greatly among different structures, e.g., wells at the structure edge have low production and low efficiency. Wells at structure highs, however, have large reservoir thickness and good oil shows, whose initial production is high but decreases rapidly after water injection. The bedrock reservoirs in the Kunbei fault terrace belt have clear oil-water contacts, where no stable interlayer is developed between the bedrock and the E31 sandstone at the top. It is a typical structural reservoir controlled by bottom water with unified oil-water system.
MATERIALS AND METHODS
Fractures are identified and described based on formation microscanner imaging log(FMI) data from seven wells with total length of 539.1 m, coring data from 20 wells with length of 109.9 m, and production data from 25 wells.
Lithology Recognition
The boundary between bedrocks and sedimentary rocks in the study area can be easily identified with sharp change in gamma-ray log and resistivity log. Granite and slate can be distinguished from FMI images, e.g., the former appears as block in FMI images, while the latter is lamina. Meanwhile, the gamma-ray curve varies significantly at the boundary between granite and slate (Figure 2), e.g., granite is characterized by high gamma-ray (80–190 API). High-density granite has obvious low neutron porosity hydrogen index (NPHI) (<0.10) and high litho-density (RHOB) (2.50–2.70 g/m3) (Figure 3). Slate has an obvious low gamma-ray (40–80 API) and high NPHI (0.07–0.22) and RHOB (2.55–2.75 g/m3) (Figure 3).
[image: Figure 2]FIGURE 2 | FMI image and logging response of bedrock sections from the well W5. See Figure 1 for well W5 location.
[image: Figure 3]FIGURE 3 | Cross plot of RHOB-NPHI from FMI logging data (N = 694).
Fracture Identification and Quantitative Evaluation
Fractures providing reservoir space and/or seepage channels are defined as effective (Zeng et al., 2010). FMI can provide visualized information about locations and features of natural fractures, induced fractures, and small faults. Natural fractures can be represented by sine curves on FMI images, while effective fractures are dark sine curves due to good conductivity after being filled by drilling fluid (Huang, et al., 2006). Mutual cutting can be observed among multiple groups of fractures, which are ineffective after being completely filled with minerals (e.g., calcite or quartz). Poor conductivity leads to bright sine curves on FMI images (Qu et al., 2016). The characteristics of different types of fracture on FMI images are shown in Table 1 (Jan et al., 1995).
TABLE 1 | Fracture patterns on FMI images.
[image: Table 1]Fracture density is often expressed by fracture numbers per unit length, 1/m or 1/ft. Fracture aperture and porosity from FMI are deduced as the following Equations 1, 2 (Luthi and Souhaite, 1990):
[image: image]
Where W is fracture aperture (mm), C and b are coverage ratios of FMI, A is the increased current due to fractures (mA), Rmf is resistivity of mud filtrate (Ω▪ m), and Rxo is resistivity of detected zone (Ω▪ m).
[image: image]
Where Φf is fracture porosity (%), R is well radius (meter), L is length of statistical interval (meter), Li is fracture length in image (meter), and Wi is fracture aperture (millimeter).
Considerable data shows that fracture permeability is positively correlated with porosity and aperture (Hoffman and Narr, 2012), hence fracture permeability can be determined by the following (Niu et al., 2010):
[image: image]
Where Kf is fracture permeability (×10–3 μm2) and e is empirical coefficient, m is 1.5–2.0.
RESULTS
Bedrocks in the Kunbei fault terrace belt can be divided into three units from top to bottom: weathered unit dominated by clay, semi-weathered unit, and fresh unit. The weathered unit is characterized by small thickness (0–2.5 m, average: 1.9 m) and extremely low porosity, which is not regarded as a high-quality reservoir. Most weathered units in the highs of paleo-structure have been eroded with poor continuity. Bedrock reservoirs are mainly developed in semi-weathered units. Of oil-producing intervals, 75% are within 20 m from the top of the bedrocks in the study area, and 25% of oil-producing intervals are developed at the positions at about 20–50 m from the top. Neither oil not gas is discovered in fresh bedrocks. FMI data suggests that induced fractures in bedrocks are near N-S direction, while borehole collapse is near E-W direction.
Three fracture types were developed in semi-weathered granite, e.g., structural fractures, dissolution fractures, and weathering fractures. Structural fractures were derived from local tectonic events or regional tectonic stress fields (Chad et al., 2003). Shear fractures related to faults are popular in granite, accounting for over 90%. About 72.5% of near E-W extending shear fractures, occurring mainly from the Late Hercynian to Indosinian, are filled with quartz, which are ineffective, while only 16.7% of N-S extending shear fractures, occurring mainly during the Himalayan, is filled. These fractures have straight and smooth surfaces and large cutting. Dissolution along structural fractures is common, creating dissolution fractures and dissolution pores (Figures 4A,B). Fracture networks can be identified from FMI images with obvious dissolution (Figure 4C). Weathering fractures are irregularly distributed at the top of semi-weathered bedrock, with small-scale and poor connectivity. Effective fractures in granite are 4.2/m in average line density, and are about 20–50 μm in aperture with average value of 33.2 μm. Fracture porosity is generally lower than 0.1%, with the peak at 0.01–0.04%, while average fracture permeability is 35.3 × 10–3 μm2, e.g., average permeability of near N-S trending and near E-W trending fractures is 40.7 × 10–3 μm2 and 9.4 × 10–3 μm2, respectively. These effective fractures assume chiefly the near N-S strike (Figure 4D), while primary seepage orientation at some wells (e.g., W21 well and W22 well) is along NNE-SSW direction.
[image: Figure 4]FIGURE 4 | Fracture development on cores and FMI image. (A) A group of fractures in granite. Well W2: depth 2,104.2 m. SF is shear fracture, CF is corrosion fracture. (B)Thin section showing shear fracture in granite. Well W18: depth 2,128.3 m. DP is dissolution pore.(C) Network fractures in FMI image of Well W5. (D) Rose diagrams of natural fracture strike in granite from FMI. (E) Dip angles of natural fracture in granite from FMI and cores. See Figure 1 for wells location.
Structural fractures, diagenetic fractures, and a small amount of dissolution fractures can be observed in slates in the semi-weathered unit. Three stages of fractures can be identified based on fracture distribution (Figure 5A). Diagenetic fractures and structural fractures near the top of semi-weathered units are mostly filled by shale or quartz, while the density of filled structural fractures decreases gradually with increasing burial depth. Although dissolution pores and dissolution fractures are also found in slate (Figure 5B), dissolution in slate is weak compared with granite. The fracture porosity is generally lower than 0.05%, with the peak at 0.01–0.02%, and the average fracture permeability is 21.4 × 10−3μm2 in near NNE-SSW strike. The effective fractures have average linear density of 2.6/m, which assume chiefly the near NNE-SSW strike (Figure 5C) with dip angle of 30–70° (Figure 5D).
[image: Figure 5]FIGURE 5 | Fracture characteristics in slate.(A) Fractures are completely filled with minerals in the weathered layer. Well W18: depth 1847.6 m.(B)Shear fracture observed from thin sections. Well W2: depth 1848.4 m. (C) Rose diagrams of natural fracture strike in slate from FMI. (D) Dip angles of natural fracture in slate from FMI data and cores. See Figure 1 for wells location.
DISCUSSION
A large number of natural fractures have been developed in the bedrocks in the study area due to multi-stage tectonic movements (Jun et al., 2016; Wu et al., 2018; Sun et al., 2018), e.g., Indosinian movement, Yanshan movement, and Himalayan movement. NW-SE compressive stress during Late Hercynian to Indosinian (Peng et al., 2015) resulted in near E-W trending structural fractures. The bedrocks were uplifted and weathered during Indosinian to Yanshanian (Wang et al., 2020), creating dissolution pores and fractures. NNE-SSW compressive stress, Kunbei fault, and piedmont fault in the Himalayan worked together to create considerable secondary faults and near N-S structural fractures in the study area (Wang and Peng, 1991). However, no effective fracture occurred in the weathered unit at the top of the bedrocks. The semi-weathered unit can be a high-quality reservoir because of dissolution pores and fractures (including dissolution fractures). The fracture intensity varies greatly with tectonic stress (Zeng et al., 2016), while difference in rock mechanical properties can result in varied fracture density under the same tectonic stress. Also, gravity is an important factor controlling the stress state of rocks (Narr and Suppe., 1991). Generally, fracture density decreases with increasing depth due to increasing rock compressive strength (Figure 6A). Furthermore, faults are important factors controlling fracture intensity and distribution in the study area, e.g., fault activity can produce stress disturbance, resulting in high fracture density near faults (Laubach et al., 2018). Therefore, fracture density decreases with lateral distance between fracture and fault plane (Figure 6B).
[image: Figure 6]FIGURE 6 | Distribution characteristics of bedrock fractures. (A)Fracture density varies with depth (data from FMI, and the point 0 is at the top of semi-weathered unit). (B) Relationship between fracture density and distance between well points and fault (data from FMI and cores).
Effective fractures are critical for seepage behaviors of reservoirs, which is determined by fracture density, fracture aperture, dip angle, and fracture scale (Nelson et al., 2000; Wang Z. S. et al., 2021). Induced fractures are commonly parallel to the present-day maximum horizontal in-situ stress, while borehole collapse is perpendicular to the present-day maximum horizontal in-situ stress (Barton et al., 1988; Scelsi et al., 2019). Effective fractures in granite and slate in the study area have high density near N-S and NNE-SSW directions, respectively (Figure 4D), which is parallel to or intersected at a small angle with the present day maximum horizontal in-situ stress direction. Also, fractures in granite and slate have large apertures near N-S and NNE-SSW directions under the present day in-situ stress, respectively. Fractures in different directions share similar dip angles, ranging from 30° to 70°(Figure 4E and Figure 5D). Consequently, dominant seepage channels in granite and slate are generally developed near N-S and NNE-SSW directions, respectively, which varies slightly in different positions.
The basement faults and unconformities are primary oil and gas migration channels for bedrock reservoirs in Kunbei fault terrace belt (Cao et al., 2013). Fractures (including dissolution fractures) and dissolution pores are connected with each other to form conduit networks, contributing to lateral oil and gas migration along unconformities (Cukur et al., 2010). Dissolution fractures and pores provide favorable storage space in bedrock reservoirs, while dissolution fractures are also main seepage channels. They were developed due to the dissolution of soluble mineral along early effective fractures (Alhuraishawy et al., 2018), which depended on soluble mineral contents in bedrocks and their contact with formation water (Hakala et al., 2021). Since sericitization or kaolinization easily occurs to feldspar particles in granite and vermiculization can occur to biotite, the dissolution prevails in granite compared with slate and decreases with increasing depth. Fault zone and semi-weathered unit in Kunbei fault terrace belt have high fracture density and intensive dissolution, which is favorable for oil and gas accumulation. Effective fractures control the formation and distribution of dissolution fractures and pores in the later stage as well as dominant seepage direction, which is one of the key factors controlling oil and gas accumulation and reservoir development in bedrocks.
CONCLUSION
A large number of natural fractures with different types have been developed in the bedrocks in the study area due to diagenesis and multi-stage tectonic movements, e.g., Indosinian movement, Yanshan movement, and Himalayan movement. Pores and fractures are poorly developed in weathered units at the top of bedrocks in the Kunbei fault terrace belt, which are not effective reservoirs. Formation water migration along early effective fractures can create dissolution fractures and pores in the semi-weathered unit, acting as primary storage space for oil and gas. Fracture intensity varies greatly with lithology, e.g., dissolution fractures are well developed in granite. The fracture density is closely related to tectonic stress and other factors, e.g., lithology, burial depth, and structural location. Effective fractures control the distribution of dissolution fractures and pores developing in later stage as well as dominant seepage direction, which is critical for oil and gas accumulation and reservoir development in bedrocks. Oil and gas accumulation could be well developed in bedrock reservoirs near fault zones and semi-weathered units in the Kunbei fault terrace belt.
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Paleostress plays an important role in controlling the formation and distribution of reservoir fractures, which is a key factor controlling the production of oil and gas from unconventional reservoirs. At present, there are many methods to perform paleostress inversion, but these methods are mainly based on outcrop or directional core data, which are not easily available in the oil and gas industry, which mainly focuses on the study of underground geological structures. In this study, we use 3D seismic reflection data for the first time to perform slip-tendency-based stress inversion to determine the stress field of the Xicaogu area in the Bohai Bay Basin during the Neogene period. This slip-tendency-based stress inversion method is based on the analysis of slip tendency and fault throw and does not require the measurement of slip directions. The data for this method can easily be extracted from data sets routinely used in the oil and gas industry. The inversion results show that in the study area and the strata of interest, the maximum principal stress axis (σ1) is oriented vertically, the intermediate principal stress axis (σ2) is oriented N70o, the minimum principal stress (σ3) is oriented N160o, and σ2/σ1 = 0.69 and σ3/σ1 = 0.27. The results of this study serve as an important reference to clarify fault reactivation at the critical stage of hydrocarbon accumulation.
Keywords: seismic data, slip tendency, throw, paleostress inversion, Bohai Bay basin
INTRODUCTION
The contribution of unconventional reservoirs to global oil and gas production has made it important to address the main factors controlling the production of oil and gas from these reservoirs (Khair et al., 2013, 2015). Natural fractures are amongst the key factors used to find sweet spots in unconventional reservoirs (Gong et al., 2021). Rocks may have been subjected to a tremendous diversity of stress magnitudes and orientations during their tectonic history which might have caused rock failure and generated fractures; therefore, paleostress reconstruction is essential for accurate fracture prediction. Furthermore, paleostress reconstruction is an important method to study the tectonic evolution of a region (Jamison, 1992; Van der Pluijm et al., 1997). Paleostress field analysis is helpful to explain fault reactivation (Gartrell and Lisk, 2005; Kulikowski and Amrouch, 2018), the timing and patterns of fault leakage (Du Rouchet, 1981; Gartrell and Lisk, 2005; Henk, 2005), and to identify potential instability precursors (Igwe and Okonkwo, 2016).
At present, the widely used paleostress inversion methods are fault-slip data inversion (Etchecopar et al., 1981; Angelier, 1984; Célérier, 1988; Yamaji, 2000; Zalohar and Vrabec, 2010; Hansen, 2013) and calcite e-twin inversion (Turner, 1953; Spang, 1972; Lacombe, 2001; Lacombe et al., 2007; Kulikowski and Amrouch, 2017). However, these methods require the presence of outcrops and oriented core data. Those data are generally not available in the oil and gas industry. Oil field operators and geologists are often only concerned about underground geological structures and they obtain structural data through seismic data interpretation; this subsurface structural data usually does not have a related field outcrop.
Recently, a slip-tendency-based stress inversion method was introduced by McFarland et al. (2012). The methodology is based on slip tendency and fault displacement, which allows for the reconstruction of the paleostress state using fault displacement data without reference to slip directions. The inversion approach has been demonstrated using data sets obtained from outcrops (Morris et al., 2016; Ferrill et al., 2020), but has not been applied to seismic data. In this study, we use seismic data for the first time to apply the slip-tendency-based stress inversion method. The method was used to reconstruct the paleostress tensor of the Xicaogu area in the Shulu Sag of the Bohai Bay Basin. The inversion results can be used to analyze regional tectonic evolutions, and serve as an important reference to clarify fault reactivity at the critical stage of hydrocarbon accumulation.
METHODOLOGY
Slip Tendency Algorithm
The slip tendency (Ts) of a fault is defined as the ratio of the shear stress (τ) to the normal stress (σn) on the fault’s surface (Morris et al., 1996):
[image: image]
If this ratio equals or exceeds the coefficient of static friction (μs), there is a high probability that the fault will slip (Collettini and Trippetta, 2007).
In this study, we derived the equation of extensional regimes. Assuming three principal stresses σ1>σ2>σ3 in space, according to the Anderson model, it is considered that the Earth’s surface is a principal stress plane (that is, a plane with zero shear stress), so there is a principal stress axis perpendicular to the ground.
In the extensional deformation environment, the maximum principal stress axis (σ1) is vertical and the intermediate principal stress axis (σ2) and the minimum principal stress axis (σ3) are horizontal. If the orientation and magnitude of the principal stress are known, the shear stress and normal stress acting on the fault’s surface can be written as:
[image: image]
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where l, m, and n are the direction cosines of the normal to the fault plane.
In practical applications, fault planes are generally described by their geographical orientation (such as dip and dip angle), therefore, coordinate transformation is required. In the geographic coordinate system (X, Y, and Z represent north, east, and down) (Figure 1), the direction cosines of the normal to the fault plane are:
[image: image]
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where δ is the plunge of the normal to the fault plane and λ is the angle between the dip orientation of the fault plane and the trend of σ3。
[image: Figure 1]FIGURE 1 | A fault plane in a geographic coordinate system (x, y, and z), with z pointing down, x pointing north, and y pointing east. The angle δ is the plunge of the fault′s normal and λ is the angle between the dip orientation of the fault plane and the trend of σ3. The coordinate system (red arrow) is parallel to the principal stresses σ1, σ2, and σ3 in the extensional environment, respectively. σ1 is vertical and σ2 and σ3 are horizontal.
If the orientation and magnitude of the principal stresses are known, the shear stress and normal stress acting on the fault surface can be written using Equation 2 and Equation 3 as follows:
[image: image]
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When Equation 7 and Equation 8 are combined, the slip tendency in the geographic coordinate system can be obtained as follows:
[image: image]
Where, k1 = σ2/σ1 and 0 < k1 < 1, k2 = σ3/σ1 and 0 < k2 < 1, δ is the plunge of the normal of the fault plane, and λ is the angle between the dip orientation of the fault plane and the orientation of σ3.
Slip-Tendency-Based Stress Inversion
Slip tendency values allow for the assessment of the likelihood and direction of slip on a fault’s surface. A higher slip tendency value means there is a greater possibility of fault reactivation, and that as time passes, there will be more sliding along the fault. Therefore, faults with higher slip tendency values will accumulate larger fault displacements than those with low slip tendency. However, there are also special cases, where faults with high slip tendency only slip during the late stage of their deformation history or have their slip activity suppressed in the stress shadow of a larger slip surface nearby; therefore, faults with a high slip tendency may have a variety of fault displacement values from high to low. Therefore, slip tendency can be used as a proxy for fault displacement (McFarland et al., 2012).
The stress inversions technique evaluates the ability of a candidate stress tensor to explain the pattern of displacement on surfaces of different orientations by quantifying the degree of agreement between the computed slip tendency values of the stress tensor and the corresponding measured displacement values for a set of observed surfaces (Morris et al., 2016). Stress inversion is the process of finding the stress state that optimizes this measure of agreement with the inverted stress tensor that best fits the fault displacement data. The nonlinear least squares method is utilized to obtain the “best-fit’’ stress tensor (McFarland et al., 2012).
The faults of the study areas are mostly planar faults, so it was assumed that fault throw could be taken as a proxy for displacement. The composite workflow for this study is given in Figure 2. The approach includes the following steps:
(1) interpretation of the 3D seismic depth-converted data
(2) fault kinematics (fault orientations and throws)
(3) Selection of the candidate stress state and using the selected stress state to calculate slip tendency values for each faults
(4) Calculation of deviation values between the slip tendency values and the corresponding measured throw values for a set of observed faults
(5) Repeating steps 3 and 4 for a complete set candidate stress
(6) Determining the stress state that minimizes the deviation value.
[image: Figure 2]FIGURE 2 | The composite workflow for this study.
As a result, the paleostress fields (orientation of the principal stresses and shape of the stress ellipsoid) are estimated.
BACKGROUND OF THE STUDY AREA
The Shulu Sag, which is located in the south-western corner of the Jizhong depression in the Bohai Bay Basin of China (Figure 3), is an elongate half-graben basin. It covers 300 km2 and was formed from the downthrow of the hanging wall of the Xinhe fault, which is located on the eastern side of the basin and played a major role in the basin evolution (Jiang et al., 2007). The Shulu Sag can be divided simply into three tectonic belts based on its tectonic subsidence history: the gentle slope (Western slope), the steep slope (Eastern slope), and the Trough belt, which includes the northern, middle, and southern troughs (Ren et al., 2019; Jiang et al., 2018). The gentle slope can be further divided into fold structure areas such as the Nanxiaochen area, the Taijiazhuang area, the Xicaogu area, and the Leijiazhuang area (Figure 4A). The Shulu Sag unconformably overlies the Cambrian–Ordovician and Permian–Carboniferous basement and is filled with Eocene to Pliocene lacustrine deposits. From bottom to top, the Cenozoic strata in this area are the Paleogene Shahejie Formation, the Dongying Formation, the Neogene Guantao Formation, and the Minghuazhen Formation (Figure 4B).
[image: Figure 3]FIGURE 3 | Tectonic setting of the Bohai Bay Basin (Jiang et al., 2007). The Shulu sag (the blue area in the figure) is located in the southwestern corner of the Jizhong depression (I). Other sub-basins include the Huanghua depression (II), Jiyang depression (III), Bozhong depression (IV), Liaohe depression (V), and Dongpu depression (VI) (modified after Jiang et al., 2007).
[image: Figure 4]FIGURE 4 | (A) Location map of the Shulu Sag. The red border represents the location map of the Xicaogu area. (B) Stratigraphic systems of the Shulu sag.
The Shulu Sag has undergone three structural evolution stages: 1) the initial rift stage occurred during the early Paleogene; the rifting was attributed to NW–SE regional extension induced by mantle convection (Tian et al., 1992; Li et al., 2010), India–Eurasia collision (Yin, 2000; Liu et al., 2004) or by roll-back of the subducted Pacific Plate (Zhang et al., 2003; Schellart and Lister, 2005). Under the NW extensional stress field, the Shulu Sag formed a half-graben structure and mainly deposited the strata from the third member of the Shahejie Formation to the second member of the Shahejie Formation. 2) The intensive rift stage is recorded from the first member of the Shahejie Formation to the sedimentary period of the Dongying Formation, The direction of the extensional stress changed to near SN orientation, mainly forming NEE- and EW-oriented faults (Allen et al., 1998). 3) The postrift stage occurred during the Guantao Formation-Quaternary sedimentary period, and the boundary between the postrift’s structural layer and the rift’s structural layer is the bottom interface of the Guantao Formation (the T2 reflection layer), which is a large-scale regional unconformity surface. The major regional unconformity between the Paleogene and Neogene deposits represents an important tectonic event that marks the termination of the rifting stage and the beginning of the post-rifting stage (Qi and Yang, 2010), regional extension in the basin ended at the end of the Oligocene, most likely because of the onset of transpression within eastern Asia, caused by the collision of Australia with the Philippine Sea Plate (Allen et al., 1998). Since the Neogene, the fault activity has obviously weakened, The NE-,NEE-and EW- trending pre-existing faults were reactivated. Some secondary faults were created under the nearly SN direction extension stress (Teng et al., 2014). Fault reactivation caused by the Neotectonism was probably induced by the combination of the regional Tan-Lu fault zone strike-slip movement and the mantle re-upwelling (Yu et al., 2011; Huang et al., 2012; Teng et al., 2014).
The Xicaogu structural belt is located in the middle part of the western slope of the Shulu Sag (Figure 4A). Although oil and gas have been discovered in the Shulu slope, large-scale oil and gas reservoirs are mainly concentrated in the Xicaogu structural belt. In this area, oil and gas reservoirs are all fault-related reservoirs (Xingru et al., 2016), and fault activity has affected oil and gas migration and accumulation. In this study, for the first time, the paleostress state of the Xicaogu area in the Shulu Sag is inverted using seismic interpretation data. The inversion results are of great significance to the analysis of tectonic evolutions and fault reactivation at the critical period of hydrocarbon accumulation.
The Xicaogu structural belt is a concentrated area of large-scale oil reservoirs in the Shulu sag. The oil in this area mainly come from the source rocks of the third member of the Shahejie Formation. The source rocks began to mature at the end of the deposition of the Dongying Formation and reached peak maturity in the middle period of the deposition of the Guantao Formation. The oil and gas accumulation period mainly occurred during the middle period of the deposition of the Guantao Formation (He, 2017). During the Neogene period, the tectonic background is relatively stable, a few faults were developed inheritably from the pre-existing syn-rift fault systems (Figure 5A). Throw-depth (T-z) plot was constructed by calculating the throw across faulted horizons (Baudon and Cartwright, 2008; Pochat et al., 2009), which can be used to constrain the temporal activity of fault population. The Neogene faults show maximum throw is consistently observed at the bottom of Dongying Formation (T3 reflection layer). For example, the T-z profile for fault 1 in Figure 5B, and progressively decreases toward the Guantao Formation, suggesting that these faults nucleated at Dongying Formation (the Syn-rift stage) and then propagated into the Neogene strata. The reactivation of faults affected hydrocarbon migration and accumulation in this area. Therefore, in this study, the stress tensor of the Neogene period was inverted.
[image: Figure 5]FIGURE 5 | (A) seismic section illustrating the growth characteristics of faults in the study area, locations of seismic sections shown in Figure 6. (B) T-z profile for Fault 1 in (A), which shows maximum throw is at the bottom of Dongying Formation (T3 reflection layer) and progressively decreases toward the Guantao Formation, suggesting that most Neogene faults were developed inheritably from the pre-existing syn-rift fault systems.
RESULTS
Data
The Xicaogu area is spread across about 165 km2 and 3D seismic data is available for the entire area. The original data has been processed well; the main frequency is 15–38 HZ, the seismic volume has an inline spacing of 25 m, and it was loaded to workstations and interpreted using Landmark 2003. The structural map of the bottom of the Guantao formation was obtained by time-depth conversion of seismic interpretation data (Figure 6).
[image: Figure 6]FIGURE 6 | The structural map of the bottom of the Guantao formation, locations of map shown in Figure 4. The blue crosses are the data collection points. A total of 101 data points were selected to measure the fault attribute and throw data.
Through 3D seismic interpretation, the characteristic geometric parameters of faults in the Guantao formation were measured, including fault dip, dip angle, and fault throw. A total of 101 data points were selected to measure the fault attribute and fault throw data (Figure 6). We measured throw values from seismic sections that oriented orthogonal to local fault strike. Throw was determined by the vertical separations between footwall and hanging wall cutoff elevations of T2 reflection layer (the bottom of the Guantao formation). If the trend of the fault segments has undergone significant changes, these parameters should be measured by segments (Figure 7).
[image: Figure 7]FIGURE 7 | Schematic diagram of the data measurement principles. No.1 and No.2 represent different measurement points because the trend of the fault segments has undergone significant changes.
The fault throw was graded according to the fault throw values obtained by measurements. The maximum fault throw in the fault data was recorded, and the graded faults were projected on a stereographic map. Figure 8 is a stereographic projection of faults of different throw orders. It can be seen from the map that the strike of the faults with a fault throw greater than 30 m are generally in the NEE-EW direction, and the strike of the faults with a fault throw less than 30 m are in the NE-NNE direction and obviously different from the orientation of the faults with a high throw. In addition, the stereographic map indicates that the high-angle faults accumulated larger fault throws, and were probably easier to reactivate.
[image: Figure 8]FIGURE 8 | The stereographic projection of the poles of the faults. The red rectangles represent the faults with throws greater than 100 m, the blue crosses represent the faults with throws between 50 and 100 m, the orange dots represent the faults with throws between 30 and 50 m, and the green dots represent the faults with throws less than 30 m.
Stress Inversion Results
Methods presented by McFarland et al. (2012) were implemented in Matlab™. In the inversion process, an initial stress state is assumed, including the orientation of the stresses σ3, k1 and k2. σ3 began at azimuth 0o and it increased from 0o to 360o with a step of 0.5 o. k1 and k2 ranged from 0.1 to 1 with a step of 0.02 in cyclic calculation. The fault slip tendency (Ts) under this stress state was then calculated. After calculating the slip tendency of each fault in the target horizon, the calculated value of the slip tendency of each fault was recorded. The maximum and minimum values of the slip tendency in the data were also recorded. The fault throw and slip tendency values of each fault were normalized (McFarland et al., 2012), where normalization means that the slip tendency values were from 0 to 1 to enable a direct mathematical comparison between the slip tendency and fault throw.
The normalized slip tendency of each fault was compared with the value of the fault throw and the deviation was calculated. Then, after changing the stress state, the deviation calculation was repeated, and the stress state corresponding to the minimum deviation was obtained.
In the least square method, the paleostress inversion algorithm calculates the slip tendency that best matches the fault throw and then determines the corresponding stress state. In other words, the algorithm finds the corresponding stress state with the smallest deviation value.
Stress inversion was carried out using the faults’ geometric parameters obtained from the seismic interpretation data to obtain the stress state under the condition where the slip tendency and fault throw distribution best match each other (Figure 9). The final stress state inversion results show that the maximum principal stress σ1 is vertical, the minimum principal stress σ3 is oriented N160o, the intermediate principal stress σ2 is oriented N70o, and σ2/σ1 = 0.69 and σ3/σ1 = 0.27.
[image: Figure 9]FIGURE 9 | Principal stress orientations and slip tendency plots of the best-fit stress states.
DISCUSSION AND CONCLUSION
Paleostress plays an essential role in controlling the formation and distribution of reservoir fractures, which is a crucial factor in controlling oil and gas production from unconventional reservoirs. At present, there are many methods to invert paleostress. Still, these methods are mainly based on outcrop or directional core data, which are not readily available in the oil and gas industry, which primarily focuses on the study of underground geological structures.
This study is a valuable application and development of the slip-tendency-based stress inversion method, the inversion method was previously demonstrated only by outcrop data (Morris et al., 2016), but it has not been applied to seismic data. In this study, we used 3D seismic reflection data for the first time to perform slip-tendency-based stress inversion to determine the stress field of the Xicaogu area in the Bohai Bay Basin during the Neogene period. The method is based on the analysis of slip tendency and fault throw and does not require the measurement of fault slip directions. The data for this method can easily be extracted from data sets routinely used in the oil and gas industry.
Fault surface orientations and throw magnitudes of faults in the Guantao Formation in the Xicaogu area were analyzed. The results show that faults with different fault throws exist in different areas of stereographic projection. The dip angles of faults with large throws are steeper. We concluded that the faults with large throws may be easier to reactivate and that faults in high slip tendency orientations tend to develop larger throws than other faults. This relationship provided a basis for fault throw as a proxy for slip tendency.
Based on the attitudes of faults and throws obtained from seismic interpretation data, stress inversion was then achieved by identifying the stress state that best fit the slip tendency values and the throws of the observed surfaces. The method was used to determine the stress field during the post-rift subsidence stage of the Xicaogu area in the Bohai Bay Basin. The paleostress inversion results show that the maximum principal stress σ1 is vertical, the minimum principal stress σ3 is oriented N160o, the intermediate principal stress σ2 is oriented N50o, and σ2/σ1 = 0.69 and σ3/σ1 = 0.27. The results agreed with previous conclusions regarding orientations for the extension stress of the post-rift stage (Teng et al., 2014).
The methodology makes a conservative assumption that the stress state of postrift stage was homogeneous normal faulting stress regime to make the calculation feasible. The Bohai Bay Basin was thought to have experienced the Palaeogene rifting and Neogene post-rift thermal subsidence. Most of the postrift faults are of NE- or EW-trending, which were the reactivation of pre-existing faults of Palaeogene rifting stage. Slip could accumulate on randomly oriented pre-existing faults, but the cumulated throws during the tectonic or stress event were different.
The results strongly dependent on fault orientation and throw, so several sources of calculation error exist related to the quality of the available data and seismic interpretation. Our testing of the methodology described in this study is at an early stage, Notwithstanding this, we believe that paleostress estimations based on simple geometric analysis are prone to more significant errors without such an approach. In this study, the fault throws were assumed to be the results of a single-stage stress field. However, if in the future we encounter faults in the deep layers, the faults may experience multi-stage stress fields with different orientations. The fault throws would be the result of multiple slip events, which would not represent a single tectonic movement. To counter this problem, we suggest that the fault data should be selected according to the last reactivation period of the fault as indicated by both subtle sedimentary growth and termination levels to ensure that the fault throws are not affected by later tectonic events.
The slip-tendency-based stress inversion method opens new and interesting perspectives to paleostress analysis. Further development and testing of the paleostress estimation method are underway. More faults with various fault orientations are to be analyzed in future work to better constrain the region’s history.
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Fracture effectiveness evaluation has an important impact on the efficient exploration and development of ultra-deep fractured reservoirs. Based on the liquid production profile results collected during the development of the Keshen gas field and based on the traditional static evaluation of fracture density, opening and filling degree, the fracture effectiveness evaluation of ultra-deep reservoirs is carried out from the perspectives of fracture activity, fracture opening and fracture connectivity. The results show that the static characteristics, such as fracture density and fracture properties, are only some factors that determine the effectiveness of fractures. From the perspective of contributions to reservoir permeability, dynamic parameters such as fracture activity, fracture opening and fracture connectivity are the key factors in determining the effectiveness of fractures. Practice has proven that fractures with a high shear ratio, low stress environment and high connection with the fracture system around the well are the main seepage channels for oil and gas supply in the development process. The research results provide a scientific basis for well location deployment, optimization of reconstruction intervals and optimization of development schemes.
Keywords: ultra-deep layer, fracture effectiveness, reservoir, capacity of production, Tarim Basin
INTRODUCTION
In recent years, ultra-deep layers have gradually become the key field of oil and gas resource development and the hotspot of exploration and development (Jia et al., 2014; Li et al., 2020). According to the classification of oil and gas reservoir types in China, a burial depth of more than 4,500 m is generally defined as an ultra-deep layer, while an ultra-deep layer in western China generally refers to a burial depth of more than 6,000 m (He et al., 2019). The Keshen gas field in the Kuqa depression, Tarim Basin, is one of the typical ultra-deep oil and gas resource enrichment areas in China. Exploration breakthroughs have been achieved in Keshen 2, Keshen 5 and Keshen 24. The Cretaceous sandstone reservoirs of ks 2 and ks 5 are buried more than 6,000 m, and the reservoirs of Keshen 9 and Keshen 21 are even more than 8,000 m, belonging to the category of typical ultra-deep (Tian et al., 2020; Wang et al., 2021; Tian et al., 2021).
However, at this depth, the rock is in a very strong in situ stress environment (Xu et al., 2020), and the horizontal principal stress and vertical principal stress exceed 200 MPa. Under the action of strong compaction and compression, the diagenesis of reservoir rocks is strong, the porosity is low, approximately 2–7%, and the matrix permeability is as low as 0.01∼1mD. Strong compression causes extremely developed natural fractures in the formation, which greatly improves the reservoir permeability and provides the main migration channel for underground oil and gas (Tang et al., 2017; Shi C. et al., 2020; Zhang et al., 2020; Wang et al., 2021).
At present, scholars have carried out research on the mechanism of fracture genesis (Wang et al., 2018; Gong et al., 2019; Yang et al., 2021), multiscale fracture division and description (Liu C. et al., 2017; Liu et al., 2019; Espejel et al., 2020), and quantitative prediction of structural fracture parameters for ultra-deep fractures in the Kuqa depression (Liu J. et al., 2017; Li et al., 2020; Lan et al., 2021). They generally use parameters such as fracture density and fracture opening to characterize the effectiveness of fractures (Ju et al., 2020; Mao et al., 2020; Shi J. et al., 2020; Lv et al., 2021) and believe that the parts with dense fracture development and large openings in the high part of the anticline are conducive to the high production of gas wells (Yang et al., 2016; Zhou et al., 2018). However, the practice of the Tarim oilfield shows that the ultra-deep reservoir in the Kuqa depression has strong heterogeneity and great productivity differences between wells. The conventional physical properties, fracture density and other parameters cannot well reflect the reservoir quality and cannot be generally considered the main controlling factor of high production of oil and gas wells (Zhang et al., 2019; Wang J. et al., 2021). In the anticline structure, the traditional well location deployment mode of “along the long axis and occupying the high point” also faces certain limitations in the ultra-deep oil and gas exploration and development of the Kuqa depression. How to define effective fractures, find favorable reservoirs and realize efficient exploration and development has become an urgent task.
To solve this problem, the key is to clarify the contribution of different fractures to the reservoir seepage capacity and the control effect on productivity under the background of ultra-deep complex and strong in situ stress and reveal the main controlling factors of high production of oil and gas wells. Therefore, based on the production practice data and the research of traditional fracture density and filling degree, the author carries out geomechanical research, reveals the relationship between fractures and reservoir and productivity, and puts forward the fracture effectiveness evaluation method to support the efficient development of ultra-deep oil and gas.
GEOLOGICAL SETTING
The Kuqa depression is located in the northern margin of the Tarim Basin, adjacent to the Tianshan fold belt in the north and the Tabei Uplift in the south. It is a Mesozoic Cenozoic superimposed foreland basin developed on the basis of Paleozoic passive continental margins, with a total area of approximately 2.85 ha × 104 km2. It includes seven secondary structural units: the Northern structural belt, Kelasu structural belt, Qiulitage structural belt, Baicheng sag, Yangxia sag, Wushi sag and southern slope belt (Figure 1). The Kuqa depression began to develop in the late Hercynian period and experienced many tectonic movements, such as the development period of the paleoforeland basin in the Late Permian Triassic, the extension depression period in the Jurassic Paleogene and the development period of intracontinental foreland thrust in the Neogene Quaternary (Li et al., 2017). Under the background of this large deformation scale and complex structural evolution, the Kuqa depression develops a large number of multistage superimposed structural fractures. Fractures of different degrees are developed in the Keshen gas reservoir, Bozi Dabei gas reservoir, Dina gas reservoir in the Qiulitage structural belt, mid-autumn gas field and Dibei tight gas reservoir in the northern structural belt. The structural style of Keshen gas field is a typical foreland thrust imbricate structure, which was formed in the Mesozoic Yanshan movement and the Cenozoic Himalayan movement. Several fault anticline natural gas reservoirs such as Keshen 2, Keshen 8, Keshen 9 and Keshen 13 are developed from north to south (Figure 2), with a total resource of more than 1.0 × 1012m ³ (Neng et al., 2013).
[image: Figure 1]FIGURE 1 | Division of structural units and geological profile of the Kuqa Depression. (A) Kuqa depression is located in the north of Tarim Basin; (B) Kuqa depression is divided into seven secondary structural units. Keshen gas field is located in the east of Kelasu structural belt; (C) Thrust imbricate structures are widely developed in Kelasu structural belt.
[image: Figure 2]FIGURE 2 | Structure map of Cretaceous in Keshen gas field.
The strata in the study area are Quaternary, Neogene, Paleogene and Cretaceous from top to bottom. The Neogene is further divided into the Kuqa Formation (N2k), Kangcun Formation (N1k)and Jidick Formation (N1j); the Suweiyi Formation (E2-3s) and Kumgliem Group (E1-2km) developed in the Paleogene, and the Kumgliem Group developed with an extremely thick salt gypsum layer (the thickest is more than 5,800 m), which is a regional caprock. The Bashkiqike Formation (K1bs), Brazil reorganization (K1bx) and shushanhe Formation (K1s) developed in the Cretaceous. The main horizon of the Keshen gas reservoir in the Kelasu structural belt is the Bashijiqike Formation, which belongs to the sedimentary background of the depression lake basin (Zhou et al., 2016). It is dominated by massive sand and widely covers a very thick sand body. The sedimentary facies belt in the Kelasu structural belt is characterized by an east–west distribution and north–south zoning. According to the lithology and lithologic combination sequence, the strata of the Bashijiqike Formation can be further divided into three members, namely, the Ba 1 member, Ba 2 member and Ba 3 member. Among them, the Ba 3 member belongs to a fan delta sedimentary environment, the Ba 2 member and Ba 1 member belong to a braided river delta sedimentary environment, and the sand body types are mainly braided river delta underwater distributary channel sand and estuary bar sand (Pan et al., 2013; Zhang et al., 2015).
The rock intensity of the Bashijiqike Formation is mainly lithic arkose, in which the content of quartz particles is 45–65.0%, the content of feldspar particles is 20.0–35.0%, and the content of rock cuttings is 14.0–30.0% (Han et al., 2009; Pan et al., 2014). The miscellaneous base includes argillaceous and argillaceous iron, and the cement is mainly calcite, dolomite and anhydrite. The clay minerals are mainly the illite/montmorillonite mixed layer, illite and chlorite. The clastic particles are moderately well sorted and sub rounded. The particles are mainly in point and point line contact. The rock components generally show the characteristics of medium to high structural maturity. The reservoir space is dominated by residual primary intergranular pores and intergranular dissolved pores, followed by intragranular dissolved pores and micropores.
FRACTURE CHARACTERISTICS
The Cretaceous Bashijiqike Formation in the Keshen gas field is strongly compressed by Himalayan tectonic movement, and the fractures are mainly of structural origin. Affected by lithology, stress neutral plane and other factors, the development characteristics of structural fractures are quite different. From the perspective of mechanical mechanisms, fractures can be divided into tensile fractures and shear fractures, both of which are developed to varying degrees. From the perspective of fracture occurrence, fractures can be divided into vertical fractures, high-angle fractures, low-angle fractures and horizontal fractures. Among them, vertical fractures and high-angle fractures are mainly developed, accounting for more than 70%, and a small number of low-angle fractures and horizontal fractures account for less than 30%. There are many angles to describe the fracture development characteristics. This study describes the fracture development characteristics of different scales from the perspective of the fracture observation scale.
Microfracture Development Characteristics
Microfractures are mainly observed and studied by casting thin sections, laser confocal microscopy and micron CT. Such fractures are mainly distributed between particles. Sometimes microfractures cutting through particles can be observed. The fracture width is generally 1–100 μm, and the main body is concentrated between 20 µm. The fracture length distribution is unequal, between 1 and 10 mm. The fracture filling degree is low, and the opening property is good. There are various fracture forms, which are mainly affected by the composition and distribution of clastic particles. Even the same microfracture shows great differences in different positions. Some sections show straight fractures, while others have a large bending degree. On the whole, a large number of microfractures are developed, which reflects the strong structural compression of the reservoir to a certain extent (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Well ks2, 6,048.73 m, several microfractures are appeared in thin section, (B) Well ks2, 6,049.56 m, a series of microfractures in thin sections (C–D) Well ks2, laser confocal and micron CT of well ks2 in the Keshen gas field.
Core Fracture Development Characteristics
Core-scale fractures are mainly observed and studied by magnifying glass or the naked eye. Natural fractures often have the following characteristics on the core: the fracture surface is filled with minerals (Figure 4D), the fractures are developed inside the core (Figure 4B,C), the directivity is obvious, and the extension is long (Figures 4A,C,D); However, the artificial fracture forms an irregular shape such as ring on the core, which is mainly unloading fracture. It can be seen that the core fractures shown in Figure 3 are natural fractures. A large number of wells in the Keshen gas field have collected core data, and most of them are high angle oblique or vertical orthogonal tensile fractures or shear fractures, and some of them can see the development of network fractures. The dip angle of the fracture is between 60° and 90°, and a few low angle fractures are developed. The fracture opening is greater than 0.1 mm, generally between 0.1 and 0.5 mm, and even greater than 5 mm. The fracture length is more than 5 cm, generally between 5 and 50 cm. The degree of fracture filling varies greatly, which can be divided into full filling, partial filling and unfilled. Among them, tensile fractures with large openings and early formation generally have a high filling degree, and most of the filling materials are calcite. The openings are relatively small, the shear joints formed later are mostly semifilled or unfilled, and the filling materials are mostly calcite. According to the cutting relationship and filling degree of fractures, predecessors have performed much research on fracture stages.
[image: Figure 4]FIGURE 4 | (A) Well ks242, K1bs, 6,451.5 m, Medium sandstone, it can be seen that high angle fracture and vertical fracture intersect obliquely; (B) Well ks24, K1bs, 6,179.2 m, a medium high angle fracture filled with calcite; (C) Well ks8, K1bs, 6,737.5 m, opened high angle fractures; (D) Well ks8, K1bs, 6874 m, half-filled vertical fracture.
Imaging Fracture Development Characteristics
Imaging scale fractures are mainly observed through acoustic and electrical imaging logging. Imaging logging can provide continuous borehole wall images of formations and help to study the distribution relationship of vertical fractures and the change in fracture occurrence. According to the imaging logging data, the fractures in the Keshen gas field are mostly high-angle oblique fractures, reticular fractures are developed in some strata, and low-angle fractures and horizontal fractures are not developed. The development characteristics of the fracture strike vary greatly at different positions of the structure. In the core area of the anticline structure, E-W tensile fractures along the axis of the anticline are relatively developed, and NW-SE or NE-SW shear fractures are mainly developed at a position far from the core area of the anticline. The fracture width is between 0.1 and 2 mm, and the fracture length is between 0.5 and 20 m. The fracture filling degree is similar to that observed in the core, with a great difference. It can be divided into fully filled fractures, partially filled fractures and unfilled fractures (Figure 5).
[image: Figure 5]FIGURE 5 | (A) Well ks204, 6,530 ∼ 6,532 m, network fractures; (B) Well ks803, 6,820 ∼6,821.5 m, a group of parallel fractures; (C) Well ks24, 6,442 ∼6,445 m, Several medium and low angle fractures.
Fractures of different scales have different contributions to reservoir permeability. Imaging fractures and core-scale fractures have a direct contribution to reservoir permeability. The influence of microfractures on reservoir permeability is still unclear. According to previous studies, microfractures may increase reservoir pore space.
EVALUATION METHOD OF FRACTURE EFFECTIVENESS IN ULTRA-DEEP RESERVOIR
Fracture effectiveness is the degree to which the fracture is open under the condition of oil and gas reservoirs and can provide effective circulation space for underground fluid flow. The effectiveness evaluation of fractures is very important for fractured reservoirs. Due to strong compaction, the porosity of the ultra-deep reservoir (6,000–8,000 m) in the Keshen area is only 4.0–8.0%, and the permeability is only 0.001 × 10–3 μm2∼0.500 × 10–3 μm2, but the well test permeability in this area is indeed as high as 1 × 10−3µm2∼100 × 10–3 μm2. Natural fractures provide the main permeability channel of the reservoir. According to the statistics of block development data, the average contribution rate of natural fracture permeability to formation permeability is 99.08%.
Traditionally, qualitative or semiquantitative evaluation methods have been established for fracture effectiveness evaluation from the factors of fracture itself, such as fracture density, fracture opening and fracture type, as well as external factors, such as in situ stress and fracture filling degree. It is considered that the filling degree, density and opening of fractures have a great influence on the effectiveness of fractures. However, according to the long-term development data and industrial profile data, the real contribution interval of formation fluid is inconsistent with the understanding of fracture density, fracture opening and whether the fracture is filled. For example, in well ks208 in the kes 2 well block, a large number of natural fractures are developed in the target layer (more than 100), but the test production is only 10 × 104 m3/d. However, only a small number of natural fractures are developed in the adjacent well ks228, but the test production is more than 30 × 104 m3/d. Similarly, according to the test results of the single-well liquid profile, only a small number of natural fractures are developed in the main production interval of well ks24-5 in the keshen 24 block (Figure 6). A stratum with a large number of natural fractures is not the main gas supply interval or even the seepage channel of underground fluid. It can be seen that fracture effectiveness is related not only to fracture density, fracture opening and other parameters but also to other control factors.
[image: Figure 6]FIGURE 6 | The liquid production profile of well ks24-5; The first trace in the figure is the stratum, the KTH in the second trace is the de uranium gamma, the fifth trace is the formation resistivity measurement results of different radial depths, m, and the sixth trace is the current in-situ stress, in which Shmin is the current minimum horizontal principal stress, MPa; Shmax is the current maximum horizontal principal stress, MPa; Sv is the vertical stress, MPa, the eighth channel is the perforation position, and the ninth channel is the contribution ratio of oil and gas production of each formation,%.
Therefore, based on the understanding of traditional fracture effectiveness evaluation and combined with the long-term development performance data of the ultra-deep gas field, the author innovates to carry out fracture effectiveness evaluation research from three aspects: fracture activity, fracture opening and fracture connectivity.
Fracture Activity
Fracture activity refers to the ability of natural fractures to shear slip under the action of in situ stress, which is usually used as the shear stress acting on the fracture surface τ and the effective normal stress on the fracture surface σ expressed as the ratio of n. The flow of oil, gas and other fluids in fractures is largely affected by the in situ stress state. Under the action of underground three-dimensional stress, the stress state of fractures with different occurrences is different. The stress acting on the natural fracture surface can be decomposed into the shear stress parallel to the fracture surface τ and the effective normal stress of the vertical fracture surface σn. The greater the angle between the natural fracture surface and the maximum horizontal principal stress is, the smaller the shear stress and the greater the effective normal stress; that is, the ratio of the τ/σn is low, the fracture tends to be stable. When the angle between the natural fracture surface and the maximum horizontal principal stress is smaller, the shear stress is larger, and the effective normal stress is smaller; that is, the ratio of the τ/σ is high, the fracture tends to shear slip. The fracture in the critical sliding state has better seepage ability, and the shear deformation activity ability of the fracture surface can be regarded as one of the symbols to judge the high-quality fracture.
Based on the productivity test data of fractured reservoirs, the stress of natural fractures is obviously related to productivity. Figure 7 shows the statistics of the fracture shear ratio and gas well production of more than 20 wells in the Keshen gas field. It can be found that the fracture shear ratio is positively related to gas well production. The research shows that the contribution of fracture activity to gas well productivity is even more important than its development degree (Zhang et al., 2019).
[image: Figure 7]FIGURE 7 | The relationship between fracture activity and open flow, the horizontal axis is fracture activity, and the vertical axis is open flow of gas well.
Fracture Opening
The natural productivity of ultra-deep fractured reservoirs is low and cannot meet the development needs. Reservoir reconstruction is often needed to meet the needs of efficient development. However, the minimum horizontal principal stress of the 6,000～8,000 m reservoir exceeds 140 MPa, and the reservoir fracture pressure is very high. At present, the engineering construction conditions have difficulty meeting the conditions for the formation of hydraulic fractures in the fractured reservoir matrix. The fracturing transformation of ultra-deep reservoirs is more likely to open natural fractures, connect wellbore fractures with the natural fracture network of the reservoir around the well, and form a dominant seepage channel to increase the productivity of oil and gas wells. Therefore, the development of fractures is conducive to reducing the difficulty of fracturing transformation. The opening pressure of natural fractures is very important for ultra-deep hydraulic fracturing and is an important index to measure the effectiveness of fractures.
When the fracture surface is closed, the normal stress of the section decreases due to the increase in pore pressure at the fracture surface, and the fracture surface may change from closed to open. The pressure when it changes to open is called the opening pressure. Theoretically, under the condition of complete elasticity, when the fluid pressure is greater than the principal stress on the joint surface, the joint surface can open and become a channel for dredging. In fact, due to the deformation characteristics of the rock stratum itself, even under the above conditions, the joint surface is not necessarily open, and the joint surface can be opened only by overcoming the deformation strength of the rock. According to the factors affecting the original stress state of natural fractures in the reservoir, the opening pressure of natural fractures can be calculated by the following methods (Zhu et al., 2016):
[image: image]
where [image: image] is the Poisson’s ratio of rock; H is the buried depth of the fracture, m; [image: image] is the fracture dip angle, (°); [image: image] is the formation pressure coefficient; [image: image] is the rock density, kg/m3; [image: image] is the specific gravity of water, kg/m3; [image: image] is the acceleration of gravity, N/kg; [image: image], [image: image] is the current maximum stress and minimum stress gradient, MPa/m; [image: image] is the included angle between the natural fracture strike and the current maximum principal stress orientation, (°).
According to the Formula, the influencing factors of the natural fracture opening pressure mainly include the fracture burial depth, fracture dip angle and strike, formation fluid pressure and current in situ stress orientation and size. The deeper the fracture is buried, the greater the stress on the fracture, the smaller the fracture dip angle, the smaller the formation fluid pressure, the greater the included angle between the fracture strike and the azimuth of the maximum principal stress, and the greater the opening pressure of the fracture; in contrast, the smaller the fracture opening pressure is (Figure 8).
[image: Figure 8]FIGURE 8 | (A) is the statistical diagram of the included angle between the natural fracture strike and the current maximum principal stress azimuth of the stratum at different depths of well ks504. It can be seen from the figure that the included angle between the natural fracture strike and the current maximum principal stress azimuth of the well is widely distributed, with a large number of development at 0–90 °. (B) is the opening pressure distribution diagram of natural fractures with different included angles in well ks 504 calculated according to the above opening pressure calculation method. It can be seen from the figure that the variation range of fracture opening pressure is 1.94–2.52MPa/100 m, among which the opening pressure of natural fractures with an included angle of 28.8 ° is the lowest, which is 1.94MPa/100 m (the depth of fracture development formation is 6,733 m, and the opening pressure is 128 MPa), The maximum opening pressure of natural fractures with an included angle of 87.5 ° is 2.52MPa/100 m (the depth of fracture development formation is 6741m, and the opening pressure is 166.6 MPa).
The natural fractures in the ultra-deep reservoir of the Keshen gas field are buried deep (6,000–8,000 m), the original field stress is large (the minimum horizontal principal stress is greater than 140 MPa), and the fracture opening pressure is large. However, due to the high formation fluid pressure (greater than 100 MPa), the included angle between the natural fracture strike and the maximum principal stress azimuth is generally small, and the fracture activity is good, which reduces the fracture opening pressure to a certain extent. Therefore, in the process of optimizing the production well section and perforated interval, it is very important to select natural fractures with developed natural fractures and low opening pressure for ultra-deep reservoir reconstruction.
Figure 9 shows the in situ stress profile of well ks10X and the fracturing operation curve of the two layers. The fracture of the Shiji Formation is concentrated at the top of the Shiji Formation, and the fracture of the Qiji Formation is not obvious. In Brazil, a certain number of fractures are developed in the first section. From the fracturing curve of 7,263.00–7,320.00 m in the first section, it can be seen that with the increase in stage fluid volume, the oil pressure increases, and then there is an obvious decrease in oil pressure, indicating that the formation has been pressed open by high-pressure fluid. Then, with the increase in the stage fluid volume, the oil pressure keeps increasing, and there is an obvious decrease in the oil pressure. This cycle shows that the fracture is constantly formed and expanded; in contrast, the fracturing curve of 7,203.00–7,239.50 in the second section shows that with the increase in the stage fluid volume, the oil pressure gradually increases and does not decrease. It is still the same after several cycles, indicating that the formation has not been pressed open and has not been successfully fractured. This shows that under the current construction conditions, there are difficulties caused by ultra-deep fracturing, which is another major factor restricting high production.
[image: Figure 9]FIGURE 9 | Geomechanical column and fracturing curve of Well ks10X. (A) is one-dimensional geomechanics and fracture development profile of well ks10x. Only two natural fractures are developed in 7200-7310 m section; Eight natural fractures are developed in the 7310-7400 m section. The overall stress of the shaft is high, and the minimum horizontal principal stress exceeds 140 MPa. From the perforation position, four natural fractures are developed at 7263-7320 m of the first fracturing section; However, natural fractures are not developed in the 7203-7239.5 m perforated interval of the second fracturing section. (B) is the fracturing construction curve of 7263-7320 m formation, (C) is the fracturing construction curve of 7203-7239.5 m formation.
Fracture Connectivity
Fracture connectivity refers to the connectivity and dredging ability of wellbore fractures and natural fracture networks around wells. The development of natural fractures in the Keshen ultra-deep reservoir has the characteristics of strong heterogeneity and strong anisotropy. High yield can be obtained only when the borehole meets the natural fracture network or establishes an effective channel between the wellbore fracture and the natural fracture network around the well through hydraulic fracturing. Therefore, developing the connectivity between wellbore fractures and peripheral fractures is also the key factor to measure the effectiveness of fractures.
There are two flow processes in gas well production, that is, gas flows from fracture to wellbore and from matrix to fracture. The degree of fracture development and activity determine the flow of gas from the fracture to the wellbore. Reservoir fracturing has enhanced the flow of fluid from the matrix to the fracture to a certain extent through engineering means. However, the scale and communication ability of wellbore periwellbore matrix fracture systems are prerequisites for determining the high and stable production of gas wells.
A geomechanical prediction method of near wellbore fractures with structural sedimentary constraints is established according to the characteristics of the reservoir over depth and overpressure, strong transverse stress and unavailable seismic data in the Keshen gas field (Figure 10). First, the fine sedimentary microfacies model is used to optimize the near wellbore rock mechanics parameter model, and the correlation between thickness and width is established by using the quantitative statistical microfacies geometric parameters. Combined with the distribution direction of sedimentary microfacies, a near wellbore sedimentary microfacies model is established. Second, the fracture parameters are improved according to the fracture development mode, and a more reasonable fracture density model formula is established. The principal stress difference/compressive strength in the block is compared with the fractured wells in different fault blocks, and the appropriate empirical values in different blocks are summarized. Finally, combined with the correlation between fracture opening and length, a reasonable near wellbore natural fracture model is established. Using the near wellbore fine sedimentary microfacies model to restrict the geomechanical modeling of fractures, the three-dimensional spatial prediction accuracy of near wellbore fractures is improved, and the connectivity evaluation method between wellbore fractures and periwellbore fractures is established.
[image: Figure 10]FIGURE 10 | The diagram of well ks19 fracture connectivity prediction. (A) is the natural fracture development profile at the wellbore position of ks19, (B) is the prediction diagram of natural fracture development 50 m around the wellbore; (C) is the prediction diagram of natural fracture development 100 m around the wellbore; (D) It is the prediction diagram of natural fracture development 150 m around the wellbore.
COUNTERMEASURES AND PRACTICE
Drilling or constructing an effective fracture system is the key factor for gas wells in the Keshen gas field to achieve high production. The fracture effectiveness evaluation method obtained based on the research makes up for the traditional effectiveness evaluation method based on static parameters such as fracture density and fracture opening, and in well location deployment, well trajectory optimization, completion and reservoir testing section optimization, perforation interval optimization and even development scheme optimization are widely used. Five principles are comprehensively considered in the optimization of high-efficiency well points: ① relatively developed fractures; ② the area where the minimum principal stress is relatively low; ③ far away from the large fracture that may connect the edge and bottom water; ④ the area where the angle distribution between the fracture strike and the direction of horizontal maximum principal stress is relatively small; and ⑤ the wells are arranged in relatively high parts to enhance the water avoidance ability. Figure 11 is the prediction diagram of the natural fracture effectiveness of the ks 19–21 structure. Red indicates high natural fracture effectiveness, and blue indicates low natural fracture effectiveness. According to the distribution law of natural fracture effectiveness, the deployment of the ks 20 and ks 31 wells is optimized.
[image: Figure 11]FIGURE 11 | Effectiveness prediction of natural fractures in keshen19-Keshen21 structure.
CONCLUSION
The fracture effectiveness evaluation method based on fracture activity, fracture opening pressure and fracture connectivity effectively complements the traditional methods based on static parameters such as fracture density and fracture opening, improves the accuracy of natural fracture effectiveness evaluation, and is applied in well location deployment and well trajectory optimization. It is widely used in the optimization of well completion reconstruction schemes and development schemes.
The production performance data reveal that only the stratum with low stress, natural fracture development and small azimuth angle between the natural fracture and maximum principal stress is the main supply channel of underground oil and gas.
The fracture effectiveness evaluation method based on dynamic parameters such as fracture activity, fracture opening pressure and fracture connectivity is more consistent with the production practice results.
The well location, well trajectory optimization and reconstruction scheme optimization established based on fracture effectiveness evaluation improve the proportion of high-efficiency wells.
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The Bozi 3 gas reservoir in the Tarim Basin is a typical ultra-deep fractured tight sandstone gas reservoir, in which the main formations are the Cretaceous Bashijiqike Formation and the Baxigai Formation. The reservoir has the characteristics of deep burial, tight reservoir matrix, well-developed fractures, large differences in well productivity, and regional pressure distribution. These characteristics bring development challenges in well deployment, production allocation, gas production rate optimization, and production improvement. The main reservoir of Bozi 3 is deposited in the braided river delta, fan delta, and shallow lake environment with adequate provenance and a strong hydrodynamic environment, which provides favorable depositional conditions for the formation of thick sandbodies. Although the buried depth of the Bozi 3 gas reservoir is over 6,000 m, it has undergone an evolutionary process of long-term shallow burial in the early stage and rapid deep burial in the late stage, which protects the primary pore, and the finally formed reservoir has the characteristics of an extra-low pore and ultra-low permeability pore structure. Late tectonic movements caused the Bozi 3 gas reservoir to experience strong uplift under a strong nappe-thrust environment, forming a large number of high-angle fractures around the faults. Although the fracture distribution is inhomogeneous, tensile fractures at the top anticline have a low-filling degree and good effectiveness, which effectively improve Bozi 3 reservoir properties. Through analysis of the reservoir characteristics and influencing factors of the Bozi 3 gas reservoir, it is concluded that the difference in reservoir characteristics is the main reason for the large difference in production of adjacent wells and zonal distribution of formation pressure at the early development. This study can also provide a reliable geological basis for well deployment, production allocation rationalization, and gas production rate optimization in the study area.
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INTRODUCTION
A fractured tight sandstone gas reservoir is one of the important reservoir types, with the general reservoir characteristics of tight reservoir matrix and well-developed fractures (Baytok and Pranter, 2012; Baytok and Pranter, 2013; Zeng et al., 2013; Gong et al., 2019). By summarizing the connotation and geophysical response characteristics of “fault-fracture body,” Liu et al. (2021) proposed a prediction technique of “fault-fracture body” based on the chaotic property and the maximum likelihood property, which achieved good results in predicting fractures of the Xinchang tight sandstone reservoir. Wang et al. (2018) conducted a comprehensive study of the fractured tight sandstone reservoir of the Bashijiqike Formation in Keshen 8 gas reservoir by thin section observation, scanning electron microscopy, laser confocal, and electron probe. Through analyzing the lithological characteristics, pore structure, and fracture distribution pattern, they established a porosity–permeability model and a fracture model in order to identify the high production zone. By statistically analyzing the experimental data of the Jurassic Dibei tight sandstone gas reservoir in the eastern Kuqa foreland basin, Lu et al. (2015) concluded that fractures play a key role in improving the matrix properties of tight reservoirs, and the formation time and development location of fractures control the reservoir accumulation enrichment and high production. Sakhaee-Pour and Bryant (2014) studied laboratory data by establishing a pore structure prediction model (multitype pore space model) for a tight sandstone gas reservoir, and they concluded that artificial fractures, natural fractures, and pore structure are the main factors affecting productivity. Through studying the formation mechanism and preservation mechanism of natural fractures, Olson et al. (2009) believed that it is possible to sustain opening-mode fracture growth with sublithostatic pore pressure without associated or preemptive shear failure. Through studying the genesis and effectiveness of Gulong shale oil, Gong et al. (2021) concluded that the good effectiveness of the structural fracture is one of the main controlling factors for the high production of the Qing-1 Member shale oil reservoir. Bozi 3 gas reservoir in the Tarim Basin is a fractured tight sandstone gas reservoir, which exhibits the development dynamic characteristics such as large differences in productivity between adjacent wells and zonal distribution of formation pressure at the early development. From the reservoir characteristics and fracture development pattern, this article discusses the influence of sedimentation, diagenesis, tectonics, and other factors on the reservoir characteristics. It can also provide a reliable geological basis for well deployment, production allocation rationalization, and gas production rate optimization in the study area.
GEOLOGICAL SETTING
Bozi 3 gas reservoir was formed in the Late Himalayan period and is located in the Kelasu structural belt in the Northern Kuqa depression, Tarim Basin (Feng and Zhang, 2013). Under the strong compressive stress of the Tianshan Mountains, the Kelasu structural belt developed a series of fault systems and fault–fold-related rows of structural traps (Wei et al., 2020). The tectonic pattern is mainly the thrust imbricate structure in which fault blocks, fault anticlines, and burst structures are superimposed on each other (Neng et al., 2013; Zeng et al., 2010). The tectonic belt is generally distributed in the NEE and EW directions, with a length of about 20 km in the north–south direction and about 160 km in the east–west direction (Gao et al., 2018; Ma et al., 2013). The Kelasu structural belt is divided into Keshen section, Dabei section, Bozi section, and Awat section from east to west, of which the Bozi 3 gas reservoir is located in the third row of structures within the Bozi section (Figure 1) (Jiang et al., 2021).
[image: Figure 1]FIGURE 1 | Exploration map of the Bozi gas area.
In 2017, Well Bozi 3 produced 335,000 cubic meters of gas per day (6 mm nozzle) after acid fracturing stimulation, with an oil pressure of 81.8 MPa and an absolute open flow potential of 975,000 cubic meters per day. The oil test of Well Bozi 3 marked the successful discovery of the Bozi 3 condensate gas reservoir. In October 2019, Bozi 3 gas reservoir stepped into the initial development stage, with both the exploration evaluation wells and development wells successfully obtaining industrial gas flow. There are six production wells in the whole gas reservoir, four of which are currently open. Cumulative gas production is 2.44 billion cubic meters per day with the cumulative oil production of 379,000 tons, and the geological reserve recovery is 10.6%.
DATA AND METHODS
The data used in this article include core data, experimental data, and logging data, which were provided by PetroChina Tarim Oil Field Company. As the most important and reliable data of subsurface reservoirs, cores are widely used in exploration, development, and production of any hydrocarbon field (Tavakoli, 2018; Mirzaei-Paiaman et al., 2020). Cores can be observed directly to obtain the lithology, sedimentary structure, and fracture parameters. There are three coring wells in Bozi 3 gas reservoir, with nine tubes of 48.44 m.
The cores are sent to the laboratory to perform further analysis after coring, which includes macroscopic study and microscopic study. The microscopic study is one of the fundamental geological studies to obtain rock information and petrophysical parameters (Al-Dhafeeri and Nasr-El-Din, 2007; Saxena et al., 2021a; Saxena et al., 2021b). In this study, the microscopic study includes 218 samples for helium porosity and permeability analysis, 10 samples for overburden pressure and NMR analysis, and 171 samples for thin-section and X-ray diffraction analysis. The experimental results show rock type, porosity, permeability, pore type, pore structure, filling minerals, and so on.
Well logging is the most important formation evaluation method, which is used to measure the formation properties with electrically powered instruments (Kobr et al., 2005; Ellis and Singer, 2007). There are six wells logged by ECLIPS-5700 and MAXIS-500, which include gamma-ray log, spontaneous potential log, resistivity log, neutron log, density log, array acoustic log, formation lithology log, and imaging log. Log interpretation results can obtain the formation properties including lithology, porosity, permeability, and oil saturation. An imaging log is used to identify borehole and formation data, including lithology, sedimentary structures, natural fractures, and faults. There are five imaging logging wells in Bozi 3 gas reservoir, and fracture parameters of azimuth, dip angle, aperture, and density are obtained after interpretation.
RESULTS
Under the Cretaceous braided river delta and fan delta depositional environment, clastic particles from the Tianshan Mountains were deposited rapidly after the mountain pass. Vertically, multi-phase channel sandbodies are superimposed on each other, and multiple fan bodies are connected with each other on the plane, forming the main Bashijiqike Formation and Baxigai Formation with a thickness of 115–136 m. The lithology of Bozi 3 gas reservoir is mainly medium and fine sandstone, interbedded with thin-layer mudstone and silty mudstone, and mud-graveled sandstone deposited locally. Parallel bedding, cross bedding, and erosion surfaces can be observed on the core, which reflects a relatively strong hydrodynamic environment during the sedimentation (Figure 2). The reservoir is mainly feldspathic lithic sandstone and lithic feldspathic sandstone, and the grain sorting is medium-good. Roundness is sub-edge to sub-circular, and the particles are mainly in point-line contact. The main pores are primary intergranular pores, followed by intergranular dissolved pores and intragranular dissolved pores, and few microfractures and micropores can be seen under the microscope. Diagenetic cementation is strong with mainly calcite cementation. The core test results show that the porosity of the Bashijiqike Formation is 3.5–11% with an average of 6.1%, and the permeability is 0.055–1.272 × 10−3μm2 with an average of 0.237 × 10−3μm2. Bozi 3 belongs to a tight sandstone gas reservoir with an ultra-low porosity and ultra-low permeability.
[image: Figure 2]FIGURE 2 | Sedimentary structures of Bozi 3 gas reservoir. (A) Well BZ301, Third Bashijiqike Formation, fine sandstone interbedded with silty mudstone, and parallel bedding and cross bedding structure can be seen; (B) Well BZ301, Third Bashijiqike Formation, medium to fine sandstone, and interbedded with mudstone and mud-graveled sandstone can be seen with erosion surface structure on the core.
Under several tectonic movements during the Yanshanian and Himalayan periods, Bozi 3 suffered strong tectonic deformation, and the fractures were relatively developed in the whole area. Core observation and imaging logging are the main measurements for fracture analysis (Laubach and Gale, 2006; Ortega et al., 2006; Hooker et al., 2013). The core observation results show that the fracture density is 2–7 fractures per meter. The fracture dip angle is mainly 45–85°, and the fracture length is 5–150 cm. The fracture aperture is 0.1–1 mm, and the fracture is mainly unfilled (Figure 3). The imaging logging results show that there are 197 fractures in Bozi 3 gas reservoir. The dip angle is in the range of 48.4–90°, and the fractures of 75–90° account for 60.8%, which are mainly high-angle or vertical structural fractures. The fracture strike was mainly in the NS direction, and there were 146 fractures developed in the NS direction, accounting for 74.1% in total. There are 51 fractures in the EW direction, accounting for 25.9% in total. On the plane, the fractures in Well BZ301 are the most developed, with 64 fractures developed and a density of 0.52 fractures per meter. The major principal stress is in the NNW direction, and the angle between the fracture strike and the major principal stress is small (15–40°), and the effectiveness of the fracture is good. Vertically, fractures are most developed in the Third Bashijiqike Formation with the density of 0.22–1.13 fractures per meter, followed by the Second Baxigai Formation with a density of 0.12–0.5 fractures per meter. Fractures are less developed in the Second Baxigai Formation, with a density of 0.12–0.27 fractures per meter (Figure 4).
[image: Figure 3]FIGURE 3 | Core fractures of Bozi 3 gas reservoir. (A) Well BZ301, high-angle fractures, unfilled; (B) Well BZ301, high-angle fractures, half-filled.
[image: Figure 4]FIGURE 4 | Fracture development of Bozi 3 gas reservoir.
DISCUSSION
Influencing Analysis of Sedimentation on the Reservoir Characteristics
The main formations of Bozi 3 gas reservoir are the Cretaceous Bashijiqike Formation and Baxigai Formation. The hot and dry climate during the Cretaceous Baxigai sedimentation intensified the physical weathering in the parent rock of the basin margin, which produced a large amount of continental margin debris and provided sufficient provenance to the basin (Liu et al., 2019). During this period, the tectonic movement was in a relatively calm period, the terrain was relatively gentle, and the hydrodynamics was relatively weak, which was a lacustrine deltaic or shore-shallow lake sedimentary system, making the provenance of debris particles fine (Jia, 2009). During the sedimentation period of the Third Bashijiqike Formation, the climate was hot and dry, and the tectonic movement was relatively strong. The detrital materials from the Tianshan Mountains were rapidly deposited at the entrance to the lake, and the debris particles were coarse, forming a fan delta sedimentary system (Gu et al., 2001; Lai et al., 2018). Vertically, multi-phase channel sandbodies are superimposed on each other, and multiple fan bodies are connected with each other on the plane (Figure 5) (Zhang et al., 2008; Pan et al., 2013). The Tianshan Mountains have sufficient provenance, strong hydrodynamic environment, and overall gentle lake sedimentation, which provide favorable depositional conditions for the formation of thick Bozi 3 sandbodies. By statistically analyzing the properties of the sandbodies under different sedimentary microfacies, sandbodies of the fan delta front have good reservoir properties. Subaqueous distributary channel reservoir in the fan delta front has the best reservoir properties, with an average matrix porosity of 6.4% and an average matrix permeability of 0.31 × 10−3 μm2, which is the most developed favorable sedimentary microfacies sandbody.
[image: Figure 5]FIGURE 5 | Sedimentary facies of the Bashijiqike Formation in Bozi 3 gas reservoir.
Bozi 3 gas reservoir has stable sedimentation, while the sandbody distribution is inhomogeneous. Reservoir thickness is 114.5–136.3 m, with an average of 125.3 m. Affected by the uplift of the Wensu paleo-uplift in the southwest, the top Bashijiqike Formation suffered strong erosion, and only part of the Third Bashijiqike Formation remains. The reservoir thickness of the Third Bashijiqike Formation is 19.5–24.8 m with an average of 22.2 m, and the sand ratio is 79.1–91.6% with an average of 88.4%. The Baxigai Formation is further divided into First Baxigai Formation and Second Baxigai Formation. The reservoir thickness of the First Baxigai Formation is 52–65 m with an average of 57.3m, and the sand ratio is 19.8–28.2% with an average of 26.2%. The reservoir thickness of the Second Baxigai Formation is 37–51 m with an average of 43.6m, and the sand ratio is 56.2–68.8% with an average of 64.8%. The lithology of Bozi 3 reservoir is mainly medium and fine sandstone, and mudstone interlayers are distributed locally. The sedimentary facies of the Third Bashijiqike Formation are the fan delta front, and the lithology is mainly medium to fine sandstone with the highest sandstone content. The sedimentary facies of the First Baxigai Formation are the braided river delta front, and the lithology is mainly mudstone with mixed siltstone and fine sandstone (Figure 6).
[image: Figure 6]FIGURE 6 | Sandbodies profile of Bozi 3 gas reservoir.
Influencing Analysis of Diagenesis on the Reservoir Characteristics
Reservoir properties are mainly affected by lithology, pore structure, cementation type, and other diagenesis (Laubach and Ward, 2006; Fall et al., 2016; Weisenberger et al., 2019). Early long-term shallow burial and late rapid deep burial are the main mechanisms for the effective preservation of the reservoir pore space, which provides favorable conditions for the better reservoir properties of Bozi 3 gas reservoir (Yang et al., 2021). The whole area experienced long-term shallow burial in the early burial period (before 5 Ma), and the clastic particles have high maturity, which makes the rock have certain compaction resistance and protects the primary pore structure. The whole area experienced rapid deep burial in the late burial period (since 5 Ma), which delayed the compaction of the overlying strata and made the primary pore well preserved even at 6,000 m. The strong compression of late tectonics reduced porosity, but the compression fractures provided the dissolution source, especially the fractures formed during the Late Himalayan tectonics were unfilled, and the connected pores formed an effective oil and gas migration channel, which is one of the key factors for the high production of Bozi 3 gas reservoir.
The rock type of Bozi 3 gas reservoir is mainly medium to fine feldspar lithic sandstone, with medium to good sorting of clastic particles. Roundness is sub-edge to sub-circular, and the particles are mainly in point-line contact. The main pores are primary intergranular pores, accounting for 72% of the total surface porosity, followed by intergranular dissolved pores and intragranular dissolved pores, accounting for 21% of the total surface porosity. Few microfractures and micropores can be seen under the microscope, and the total surface porosity is less than 7% (Figure 7). The diagenetic cementation is serious and mainly calcite cementation, with 15% cement content. Experimental displacement pressure is 1.5–5Mpa, and the average pore roar radius is 0.03–0.07 μm. Low displacement pressure and small pore throat radius show the pore structure characteristics of ultra-low porosity and ultra-low permeability.
[image: Figure 7]FIGURE 7 | Petrological characteristics of Bozi 3 gas reservoir observed under the microscope. (A) Well BZ301, 5,932.85 m, Third Bashijiqike Formation; (B) BZ301, 5,838.82 m, Third Bashijiqike Formation.
From the analysis of core tests, the porosity of the Bashijiqike Formation is 3.5–11% with an average of 6.1%, while the permeability is 0.055–1.272 × 10−3μm2 with an average of 0.237 × 10−3μm2. Logging interpretation porosity of the Third Bashijiqike Formation is 3.5–11% with an average of 6.8%, while the permeability is 0.055–1.97 × 10−3μm2 with an average of 0.275 × 10−3μm2. Logging interpretation porosity of the First Baxigai Formation is 3.5–7.8% with an average of 5.3%, while the permeability is 0.055–0.411 × 10−3μm2 with an average of 0.142 × 10−3μm2. Logging interpretation porosity of the Second Baxigai Formation is 3.5–9% with an average of 5.9%, while the permeability is 0.055–0.472 × 10−3μm2 with an average of 0.170 × 10−3μm2. The comprehensive analysis shows that the reservoir properties of the Third Bashijiqike Formation are the best, followed by the Second Baxigai Formation, and the reservoir properties of the First Baxigai Formation are poor (Figure 8).
[image: Figure 8]FIGURE 8 | Porosity profile of Bozi 3 gas reservoir.
Influencing Analysis of Tectonics on Reservoir Characteristics
Affected by the Tianshan tectonic activity, Bozi 3 gas reservoir mainly experienced four tectonic movements: Late Yanshanian, Early Himalayan, Middle Himalayan, and Late Himalayan. Regional tectonic stress gradually changed from tensile stress to compressive stress (Feng et al., 2020). During the late tectonic movement, Bozi 3 gas reservoir experienced strong uplift through the nappe-thrust tectonic. A large number of high-angle fractures were formed near the fault, and the local tensile stress field at the top of the anticline developed a large number of tensile fractures (Lahiri, 2021; Silva et al., 2021; Zheng et al., 2016; Zeng et al., 2004) (Figure 9). These fractures have low-filling degrees and good effectiveness, which provide channels for petroleum migration and effectively improve the reservoir properties of the low permeability (Olson, 2007; Olson et al., 2007; Hooker et al., 2009; Laubach et al., 2009; Olson et al., 2009). Bozi 3 gas reservoir has developed high-angle structural fractures with good effectiveness, providing favorable petroleum migration conditions for improving the reservoir properties.
[image: Figure 9]FIGURE 9 | Fracture intensity distribution of Bozi 3 gas reservoir.
The vertical stress difference makes Bozi 3 gas reservoir show vertical stratification. Under the compressive stress of the Tianshan Mountains and the lower formation uplifting, the top of the anticline is under tensile stress, and the bottom of the anticline is under compressive stress. In the middle, there developed an undeformed neutral surface (Cornu et al., 2003). Correspondingly, from bottom to top, the reservoir develops a compressive section, transition section, and tensional section (Figure 10). The compressive section is mainly under relatively high compressive stress, with the stress curve locally elevating. The reservoir in this section is relatively tight with the developed shear network fractures, which have the characteristics of small aperture, short length, large density, and weak dissolution. Neutral surface has a transitional stress from compressive stress to tensile stress, with decreasing stress in the stress curve. There develop the late tension fractures and early shear network fractures in this section, with the increasing porosity from bottom to top. The tensional section is mainly controlled by the tensile stress. The reservoir properties are relatively better with tension fractures, which have the characteristics of large aperture, long length, low density, and strong dissolution. Different reservoir properties with different fracture patterns form the strong inhomogeneous reservoir characteristics in Bozi 3 gas reservoir, which is the main reason for the large difference in the production of adjacent wells and zonal distribution of formation pressure at the early development.
[image: Figure 10]FIGURE 10 | Fracture patterns in different stress sections.
CONCLUSION
Because of good reservoir conditions formed under the sedimentary environment, diagenesis, and tectonics, Bozi 3 gas reservoir still has industrial gas production capacity with a burial depth of more than 6,000 m. Difference in reservoir characteristics from various patterns of fractures and matrix is the main reason for the large difference in production of adjacent wells and zonal distribution of formation pressure at the early development.
The sedimentary environment of the braided river delta and fan delta with the strong hydrodynamic and sufficient provenance provides the sandbody basis for the effective formation with large area distribution. The thickness of Bozi 3 gas reservoir is 125.3 m, and the sand ratio is 59.8%, mainly medium-fine sandstone.
The accumulation mechanism of long-term shallow burial in the early stage and rapid deep burial in the late stage effectively protects the primary pore structure, and the later pressure dissolution improves the reservoir permeability. The porosity of Bozi 3 gas reservoir is 6.1%, and the permeability is 0.196 × 10−3 μm2, belonging to the ultra-low porosity and ultra-low permeability reservoir.
Tectonic movements result in the fracture development in the whole area, especially a large number of tensile fractures formed at the top of the anticline during the Late Himalayan period. These fractures have the characteristics of large aperture, long length, low density, and strong dissolution. Fractures are the main channels for petroleum migration, and they effectively improve the reservoir seepage capability.
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To study the microscopic seepage mechanism of gas and water in fractured sandstone gas reservoirs of low porosity, this kind of reservoir in the Keshen gas field, Kuqa depression of Tarim basin in China, was taken as an example. Based on rock samples and microscopic visualization technology, nuclear magnetic resonance experiments of saturated water–gas drive and CT scanning experiments of saturated gas–water drive were conducted. The seepage mechanism of water invasion during the gas development were simulated. Subsequently, the distribution of irreducible water saturation and the influence factors on the efficiency of drive were analyzed. The results show that the distribution of gas and water is mainly related to structures of matrix pores, fracture development pattern, and density. The main factors resulting into good reservoirs include large matrix pores and high angle fractures, low irreducible water saturation, and high separation between gas and water. The efficiency of water drive is positively correlated with fracture porosity and dip angle. High angle fractures can effectively improve the seepage capability and then increase the efficiency of water drive. Besides, the great proportion of large pore size in matrix, high fracture dip, porosity, and density can also improve the efficiency of water drive. Therefore, for the development of fractured sandstone gas reservoirs of low porosity, the study of matrix pores and fractures is quite important since it can provide guidance for the efficient deployment of wells. The increase of fracture density is significant by large-scale sand fracturing in order to improve the efficiency of water drive. It is necessary to strictly control the gas production rate of the gas reservoir and delay the water invasion rate as far as possible. In case of serious waterlogging, shut-in all wells in gas reservoirs is a choice to strengthen the gas–water imbibition between fractures and matrix, which can improve the recovery of the gas reservoir.
Keywords: Tarim basin, Kuqa depression, low porosity sandstones, microscopic drive, seepage mechanism
INTRODUCTION
With the exploitation of shallow-middle oil and gas resources, ultra-deep oil and gas have gradually become the focus and hotspot in exploration and development of oil and gas (Wang et al., 2018). In China, more and more exploration breakthroughs of oil and gas in deep reservoirs have appeared, such as the middle-deep carbonate reservoirs in the Sichuan Basin (Sun et al., 2013; Zeng et al., 2016), and the deep clastic reservoirs in the Kuqa depression of the Tarim basin (Wei et al., 2018). Dabei, Keshen, and Bozi gas fields in the Kuqa depression have been discovered successively. The proven reserves and gas production in fractured sandstones of low porosity in the Kuqa depression of the Tarim basin show a trend of rapid growth. At present, the proven geological reserves exceed one trillion cubic meters and the natural gas production capacity exceeds 15 billion cubic meters. Gas in deep reservoirs has become the main field for increasing natural gas storage and production in Tarim Oilfield, China.
Due to strong tectonic compression, the Keshen gas field mainly developed high and steep subsalt structures (Zeng et al., 2017; Wang et al., 2019; Li et al., 2020). The structural style and fracture system are complex. Multi-order and multi-stage fractures developed, which makes reservoirs strong heterogeneity (Gong et al., 2019a; Gong et al., 2019b; Wang et al., 2020; Wang et al., 2022). The distribution of edge and bottom water is ubiquitous, and the gas–water relationship is complex (Lai et al., 2017; Zhao et al., 2018; Zhang et al., 2021). The complex percolation system is composed of micro-fractures, matrix pores, and artificial fractures (Yao et al., 2014). It seriously restricts the accumulation process, which controls the distribution of gas and water, and has a profound impact on the overall development effect of gas reservoirs (Dong et al., 2018). A large number of examples show that (1) gas wells at the edge of gas reservoirs will produce water after producing about 1–2 years, and (2) gas wells at the middle and high structural area of gas reservoirs will produce water to some extent after producing about 4–5 years. After a period of production with water, the productivity plummets precipitously (Hu et al., 2016). The remaining gas in the matrix is sealed by formation water, and the development efficiency and recovery of gas reservoirs are seriously influenced. Due to complex seepage channels in the gas reservoirs, the gas–water relationship, the distribution of irreducible water saturation, and the influencing factors of the efficiency of gas drive are ambiguous. These seriously affect the development efficiency. It is urgent to study the distribution law of gas and water. During the development of sandstone gas reservoirs of low porosity, a large amount of the remaining gas in the matrix is blocked by formation water as a result of water drive. This seriously restricts the recovery of gas reservoirs. It is necessary to implement the seepage mechanism research under the condition of water drive so as to provide a solid theoretical basis for the realization of increasing gas storage and production in the Keshen gas field (Li et al., 2017; Zhao et al., 2017; Wang et al., 2019). Based on the reservoir characteristics, gas–water distribution, and dynamic characteristics of the Keshen gas field in the Kuqa depression, rock samples were used to carry out the nuclear magnetic resonance (NMR) experiment of saturated water–gas drive and the CT scanning experiment of saturated gas–water drive. By using a centrifuge, NMR scanner, and micron CT scanner, the changes of structures of pore throat, fluid saturation, and drive efficiency of matrix and fractures in the process of drive were observed. Then, the microscopic seepage mechanism of the fractured sandstones reservoir of low porosity was studied. The technical countermeasures for efficient development of such gas reservoirs are put forward, which can provide guidance for efficient development and increase of oil recovery of ultra-deep gas field groups in the Kuqa depression, Tarim basin.
GEOLOGICAL SETTING
The Kuqa depression is located in the Tarim basin in northwest China. It is a foreland basin developed in the basin-mountain deformation system of the Tarim basin in the southern Tianshan mountain (Zeng et al., 2002; Zeng, 2004). Since the late Permian, Kuqa depression experienced Yan Shan movement and Himalayan movement. There are four evolution stages, namely the stages of foreland basin, depression basin, deflection basin, and intracontinental foreland basin. Subsequently, “four zones and two depressions” formed: northern monocline belt, Kelasu structural belt, Yiqikelike structural belt, southern uplift, Yangxia sag, and Baicheng sag (Lai et al., 2014).
As shown in Figure 1, the target area Keshen gas field is located in the Keshen zone of the Kelasu structural belt (Wang et al., 2018), which lies in the northeast of the Kuqa depression. In the past two decades, deep and ultra-deep gas fields have been discovered in the Kelasu structural belt, such as Kela, Keshen, Dabei, and Bozi, which are arranged in the east-west direction.
[image: Figure 1]FIGURE 1 | Location of the target area Keshen gas field.
A large number of anticlinal and fault-anticlinal structural trap gas reservoirs are developed in the Keshen zone, with nearly one trillion cubic meters of geological reserves. Such gas reservoirs are stored in the formation of 6,500–8,000 m, with high formation pressure (100–135 MPa) and rich formation water. The reservoir thickness is huge (300–320 m).
Reservoir Characteristics
The main gas-producing formation of the Keshen gas field is Cretaceous Bashijiqike Formation (K1bs) (Figure 2). It can be divided into K1bs1, K1bs2, and K1bs3. K1bs1 is affected by tectonic uplift and suffered from different degrees of denudation (Yang et al., 2021). K1bs1 and K1bs2 are braided river delta deposits, and K1bs3 is fan delta deposits. The formation thickness of K1bs is stable as a whole, and K1bs has good transverse continuity. In K1bs, there are thin interlayers of poor continuity. Distributary channel microfacies and mouth bar microfacies are important effective reservoirs (Xu et al., 2021).
[image: Figure 2]FIGURE 2 | Stratigraphic column of the Keshen gas field (Lai et al., 2017).
K1bs is mainly composed of medium- and fine-grained feldspar lithic sandstones and lithic feldspar sandstones. The common authigenic minerals include authigenic quartz, authigenic feldspar, dolomite, and carbon (Figure 3A). The matrix porosity mainly ranges from 2% to 6%, with an average of 4.2%. The matrix permeability ranges from 0.01 to 0.10 mD, with an average of 0.075 mD. Reservoir space is mainly composed of intergranular dissolution pores and intragranular dissolution pores. There are also a few microfractures (Figures 3A,D). Fine mesopores, micropores, and microthroats are mainly developed in the matrix. The pore diameter ranges from 1 to 56.6 μm, and the throat ranges from 400 to 500 nm (Figure 3B). All these indicate that the target reservoir is a typical deep-ultra-deep fractured sandstones reservoir of low porosity. Outcrops, cores, and thin sections show that the gas reservoir has developed multi-stage and multi-scale fractures (Zhang et al., 2014; Feng et al., 2021; Liu et al., 2021), which are mainly semi-filled to unfilled high-angle fractures. The fracture aperture ranges from 0.5 to 4 mm (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Fracture characteristics of ultra-deep reservoirs in the Keshen gas field. Notes: (A) Well K2, 6,723.86 m, the reservoir space is enlarged by intergranular dissolution. Autogenic quartz, AQ; Clay minerals, C; Porosity, P; Dolomite, Dol; K-feldspar, KF; Autogenic feldspar, AF; (B) Well K2, 6,706.5 m, Laser confocal, pore diameter 1–56.6 μm, throat 400–500 nm. Throat, T; (C) Core with fractures, ① Well K8, 7,368–7,368.5 m, high angle fracture half-filled, with fracture aperture 0. 5∼2 mm; ② Well K13, 7,639.5–7,640.4 m, open vertical split longitudinal fracture; ③ Well K2, 6,991.2–6,991.4 m, tensile fractures, half-filled to fully filled by calcite, fracture aperture 1∼4 mm; (D) Well K24, 6,506.24 m, fracture often cuts through grains, fracture width 10–50 μm.
Gas–Water Distribution Characteristics
The distribution of gas and water in the Keshen gas field is complex. It can be divided into two categories: (1) The first type is gas–water abnormity caused by buoyancy. The leakage of drilling fluid leakage phenomenon is common in the drilling process. Gas is stored in the high part of the structure. Hence, pure gas is mainly produced in high structural parts. (2) The other type has the characteristic that high parts of the structure store water. This kind of distribution is usually located in the relatively high part of the structure. During the drilling process, there is little or no leakage. Salt frost can rarely be observed in rock cores. Typically, this type corresponds to the water layer or gas–water layer.
Dynamic Characteristics of Development
The ultra-deep gas reservoirs in the target area are quite tight with the matrix of low porosity and well-developed fracture system. There are obvious differences in dynamic characteristics between ultra-deep gas reservoirs and conventional sandstone gas reservoirs of low porosity, fractured gas reservoirs (Zhao et al., 2017). After gas well reservoir reconstruction, the production of single well is high and stable, in which the open flow rate is generally more than one million square meters. The interference test and test pressure of gas well show that the plane interference signal of gas reservoir is obvious, and the overall connectivity of gas reservoir is good. Once the gas well produces water, the pressure of oil tube and production will decrease greatly. Taking well K1 as an example, this well is located in a high structural position. The oil test shows a high yield of gas which is pure gas. After production, the pressure of oil tube and production are relatively stable. In 2013, the water content used to gradually rise. Due to the continuous increase of bottomhole flow resistance, the pressure of oil tube and gas production decreased significantly. In 2015, after fractures were nearly filled with formation water, the pressure of oil tube of the gas well decreased in a cliff style, and gas was hardly produced (Figure 4). Current studies show that water invasion of this kind of gas reservoir is mainly along the fracture system, which is highly destructive and harmful to gas reservoirs.
[image: Figure 4]FIGURE 4 | Fracture characteristics of ultra-deep reservoirs in the Keshen gas field.
SAMPLES AND METHODS
Samples
The experimental instruments include an urc-628ultra centrifuge, an Oxford GeoSpec2 NMR scanner, and a micron CT-nano-voxel 3502E scanner. Samples for experiments are plunger-shaped rocks drilled from cores obtained from actual gas wells in the Keshen gas field. The sample length ranges from 3.12 to 3.85 cm, and the diameter is 2.48 cm. The porosity ranges from 4.70 to 8.1%, with an average porosity of 6.20%. The permeability ranges from 0.038 to 0.097 mD, with an average permeability of 0.076 mD. Six samples without fracture with different physical properties were selected, which is named as #64, #9, #19, #21, #51, and #3. Centrifugation tests at different speeds and NMR scanning were carried out at first. After the scanning, artificial fractures were made on the six samples. The fracture type of Sample #64, Sample #19, and Sample #51 is high angle longitudinal through fracture (HLF), the fracture type of Sample #3 is cross through fracture (TF), and the fracture type of Sample #9 and Sample #21 is high angle conjugate through fracture (HCF). Centrifugation and NMR tests were also carried out after cracking. The basic information before and after cracking was shown in Table 1.
TABLE 1 | Basic information of samples in the NMR experiment of saturated water–gas drive.
[image: Table 1]Methods
1) NMR Experiments of Saturated Water–Gas Drive
For fractured sandstone gas reservoirs of low porosity in the Keshen gas field, parts of the gas reservoirs in the process of development exist the complex distribution of gas–water. Structures of matrix pores and the fracture network system are the main factors on the distribution of gas and water. When the fault-fracture network is generally developed, a normal distribution of gas and water will be formed. When the fault-fracture network is not developed or only locally developed, water will be generated in the high part of the structure. The distribution of gas–water without fracture network and gas–water with local fracture network will be formed. Therefore, centrifugal experiments and NMR scanning of cores before and after cracking were carried out to study the seepage mechanism in the NMR experiment of saturated water–gas drive so as to quantitatively reveal the influence of different structures of pores and the fracture network system on the distribution of gas–water. The experimental steps mainly include the following: (1) The matrix plunger core was vacuumized and saturated with water before NMR scanning. (2) Centrifugation experiments at different speeds (1,500, 3,000, 5,000, 7,000, 9,000, 10,500, and 12000 r/min, respectively) were implemented, and NMR scanning was performed after each centrifugation. (3) The pore diameter distribution and capillary pressure curve of the samples were calculated by using the T2 spectrum of each NMR scanning. The gas drive parameters such as irreducible water saturation and efficiency of gas drive were evaluated. In this paper, the efficiency of gas drive is equal to the movable water saturation obtained by multiple centrifugations during the process of sample from the saturated water state to saturated irreducible water state. It can be defined as
[image: image]
(4) The six plunger cores only with matrix were made fractures. Then, the oil was washed and dried, and the first ∼ third steps of the experimental steps were repeated.
2) CT Scanning Experiments of Saturated Gas–Water Drive
In the fractured sandstone gas reservoirs of low porosity of the Keshen gas field, the water at the edge and bottom rushes forward rapidly along the fractures during water invasion. This results in premature water appearance of the gas well, and the pressure of oil tube and gas production decline rapidly after water appearance. Generally, the production with water takes 1–2 years, then the well is flooded and shut down, and a large amount of remaining gas is still stored in the matrix. At present, the water invasion mechanism of fractured sandstone gas reservoir of low porosity is mainly based on the laboratory physical simulation experiment and numerical model simulation. There are few seepage experiments of gas–water drive under microscopic conditions. There is no research on fluid distribution, imbibition, and influencing factors of the efficiency of gas–water drive under different fracture morphologies. Based on the CT scanning experiment of saturated gas–water drive, the seepage mechanism in water and gas of fractured sandstone gas reservoir of low porosity in the process of development was studied. Subsequently, quantitative characterizations of fluid distribution, imbibition, and drive efficiency between the matrix and fracture under different fracture morphologies were analyzed quantitatively.
Due to certain movable water in the cores after centrifugation, the state of saturated irreducible water is necessary before the CT scanning experiment of saturated gas–water drive. The movable water was removed by gas purging. The specific operation steps are as follows: (1) The core was weighed, and then the core was placed in the gripper. The confining pressure was set to 15 MPa, the temperature was set to 90°C, and the pressure at the inlet was adjusted to 10 MPa. Methane was injected from top to bottom, and the remaining water in the core was driven for 1 h to make the core reach to the state of saturated gas. (2) CT scanning was carried out on the core to obtain the distribution of pores and fractures under irreducible water condition. The core after gas drive was weighed. According to the difference of core quality, core appearance volume and porosity were interpreted by NMR and pore volume before and after the formation of irreducible water. The irreducible water saturation was calculated (Table 2).
TABLE 2 | Irreducible water saturation of samples after cracking.
[image: Table 2]After gas purging, the water saturation of the core decreases to a certain extent, but about 30% of the water in the fracture pores is still unwashed, forming irreducible water.
The CT scanning experiment of saturated gas–water drive was carried out after the above experiment. The experimental device is shown in Figure 5. The specific experimental steps are as follows: (1) The core was put into the gripper. The confining pressure was set to 15 MPa, the outlet pressure was set to 12 MPa, and the temperature was set to 90°C. (2) Aqueous solution with developer was injected from bottom to top, and the injection speed of water drive was set to 0.005 ml/min. (3) CT scanning of the upper and lower sections of the core with a precision of 16 microns was performed before water injection. (4) Sample #64 was flooded, and the water injection volume was measured at the inlet of the core. 0.15 PV, 0.3 PV, 0.5 PV, 0.75 PV, 1 PV, and 2 PV pore volume water (accumulative volume) were injected. Subsequently, Sample #3, Sample #21, Sample #9, Sample #19, and Sample #51 were flooded successively. 0.15 PV, 0.3 PV, 0.5 PV, and 1 PV pore volume water were injected respectively. After each injection, the upper and lower sections of the core were scanned. The upper and lower sections of the core were scanned after standing for 12 h, and then the next volume multiple was injected. (5) The water injection nodes of each sample were different. For Sample #51, the next volume multiple was directly injected instead of standing after CT scanning each time.
[image: Figure 5]FIGURE 5 | Image of the drive cooperative micron CT scanning device.
RESULTS
Changes of Pore Diameter Distribution Before and After Cracking
The technology of NMR is widely used in characterizing the structures of original pores. It is often used to construct “pseudo capillary pressure curve” and transform “pore diameter distribution curve” (Li al., 2005). Structures of original pores control the distribution of fluid in rock pores. The T2 spectrum of NMR reflects the distribution of pore volume by using the proportion of fluid filling in different pores. Different relaxation times (maximum relaxation time, peak relaxation time, minimum relaxation time, etc.) in the T2 spectrum of NMR correspond to different pore diameters. According to the correlation between logging data of NMR and mercury injection experimental data in the research area, the T2 spectrum of NMR was converted into “pseudo-capillary pressure curve.” Based on the corresponding relationship between the capillary pressure curve and core aperture, the pseudo-capillary pressure curve was used to measure the diameter distribution of core pores (Bai et al., 2016).
The porosity component is the percentage of the corresponding amplitude value of each relaxation time and the total amplitude value in the original amplitude T2 spectrum. The original amplitude T2 spectrum of NMR of Sample #21 at different speeds before and after cracking is converted into the T2 spectrum of the porosity component (Figure 6). The following characteristics can be obtained: (1) With the increase of centrifugal speed, the maximum relaxation time, peak relaxation time, and maximum porosity components of the sample before and after cracking are decreased. It can be inferred that with the increase of centrifugal speed, the content of movable water in the sample gradually decreases. When the centrifugal speed reaches to 10500 and 12000 r/min, their T2 spectrum is similar. It is indicated that the content of movable water is little and only irreducible water is left. (2) At the same centrifugal speed, the maximum relaxation time and the peak relaxation time of the sample increase after cracking. It is inferred that the pore diameter can be increased by cracking.
[image: Figure 6]FIGURE 6 | T2 spectrum of NMR Sample #21. Note: (A) Sample #21 only with matrix and (B) Sample #21 after cracking; “SC”, saturation component; “CC”, centrifugal component.
By comparing the T2 spectrum of NMR of different samples before and after cracking, it is qualitatively shown that the T2 spectrum of NMR reflects the structures of pores. It provides a basis for the quantitative analysis of pore diameter changes of samples before and after cracking (Dong et al., 2020).
According to the results of NMR, the distribution and variation of pore diameter before and after samples’ cracking can be inferred (Table 3). It can be seen that the percentage of pore diameter which is less than 20 nm ranges from 47.41% to 69.19%, with an average of 57.87%, that is, more than half is less than 20 nm. The percentage of pore diameter greater than 1000 nm ranges from 3.21% to 18.26%, with an average of 8.62%. Pores with pore diameter greater than 1000 nm are less than 10%. It is indicated that there are very many micro-pores at the nanometer level, while the proportion of large pores is very small, and cores is tight.
TABLE 3 | Statistics on the percentage of different pore diameter distribution before cracking.
[image: Table 3]The pore diameter distribution of six samples was statistically measured by NMR (Table 4). It can be seen that the percentage of pore diameter distribution which is less than 20 nm ranges from 23.94% to 68.01%, with an average of 38.05%, that is, more than 1/3 of pore diameter is less than 20 nm. The percentage of pore diameter larger than 1000 nm ranges from 9.63% to 35.05%, with an average of 22.06%; it is indicated that a certain proportion of nano-sized micro-pores still exists after cracking and a certain number of large pores are also produced.
TABLE 4 | Statistics on the percentage of different pore diameter distribution after cracking.
[image: Table 4]By comparing pore diameter distribution before and after cracking (Figures 7, 8), it can be seen that after cracking, the percentage of large pores increases. From the overall view of six samples, the percentage of pore diameter which is less than 20 nm decreases by 19.82%, that of pore diameter between 20 and 100 nm decreases by 0.25%, that of pore diameter between 100 and 1000 nm increases by 6.63%, and that of pore diameter more than 1000 nm increases by 13.44%.
[image: Figure 7]FIGURE 7 | Percentage histogram of pore diameters of cores before and after cracking.
[image: Figure 8]FIGURE 8 | Histogram of the average percentage of pore diameter distribution before and after cracking.
Changes of Porosity Interpreted by NMR and Water Saturation Before and After Cracking
For samples only with matrix, even if speed reaches to 12000 r/min, more than 50% of the water still cannot be effectively separated, forming high irreducible water saturation. Water in the larger pores has been driven themselves at the early stage of centrifugation, and the porosity interpreted by NMR decreases by about 42% during the whole process. For samples after cracking, porosity increases significantly. When speed reaches to 12000 r/min, irreducible water saturation is about 35% (Figure 9). During the whole process, the porosity interpreted by NMR decreases by about 65% (Figure 10). There is still water in tight micro-pores that has not been effectively driven, but fractures can effectively communicate the tight structure to a certain extent and improve drive efficiency.
[image: Figure 9]FIGURE 9 | Relationship between centrifugal speeds and porosity interpreted by NMR before and after cracking.
[image: Figure 10]FIGURE 10 | Relationship between centrifugal speeds and water saturation before and after cracking.
Fluid Distribution at Different Drive Stages
/Gas, water, and rock skeleton are segmented by reconstruction, filtering, and noise reduction of CT scan images (blue represents water, red represents gas, and gray represents the rock skeleton). Due to resolution limits of CT scanning, the internal pores of the matrix cannot be identified. The blue and red areas are fractures, and the gray is matrix (Table 5). CT scanning charts of different drive stages show the following characteristics: (1) For HLF and HCF, water will invade fractures when the water injection volume is 0.15 PV. With the continuous water injection, fractures are slowly filled with water, and when the water injection volume is 1 PV, fractures are basically filled. In the stabilization stage after each water injection, due to the imbibition exchange between water in the fracture and gas in the matrix under the action of capillary force, water enters the matrix. Meanwhile, water in fractures decreases and the gas increases. (2) For TF, there is no water in the fracture when the water injection volume is 0.15 PV and subsequent stabilization stage. It can be indicated that the water drive front has not reached to the fracture, and water can be observed in the fracture only when water injection volumes reach to 0.3 PV. (3) For Sample #51, continuous water injection without stabilization is carried out. Water enters the fracture rapidly at the beginning of water injection. With the increase of water injection volumes, water gradually fills fracture.
TABLE 5 | Statistics on the percentage of different pore diameter distribution before cracking.
[image: Table 5]Variation of Water Saturation Under Different Fractures
Due to resolution limits of CT scanning, the matrix pore is not observed. What CT can observe is the water in the fractures. According to the statistics of water content in fractures (Figure 11), water mainly enters fractures during water injection, accounting for more than 90%. During the stabilization process, water in fractures enters matrix pores through capillary force. After the water injection volume reaches to 0.15 PV, water absorption in the matrix pores is up to 32.71%. With continuous water injection, the amount of water entering the matrix gradually decreases. When the water injection volume is 0.75 PV, water saturation exceeds 90%, and the water absorption of matrix pores drops to 5.51%. Injected water mainly flows out of the core outlet through fractures, and the volume of water entering the matrix is very limited after continuous water injection.
[image: Figure 11]FIGURE 11 | Water injection volume and water saturation for different samples. Note: (A) Sample #64 (HLF), (B) Sample #19 (HLF), (C) Sample #51 (HLF), (D) Sample #21 (HCF), (E) Sample #9 (HCF), and (F) Sample #3 (TF).
Based on the comprehensive comparison of water saturation changes in different fracture types, the following understanding can be obtained: (1) For HLF, at the beginning of water injection, water will preferentially enter the fracture channel. With continuous water injection, fracture is gradually filled with water. For a core without effective longitudinal penetration by HLF, the arrival of water drive front is later. (2) The stabilization process after water injection is a process in which water in the fracture enters the matrix through imbibition. With continuous water injection, the amount of water entering the matrix through imbibition gradually decreases. (3) On the whole, more than 90% of the volume of fractures will be filled with water at the time when the water injection volume is 0.5 PV, and then there are no obvious changes in water saturation of fractures after further injection. Therefore, the stage where the water injection volume is less than 0.5 PV is water drive gas (Figure 11).
DISCUSSION
Influence of Pore Diameter and Porosity on Saturated Efficiency of Gas Drive Before and After Cracking
As the relationship between the efficiency of gas drive and the percentage of matrix pore diameter in Figure 12, (1) for the matrix pore diameter less than 20 nm or between 20 and 100 nm, the efficiency of gas drive is negatively correlated with the percentage of matrix pore diameter; and (2) for matrix pore diameter between 100 and 1000 nm or more than 1000 nm, they have positive correlation. In other words, the efficiency of water drive increases as the percentage of pore diameter less than 100 nm decreases and the percentage of pore diameter greater than 100 nm increases. And the positive correlation between the efficiency of gas drive and the percentage of pore diameter greater than 1000 nm is the most obvious.
[image: Figure 12]FIGURE 12 | Efficiency of gas drive and percentage of matrix pore diameter.
For the relationship between the porosity and efficiency of gas drive, whatever the cores only with matrix or after cracking, the correlation between the matrix porosity and efficiency of gas drive is ambiguous (Figure 13). However, the fracture porosity is positively correlated with the improvement of the efficiency of gas drive (Figure 14).
[image: Figure 13]FIGURE 13 | Scatter plot of porosity interpreted by NMR and efficiency of gas drive.
[image: Figure 14]FIGURE 14 | Relationship of increase in the efficiency of gas drive and fracture porosity.
Based on the relationship between the morphology and size (Table 1) and efficiency of gas drive (Table 6), it can be found that the effect of TF on improving the efficiency of gas drive is the weakest. Because it cannot effectively communicate with the channel of gas flow. HCF can significantly improve the efficiency of gas drive. For Sample #21, even if the longitudinal fracture does not run through effectively, the improvement in the efficiency of gas drive is very large. Compared with Sample # 21 and Sample # 9, there are more longitudinal fractures at the inlet end of Sample # 21. Gas enters Sample #21 by more channels at the beginning of the drive and has a better effect on water drive. HLF can effectively dredging natural gas flow and has a significant effect on improving the efficiency of gas drive. The channels of gas drive in Sample #19 and Sample #51 are made up of multiple fractures, and the volume of fractures is small. Therefore, the improvement in the efficiency of gas drive by fractures is limited. Meanwhile, the width of fracture in the inlet is significantly smaller than that of the exit for Sample #51, while Sample #19 is the opposite. Therefore, for Sample #19, even though the volume of fracture is obviously smaller, HLF has a better improvement effect on the efficiency of gas drive.
TABLE 6 | Relationship between the fracture porosity and efficiency of the gas drive of samples only with matrix and samples after cracking.
[image: Table 6]In general, HLF and HCF have a better effect on improving efficiency of gas drive. The simpler fracture morphology, or the more HLF close to the producing end, and the larger fracture width can better increase the efficiency of gas drive. TF has the worst effect on improving the efficiency of gas drive.
Change of Efficiency of Water Drive Under Different Fracture Morphologies
The decrease of water in fractures in the process of water injection and stabilization can be considered as water entering matrix pores through imbibition. By calculating the water content of fractures scanned after drive and that scanned after static, the difference is the water content entering matrix. The efficiency of water drive was defined as the ratio of the amount of water in the fractures and matrix pores to the pore volume occupied by gas before water injection. The efficiency of water drive of each sample was obtained (Figure 15).
[image: Figure 15]FIGURE 15 | Curve of the efficiency of water drive.
The following conclusions can be drawn from Figure 15: (1) Before the water injection volume reached to 0.3 PV, the efficiency of water drive increased linearly with continuous water injection. When the water injection volume was 0.5 PV, the efficiency of water drive had a turning point. The growth slowed and the efficiency of continuous water injection were inapparent with the continuous water injection. That is, water drive is the main stage before water injection reaches to 0.5 PV. (2) The efficiency of water drive of Sample #21 and Sample #9 with HCF and Sample #64 with HLF is higher than 50%. The efficiency of water drive of Sample #19 and Sample #51 with HLF is between 20 and 30%. The efficiency of water drive of Sample #3 with TF is less than 10%. In general, HCF is the most favorable for water drive, followed by HLF, and TF is the worst. (3) Because Sample #51 was not left standing after water injection, there was no imbibition of capillary force in matrix pores. Water in the fracture was saturated soon, and the efficiency of water drive was low and increased little.
The samples before and after water drive were weighed, and the difference was the amount of water entering the core. The efficiency of water drive could be calculated according to the irreducible water saturation and core porosity (Table 7 and Figure 16). A comprehensive comparison was made between the efficiency of water drive by CT and efficiency of water drive by experiment. It can be seen from Figure 16 that: (1) the efficiency of water drive calculated by CT is very close to that calculated by experiment. It is indicated that the method of calculating efficiency by observing and measuring changes of water content in fractures at different water drive stages is effective. (2) For samples with TF, water entered the matrix first at the initial stage of water injection. The water drive front can reach the fracture only after the matrix reached to a certain water saturation. However, water in the matrix cannot be effectively observed due to the low resolution. Hence, the efficiency of water drive calculated by CT is much lower than the efficiency calculated by experiment.
TABLE 7 | Statistics on the efficiency of water drive calculated by CT or experiment.
[image: Table 7][image: Figure 16]FIGURE 16 | Cross plot of the efficiency of water drive by CT and experiment.
Contributions on drive efficiency by fractures or matrix are shown in Table 8 and Figure 17. Due to Sample #51 without the stabilization process after water injection, the contribution on drive efficiency by the matrix was unable to be calculated by the difference of water content in fractures before and after water injection. Two conclusions can be drawn: (1) The efficiency of water drive is positively correlated with fracture porosity. (2) For samples with fracture porosity higher than 1%, the efficiency of water drive contributed by the fracture is significantly higher than that by the matrix. For samples with fracture porosity less than 1%, the efficiency of water drive contributed by the fracture is equal or less than that by the matrix. Therefore, for reservoirs with small fracture porosity, the efficiency of water drive contributed by the matrix can be improved by prolonging the closure time of borehole after waterlogging.
TABLE 8 | Contributions on drive efficiency by the fracture or matrix.
[image: Table 8][image: Figure 17]FIGURE 17 | Fracture porosity by CT and contribution of the drive efficiency by the matrix and fracture.
CONCLUSION
1) For fractured sandstone gas reservoirs of low porosity, the distribution of gas and water is mainly related to structures of matrix pores, fracture development pattern, and density. More large matrix pores and high angle fractures are beneficial to the differentiation of gas and water and then increase the efficiency of gas drive. Therefore, the study of matrix pores and fractures is quite important since it can provide guidance for the efficient deployment of wells.
2) The efficiency of water drive is related to fracture porosity and dip angle of fractures. High angle fractures can effectively increase the seepage capability, which subsequently improve the efficiency of water drive. Hence, in the development process of gas wells, large-scale sand fracturing will be a preferred choice because large-scale sand fracturing can increase the fractures’ density around wells and between wells so as to improve the efficiency of water drive.
3) The efficiency of water drive increases linearly with the increase of water injection volume. After a period of water injection, the increase will slow and disappear. With a period of stabilization, the imbibition between the matrix and fractures will fully work and then increase the efficiency of water drive. Therefore, in practice, it is necessary to strictly control the gas producing rate of gas reservoirs and delay the water invasion rate as far as possible. Under the situation of serious water invasion in gas reservoirs, it can be considered to shut in all wells to strengthen the gas–water imbibition between fractures and the matrix, which can improve the recovery of gas reservoirs.
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The marine shale of southern China is characterized by old sedimentary formations, multiple tectonic activities, and poor preservation conditions. The fracture system in this shale reservoir is extraordinarily complex, greatly adding to difficulties for shale gas exploration and development. Based on field surveys, drilling cores, seismic data interpretation, and experimental tests, we try to characterize the developmental characteristics of shale fractures at different scales and delineate the stages of fractures in the Cen’gong block. The results show that the Cen’gong block is a saddle-shaped structure formed by the northeast-oriented Banxi anticline and the southwest-oriented Lannigan anticline. There are four types of core fractures developed in the study area, namely, pyrite-filled fractures, fibrous veins, subvertical fractures, and slip fractures, and the forming time of these fractures are later in turn based on the intersecting relationships and analysis of filling minerals. The fracture rose diagram and the paleomagnetic orientation experiments indicate that the fracture direction is mainly NNE and partly NW, consistent with the direction of faults identified in the seismic data. Quantitative statistics have been conducted for fracture aperture, length, and density distribution. The fracture abundance has a close relationship with buried depth and regional faults in the study area.
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1 INTRODUCTION
According to the reports from China’s Ministry of Natural Resources and the U.S. Energy Information Administration, China has the richest known reserves of shale gas in the world. However, now in China, the commercial production of shale gas has only been carried out in Changning, Weiyuan, Zhaotong, Jiaoshiba, and other areas in the Sichuan Basin aiming at the Lower Silurian Longmaxi shale (Dong et al., 2018; Wang R. et al., 2019). Various degrees of exploration have been carried out in other shale formations but have not led to considerable production or a development plan yet. It is partly due to the fact that the marine shale in southern China has its own complexities, which is mainly driven by old sedimentary formations, high thermal evolution, many periods of tectonic movements, complex tectonic deformations, complex stress state, and large differences in hydrocarbon accumulation systems (Jin and Cai, 2006; Kang, 2012; Jia et al., 2016; Wang R. Y. et al., 2020, 2022; Zhou et al., 2022).
Additionally, matrix pores in shale reservoirs basically cannot be effective seepage channels because of low porosity and permeability. Economic oil and gas production can only be achieved by reservoir stimulation such as hydraulic fracturing using the experience of shale gas exploration and development in other countries around the world (Dong et al., 2014; Dahi Taleghani and Olsen., 2011; Ding et al., 2015; Sheng and Li, 2016; Cai and Dahi Taleghani, 2019; Cao et al., 2021; Liu et al., 2021; Wu et al., 2017, 2022). As a key parameter influencing the effectiveness of hydraulic fracturing, natural fractures and their characteristics are crucial. Natural fractures not only serve as the storage space of gas but also provide an effective seepage channel for gas migration (Wang R. Y. et al., 2018, Wang et al., 2018 X., 2021; Dong et al., 2018; Zhang et al., 2020). Natural fractures can be reactivated during hydraulic fracturing and directly affect the direction, angle, and treatment pressure during hydraulic fracturing. Hydraulic fracturing, if designed properly, may facilitate the connectivity of fracture networks and extends the drainage area due to fracturing (Dahi Taleghani and Olsen., 2011; Guo et al., 2014; Chen et al., 2021; Lan et al., 2021). On the other hand, too many large natural fractures may destroy cap rocks and connect to caverns, faults, and underground water networks, causing the gas to escape. It may also lead to well leakage, well collapse, and water flood during hydraulic fracturing.
At present, there are few studies on the forming time and activity history of shale fractures in southern China. Fractures’ characteristics are not studied comprehensively, and there is a lack of relevant studies on fracture patterns. Therefore, based on seismic data interpretations, field observations, and core descriptions, we try to characterize fractures of the marine shale in Cen’gong block, Guizhou Province, China. This study provides basic data for the next step of field development such as well layout optimization, drilling plans, and design of hydraulic fracturing jobs in the Cen’gong block.
2 GEOLOGICAL SETTING
The Cen’gong block is located in the eastern part of Guizhou Province, China, covering an area of about 914 km2 (Figure 1A). The target gas-bearing shale formations are Niuhuitang shale and Bianmachong shale of Lower Cambrian. So far, the interpretation work of about 487 km of 2D seismic data and 26.2 km2 of 3D seismic data has been completed, and four drilling wells, namely, CY-1 well, TX-1 well, TM-1 well, and CD-1 well have been drilled. Among them, TX-1 has been drilled to a depth of 1897.67 m, the thickness of Niutitang shale is more than 60 m, and the gas content is 2.16 m3/t on average. It is cautiously predicted that the original gas in place (OGIP) in Niuhuitang shale is about 147.7 billion cubic meters, and the OGIP in Bianmachong shale is 40–60 billion cubic meters. The sedimentary strata in the Cen’gong block mainly include Nantuo formation (Nh2n) of the upper Nanhua system, Doushantuo formation (Z1d) and Laobao formation (Z2l) of Sinina, and Niuhuitang formation (Є1n), Jiumenchong formation (Є1j), Bianmachong formation (Є1b), Palang formation (Є1p), Qingxudong formation (Є1q), and Gaotai formation (Є1g) of Cambrian. Thereinto, the Є1b can be divided into Є1b1 (the lower member of the Bianmachong formation), Є1b2 (the middle member of the Bianmachong formation), and Є1b3 (the upper member of the Bianmachong formation) (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Location of Cen’gong block; (B) stratigraphic column of the study area.
The lithology of the Niutitang formation is mainly gray–black siliceous shale, referred to as Niutitang shale. Specifically, the bottom of Niutitang shale is a black siliceous rock, interbedded with phosphorite and black high-carbonaceous shale. The lower part is interbedded with gray–black calcareous shale, gray mud siltstone, and gray–black mudstone, and few star-shaped pyrites are developed. The upper part is a gray mudstone, and there are some calcite layers occasionally. The organic matter in Niutitang shale is mainly sapropelic and amorphous, and the source of which is mainly algae and other low brackish water aquatic organisms. The kerogen types of organic matter are type I and II in major, which have a good hydrocarbon production capacity. With deepening depth, the TOC (Total Organic Carbon) content increases first and then decreases gradually. The bitumen reflectivity is between 2.5 and 3.8%, within the mature and overmature stages. The illite crystallinity is between 0.33° and 0.52°, indicating that Niutitang shale is in the very low metamorphic zone and the late metamorphic stage.
RD (X-ray diffractometer) analysis of core samples in Niutitang shale shows that the content of brittle minerals ranges from 28.7 to 95.5%, with an average content of 62.06%. The brittle minerals are mainly quartz with an average content of 44.3%, followed by feldspar with an average content of 8.4%, dolomite and calcite with an average content of 4.6 and 1.2%, respectively, and pyrite with an average content of 6.3%. The content of clay minerals ranges from 4.5 to 71.4%, with an average content of 34.6% (Figure 2). The clay minerals are mainly illite, containing a small amount of chlorite and illite–smectite mixed layer. In summary, the brittleness of Niutitang shale is very good.
[image: Figure 2]FIGURE 2 | Mineral composition and content of Niutitang shale (A) and clay minerals (B) in TX-1 well.
3 METHODS
There are four drilling wells analyzed for this study, i.e., TX-1, TM-1, CY-1, and CD-1, all drilled in the Cen’gong block. Niutitang shales in these four wells are all encountered and completely cored with the same information on thickness and lithology. In order to study the fracture abundance and characteristics, every fracture was accurately measured by rulers. Core photographs of every fracture were also examined for characterization of the fracture types and crosscutting relationships. To distinguish the calcite and quartz filled in fracture, 15% HCl and scratch tests were used. The pyrite was mainly identified by the color.
Some core samples with filled fractures were selected and ground into thin sections, which were observed using OM (optical microscope) and SEM (scanning electron microscope) for characterizing the microfractures. Others were made into a cylindrical shape for the paleomagnetic orientation tests. The SEM used is a field-emission gun, 200F model of FEI company, which provided a greater depth of field and a clearer picture of micropores and fractures. The inspection was conducted at 35% RH and 24°C.
The geologic sections of multiple outcrops were measured for analyzing sedimentary stratigraphy and outcrop fracture characterization. We photographed and collected information of the outcrop fractures and mapped rose diagram to analyze fracture orientation. We also conducted paleomagnetic orientation experiments to comprehensively determine the direction of fracture extension.
The paleomagnetic orientation method, an important method for analyzing fracture orientation, not only takes a direct measurement on drilling cores but also has a high accuracy of orientation. The theory is that the direction of the viscous remanence of the core can be determined by thermal demagnetization or alternating demagnetization, which is consistent with the direction of the modern geomagnetic field. Then, the relative direction of the fracture in the core can be obtained after calculation and correction.
The first step of this experiment was the collection and processing of paleomagnetic experimental samples. We marked the primary marker lines parallel to the target fracture on the core, and then drilled cylindrical samples (Figure 3). A coordinate system for the experimental sample was constructed by marking a secondary marker line on the cylinder surface in the direction of the primary marker line. The second step was paleomagnetic testing. Because organic matter was rich in shale, alternating demagnetization was selected for avoiding changing the magnetic state of the samples due to high-temperature heating during thermal demagnetization. Each sample was processed at the Laboratory of Paleomagnetism in the China University of Geosciences (Beijing) using the ASC IM-10-30 pulsed magnetometer. The applied alternating demagnetization strengths were 2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 mT in order. After each alternating demagnetization, we measured the remanence of the sample and recorded the experimental results using the AGICO JR-6A rotational magnetometer. The final step was processing and interpreting the experimental data. The average magnetic declination and magnetic inclination of viscous remanence were calculated by professional software, which was oriented with respect to the sample coordinate system. By correcting this, we can finally obtain the direction of the main marker line (the natural fracture) in the present geographic system.
[image: Figure 3]FIGURE 3 | Core samples for paleomagnetic orientation experiments; marker lines are parallel to the target fracture. (A) Original core sample; (B) Cylindrical samples after processing.
4 RESULTS
4.1 Regional Structure Characteristics
According to the seismic interpretation, the Cen’gong block is a saddle-shaped structure formed by the northeast-oriented Banxi anticline and the southwest-oriented Lannigan anticline (Figure 4). The Changchong syncline to the east and the Guanzhai syncline to the west further highlight the saddle-shaped features. Second, faults are associated with the distribution of anticline and syncline, which are mainly located in the hinge zone of most folds such as Guanzhai syncline, Banxi anticline, Changchong syncline, and Lannigan anticline. Additionally, most of the faults are along the NE and NNE direction, a few of which are in the EW direction. This is consistent with the regional geotectonic setting. The large faults mainly include the Daozhanping fault, Shuwei fault, Tongluo fault, Nangfangping fault, Shuiyinchang fault, and Minhe fault, which directly control the saddle-shaped structural framework of the Cen’gong block and also affect the distribution and characteristics of the secondary faults.
[image: Figure 4]FIGURE 4 | Geological structure and faults map of Niutitang shale in Cen’gong block.
Additionally, the Shuiyinchang fault and the Nongchangping fault break the Guanzhai syncline along the northeast–southwest direction iteratively, and the Tongluo fault, the Shuiwei fault, and the Daochenping fault also break the Changchong syncline along the northeast–southwest direction iteratively. The Changchong syncline and Guanzhai syncline are characterized by obvious belted structures because of these faults. At the center of the Cen’gong block, the stratigraphy is gently undulating, and small faults are more developed rather than large faults. In addition, the faults show a characteristic of increasing development when they approach anticlines in the north and south.
From the EW496 and SN500 seismic lines, the thickness of the Niutitang shale is in good continuity within the Cen’gong block (Figure 5), mainly between 50 and 70m, However, all the strata are affected by fractures and folds, and their burial depths vary, specifically increasing firstly and then decreasing from south to north. The overall pattern is shallow buried in the north and south, deep buried in the east and west, and moderately buried in the block center. It can be seen that the stratum is greatly affected by north and south folds, where Niutitang shale is exposed to the ground, while the stratum is greatly affected by east and west faults, where Niutitang shale is deeply buried.
[image: Figure 5]FIGURE 5 | 2D seismic interpretation sections across wells in Cen’gong block, and the location was marked in Figure 4.
4.2 Fractures in Outcrops
The lower Cambrian sedimentary strata, including the Niutitang shale exposed in the northern, southern, and eastern parts of the study area, and three geologic sections were measured in Xiaobao, Banxi, and Huangdao outcrops, and the outcrop fractures of Niutitang shale were finely characterized. It is widely developed for small folds and faults in these outcrops, which shows that the area suffered complex tectonics. Fracture characteristics in these three geologic sections are similar; here, we just take Xiaobao geological section as an example to analyze fractures in outcrops.
In Xiaobao geological section, the black carbonaceous shale and siliceous shale are frequently interbedded, and siliceous nodules are well developed (Figure 6). The morphology and size of these nodules are diverse, the shapes are mostly ellipsoidal and spherical, and the long axis directions are parallel to the stratigraphic distribution direction. The fractures in Xiaobao geological section are mainly fold-fault-related fractures, bedding fractures, slip fractures, and regional fractures. The fold-fault-related fractures refer to fractures related to small local structures such as folds or faults, and they can be subdivided into fault-related fractures or fold-related fractures. These fractures are mainly opening-mode fractures with large aperture and high dip angle, and their extension directions are mostly limited by the local faults and folds. Additionally, the shale usually has high clay minerals content and well-developed beddings, and its weathering resistance is weak. When it is subjected to long-term exposure to the sunshine, wind, and other weathering effects as well as mechanical compaction, water-loss contraction, and other geological effects, it is prone to form bedding fractures along the original lamination surface or small-scale lithological interfaces after physical and chemical breakage (Wang et al., 2016). There is no doubt that frequent interbedding of black carbonaceous shale and siliceous shale in the Xiaobao geological section further promotes the formation of the bedding fractures. But the abundance of bedding fractures varies in different areas because of the inhomogeneous weathering effect.
[image: Figure 6]FIGURE 6 | Xiaobao geological section in Cen’gong block.
Slip fractures are a series of fractures formed by shear stress parallel to the bedding plane of shale under the extensional or compressive tectonic effect. They are often characterized by obvious slickensides and steps, indicating obvious slippage between layers. Slip fractures are common in plastic thick-bedded shales. Their extension directions are mostly parallel to the shale bedding plane, so the dip angles are usually small. They are mainly distributed at the top and bottom of the shale strata where they are close to other lithologic strata (Figure 6D). Regional fractures are generally straight and widely spaced with a long extended distance. They can cut through different sedimentary at a vertical or large angle (Wang et al., 2016; Wang et al., 2018 R. Y.; Wang et al., 2018 X.). Their extension directions can reflect the state of the regional geostress field at the forming time. Besides, regional fractures can control the flow of subsurface fluids, such as water, mineralizing fluids, and geothermal fluids, which are of great practical importance for potential oil and gas reservoirs (English, 2012). Typical regional fracture (Figure 7H–L) is shown in the Xiaobao section. In total, two sets of regional fractures are observed to cut through each other simultaneously, and they combine with horizontal bedding fractures forming a grid-like pattern on the ground.
[image: Figure 7]FIGURE 7 | Outcrop fracture characteristics in the Xiaobao geological section of Cen’gong block. (A) Fault-bend folds and related fractures; (B) slip fold between layers and related fractures; (C) bedding fractures; (D) high dip angle fractures cutting bedding factures; (E) regional fractures; (F) high dip angle fractures; (G) bedding fractures develop differently in different layers; (H) regional fractures in a grid pattern; (I) plumose fractures; (J) two groups of fractures cutting off each other; (K) regional fractures and bedding fractures; (L) 3D schematic diagram showing the regional fractures and bedding fractures.
4.3 Fractures in Cores
4.3.1 Fracture Types
The Cen’gong block has four drilling wells with Niutitang shale cored including CY-1 well, TX-1 well, TM-1 well, and CD-1 well, each of which has developed a large number of natural fractures. Comparing the four cores in lateral correlation, the paper summarizes four types of natural fractures in Niutitang shale, namely, pyrite-filled fractures, fibrous veins, subvertical fractures, and slip fractures, from the fracture size, occurrence, formation mechanical mechanism, and filled minerals (Figure 8).
[image: Figure 8]FIGURE 8 | Fracture types and characteristics of Niutitang shale cores in Cen’gong block. (A) Straight pyrite-filled fracture; (B) horizontal pyrite-filled fracture with changed aperture; (C) long strip of pyrite nodule surrounded by calcite-filled fractures; (D) lens-shaped nodule with long and short tips; (E) spindle-shaped pyrite nodule with calcite-filled fractures at the bottom; (F) bedding-parallel fibrous veins with obvious dark trails of host rock; (G) bedding-parallel fibrous veins, and the filling mineral calcite is arranged in a comb shape; (H) subvertical calcite-filled fractures, and uneven fracture surface means the changes of fracture propagation direction; (I) fracture aperture changes a lot when cutting off multilayers; (J) vertical clay-filled fracture with changed propagation directions; (K) net-shaped fractures with clay and calcite filled fracture; (L) horizontal slip fracture with typical mirror structure; (M) vertical slip fracture with step structure; (N) vertical slip fracture with mirror structure.
Pyrite-filled fractures refer to fractures filled by pyrite spreading horizontally along the shale bedding planes or lithologic interfaces, which usually extend beyond the measurement range of cores. The aperture varies, generally ranging from 0.1 to 5 mm. Pyrite-filled fractures are obviously controlled by the lithology, which is usually and widely distributed in gray and black shale layers with rich organic matter. Pyrite is a common mineral component in shale, which generally develops in the shape of a strawberry, needle, or self-shaped crystal (Wang X. et al., 2019). Pyrite accounts for about 3.2–17.2% in shale mineral components of TX-1 well in the Cen’gong block, and the average value can reach 9.8%. The formation of pyrite is closely related to the source and concentration of sulfur in the formation and the pH of the formation water, and the chemical reaction involves three main mechanisms: 1) H2S + FeS = FeS2 + H2; 2) FeS + S52− = FeS2 + S42−; 3) sulfation and replacement of iron oxides. In this process, biological activities such as bacteria play a crucial role, significantly accelerating the reaction rate, while organic matter can provide a good culture medium for sulfur-reducing bacteria. Thus, the enrichment of organic matter and secretions from living organisms are thought to be conducive to pyrite formation (Gregory et al., 2019), which is the reason why layered pyrite is widely distributed in organic-rich shale formations.
In addition, pyrite is also often found as nodules in shales. Some of them are in the shapes of spheres, ellipsoids, lenses, etc., and the length ranges from about 1 to 10 cm. It is usually thought of pyrite has an obvious shape change during the diagenetic stage. In the early stage of the sedimentary process, the strata are soft and anisotropic, the pyrite usually grows in spheres. As sedimentation and compaction further intensified, the original spherical pyrite was deformed to some extent, and halo-shaped structures were formed around it. In the late diagenetic stage, pyrite transformed into an ellipsoidal or banded shape along the stratigraphic interface due to increasing impermeability, viscosity, and anisotropy of the strata (Seilacher, 2001). The development of pyrite nodules of various shapes in the study area reflects the changes in the compaction and porosity permeability of the stratum. We can also speculate the location, direction, and magnitude of the force acting on pyrite nodules according to the relationship between the nodule shape and other microstructures. Figure 8D shows that the pyrite-filled fractures extend from both tips of the lens-shaped nodule along the shale bedding plane, indicating the direction of growth but limited by the growth and expansion capacity of the pyrite. Only one dominant branch usually develops on both sides of the nodules.
Fibrous veins have a pronounced fibrous structure, and most of them are filled with calcite, so they are also called fibrous calcite veins (Figures 8F, G). Like pyrite, calcite is not only an important part of shale mineral composition but also the main fracture filling material. Based on the location of the growth interface and growth direction of the fibrous veins, they can be divided into three types of structures: stretched veins, syntaxial veins, and antitaxial veins (Bons and Montenari, 2005). The aperture of the fibrous veins in the study area ranges from 1 to 5 mm, and the length is usually greater than 10 cm because most fibrous veins extend out of the core along the shale bedding plane. Some short fibrous veins are typically arranged in an en echelon pattern or spread densely parallel to each other. In addition, it is obvious that the fibrous veins are influenced by later compaction, diagenesis, and tectonic activity, which lead to offset, discontinuity, and shortening along the horizontal direction. The fibrous minerals usually have a clear boundary with the surrounding wall rocks, and most of them are normal to the wall rocks in a combed shape. There is also a clear gray–black line in the middle of the vein, and it is the early growth interface that belongs to wall rocks where the crystal of the fibrous veins begins to grow.
Subvertical fractures are the most developed, numerous, and complex fractures in the study area (Figures 8H–K). Most of these fractures are filled with calcite, some are filled with dolomite, clay, quartz, or co-filled with multiple minerals. Subvertical fractures without filling minerals are rarely observed (Wang et al., 2017). Dip angles between subvertical fractures and shale bedding plane range from 70° to 90°, the aperture varies greatly, from a few millimeters to several centimeters. Some subvertical fractures are smooth and straight with long extension distance and stable occurrence, which are mainly shear fractures formed under the extrusion or shear tectonic stress. However, most subvertical fractures are often turned, broken, or bifurcated, with short extension distance and big changes in aperture, which are mainly tensile fractures formed under the action of local extension tectonic stress. This kind of fracture is more common at the location where the lithology has a big change. Usually, subvertical fractures have larger apertures in brittle shale intervals such as siltstone, while when they extend to mudstone or shale, the fractures change the directions or terminate abruptly, and the apertures also become smaller. This is related to the petrophysical properties of different lithology intervals. In addition, the subvertical fractures usually cut through each other, which formed an obvious network structure on the sedimentary laminae.
The characteristics of the slip fractures in the core are basically consistent with those observed in the outcrops, which are mainly developed in the thick mudstone and shale with good plasticity, especially in the contact position between the shale and sandstone interlayer. Most of the slip fracture surfaces are undulating and uneven, with large variations in occurrence, and the characteristics of slickensides, scuff marks, and steps are more typical (Fig. 8L–N). Many of the slip fractures are not filled with minerals, and the fracture surfaces are often coated by mineral fibers and carbonaceous debris, which make hands dirty easily.
Previous studies on slip fractures usually classified them as bedding-parallel, low-angle fractures along sedimentary laminae, or lithologic partitioning interfaces (Zeng and Xiao, 1999; Zhang and Yuan, 2002), but this time, by observing a large number of slip fractures in the study area, we found that many subvertical slip fractures were developed in Niutitang formation which cut across the shale laminae. Compared with bedding-parallel slip fractures, subvertical slip fractures have more prominent features such as slickensides and steps. It has shown several directions for scuff marks along the two surfaces of slip fracture. Some are parallel to the laminae, some are oblique to the laminae, and some are perpendicular to the laminae, which indicates the different relative movement of rocks on both sides of the slip surface. From the viewpoint of the genesis mechanism, bedding-parallel slip fractures are mainly formed along mechanical layer boundaries such as shale laminae or thin beds under the action of horizontal shear stress, while subvertical slip fractures are formed along subvertical interfaces such as pre-existing fractures in high dip angle under the action of subvertical shear stress. In addition, compared to the common subvertical shear fractures, subvertical slip fractures have obvious slickensides, which also serve as the most important classification marker in the study to classify these two types of fractures.
4.3.2 Fracture Aperture and Length
Fracture aperture and length are the key factors in determining fracture porosity, permeability, hydrocarbon reserves, and directly evaluating the impact of fractures on development effectiveness. Fractures can usually be viewed as three-dimensional entities with length, width, and height, and the aperture refers to the width between two fracture walls. Since fractures are often filled with cement, their aperture also indicates the width of the cement. Fracture length in this study refers to the extension length or incise depth of a fracture. Due to the limitations of observation angle, location, and range, the length and width of a fracture usually cannot be correctly discerned, and thus it is considered that the side with the longer extension distance represents the length of the fracture. Specifically, for subvertical or vertical fracture, the length refers to incise depth in the longitudinal direction; for bedding-parallel fractures or fractures with low dip angle, the length refers to the extension length in the transverse direction.
The fracture apertures and lengths in the study area change greatly, ranging from a few microns in microscopic fractures to tens of meters in outcrop fractures (Figure 9). Because the observation range of microscopic fractures and outcrop fractures is limited, this study uses the observation results of fractures in drilling cores to characterize the fracture parameters. By the observation of 1866 core fractures in TX-1 well, the results show that there are 187 fractures with an aperture less than 0.2mm, 776 fractures with an aperture greater than 0.2 mm and less than 0.5 mm, 528 fractures with an aperture greater than 0.5 mm and less than 1 mm, and the remaining 375 fractures with an aperture greater than 1 mm; there are 1333 fractures with length less than 5 cm, 390 fractures with length greater than 5 cm and less than 10 cm, 138 fractures greater than 10 cm and less than 20cm, and 5 fractures greater than 20 cm. By observing 4883 core fractures in TM-1 well, the results show that there are 663 fractures with an aperture less than 0.2 mm, 1875 fractures with an aperture greater than 0.2 mm and less than 0.5 mm, 1888 fractures with an aperture greater than 0.5 mm and less than 1 mm, and 457 fractures with an aperture greater than 1 mm. There are 1,879 fractures with a length less than 5 cm, 2400 fractures with a length greater than 5 cm and less than 10cm, and 604 fractures with a length greater than 10 cm. The statistics of core fractures in two drilled wells, TX-1, and TM-1, show that the core fracture apertures are mainly less than 1 mm, and lengths are less than 10 cm.
[image: Figure 9]FIGURE 9 | Fracture aperture and length histogram of Niutitang shale in Cen’gong block.
4.3.3 Fracture Density
Fracture density is an important parameter to reveal the fracture abundance, it is often expressed in three main ways: line density, area density, and volume density. Fracture line density refers to the number of fractures in a unit length, fracture area density refers to the cumulative length of fractures in a unit area, and fracture volume density refers to the ratio of the total surface area of observed fractures to a unit volume. The comprehensive histogram of fracture density of a single well can well show the characteristics of the variation of fracture development with drilling depth, which is conducive to comparative analysis with other core parameters to find out the main controlling factors of fracture development. In addition, due to the different observation personnel, observation angle, observation time, and observation degree, the fracture density of different drilling wells in different areas vary greatly, and even the fracture abundance of the same drilling well observed by different personnel is also different. Therefore, when analyzing the fracture density development characteristics, it is necessary to refer to the geological data of the study area for comprehensive analysis.
From the observation and statistics of fractures in the cores of TX-1, TM-1, and CY-1 wells in the study area (Figure 10), it can be seen that the fractures in the cores of the three wells approximately have the same distribution, and fracture densities are all greater in four yellow core sections. For CY-1 well, the fracture densities are calculated in the core section from 1415 to 1460 m, which shows the fractures mainly concentrated in the four core sections from 1415 to 1422 m, 1427 to 1432 m, and 1441 to 1444 m. In the core section of TX-1 well from 1770 to 1817 m, the fracture line density and area density are more obvious than those in CY-1 well, and the fractures are mainly concentrated in four core sections from 1770 to 1774 m, 1781 to 1788 m, 1796 to 1798 m, and 1806 to 1812 m, with a maximum line density of about 350 fractures/m. In addition, the core fractures in the central part of Niutitang shale are more abundant than those in the upper and lower parts. TM-1 well has the most developed core fractures among TX-1 well and CY-1 well. The fracture line density is generally larger in the whole core section (1400−1472 m), especially the core fractures at the bottom of Nititang shale are obviously more abundant than those at the middle and upper parts.
[image: Figure 10]FIGURE 10 | CD-1, TX-1 and TM-1 well profiles of fracture density in Niutitang shale.
4.4 Microfractures
For shale reservoirs with ultra-low matrix porosity and permeability, the development of microfractures increases the storage space and specific surface area of free and adsorbed gas, and secondly, connects to a series of shale pore spaces such as organic pores and inorganic mineral pores, which increases the effective percolation path inside the shale and plays an important role in improving the pore permeability of the reservoir. The microfractures developed in the shales of the study area can be classified into four types, namely, tectonic microfractures, interlayer microfractures, grain-margin microfractures and intergranular microfractures, depending on the tectonic, sedimentary, and diagenetic causes as well as the developmental position (Figure 11).
[image: Figure 11]FIGURE 11 | Microfractures of Niutitang shale in Cen’gong block. (A) Multiparallel tectonic microfractures; (B) calcite-filled microfractures cutting off black argillaceous layers; (C) clay-filled microfractures; (D) tectonic microfractures cutting off pyrite; (E) interlayer microfractures parallel to sedimentary laminations; (F) grain-margin microfractures along rock particles; (G) intergranular microfractures of clay minerals; (H) intergranular pores of pyrite.
Tectonic microfractures mainly refer to microfractures formed by extrusion, tension and other forces, whose surfaces are generally straight and often developed in groups. They are parallel to each other or cutting through each other, forming an intricate network of fractures. Tectonic microfractures can cut multiple laminations and larger rock mineral grains with greater variation in occurrence. Interlayer microfractures are also known as bedding-parallel microfractures developed along the sedimentary laminations. The extension length and aperture are both bigger than other microfractures. Grain-margin microfractures formed along the margin of mineral particles or organic matter. On the one hand, they are mainly formed by the shrinkage of organic matter and clay mineral particles, and on the other hand, due to the plasticity difference between organic matter or mineral particles with other surrounding materials, grain-margin microfractures are formed when different stresses applied. Intergranular microfractures exist between mineral wafers or grains, which can be subdivided into clay mineral intergranular microfractures and pyrite intergranular microfractures according to different mineral types. Their development is influenced by the transformation of clay minerals and recrystallization (Hu et al., 2015).
5 DISCUSSION
5.1 Bedding-Parallel Fibrous Veins
Bedding-parallel fibrous veins are widely developed in sedimentary basins, especially in shales (Figures 8F,G). Their formation process is closely related to the diagenesis of shales, the generation, migration, and accumulation of hydrocarbons, the property and percolation patterns of geological fluids, and the opening and closing of tectonic movements, which have attracted the attention and research of many scholars in recent years.
Although there is no clear conclusion on the formation mechanism of bedding-parallel calcite veins, most of the scholars believe that abnormal high fluid pressure is the key, and the cause of abnormally high pressure in shale is mainly the effect of organic matter hydrocarbon generation. Wang M. et al. (2020) studied the bedding-parallel fibrous veins of shales in the Dongying Depression, Bohai Bay Basin, eastern China, by examining the fibrous calcite vein and its hydrocarbon inclusion content. They verified that the bedding-parallel fibrous veins in the shale is a product of fluid overpressure caused by organic matter-generated hydrocarbon expulsion. The organic matter content of Niutitang shale in study area is very high and a large number of bedding-parallel calcite veins are generated, which indicates that Niutitang shale had a large amount of hydrocarbon production and high pressure in the early stage. This is of reference significance to the early hydrocarbon production and migration and fluid activity in the study area, and we will implement more work on this content in the future.
5.2 Fracture Characteristics and Regional Tectonic Movements
Since the formation of tectonic fractures is closely related to the remote ground stress, their fracture strike is closely related to the direction of the maximum horizontal principal stress of ground stress (Lorenz et al., 1991). The orientations of the paleostress field experienced in the study area can be roughly judged by counting the tectonic fracture occurrence in the Cen’gong block and drawing a rose diagram of the fracture orientation. By statistical analysis of the tectonic fracture occurrence in the Dachongcun, Xiaobaocun, and Liubutun field geological sections of the study area and the drawing of the rose diagram, the result shows that the tectonic fractures strikes are mainly in the northeast and north-northeast direction, followed by the northwest direction (Figure 12). It is basically consistent with the orientation of faults interpreted by the 2D seismic data of the block, indicating that the tectonic stress experienced in the study area are mainly along the northwest direction, followed by northeast direction.
[image: Figure 12]FIGURE 12 | Strikes and dips of structural fractures of Niutitang formation in three outcrops (Li et al., 2020).
The paleomagnetic orientation experiment was conducted on 21 samples from CD-1, TX-1 and TM-1 wells. Most of the samples have obvious demagnetization characteristics, and the alternating demagnetization intensity of all samples is less than 20 mT. The difference between the viscous remanence components is clearly distinguished from the primary remanence component, and some samples show only the viscous remanence component perhaps due to remagnetization, which has less impact on the experimental purpose (Figure 13). The experimental results show that the magnetic deflection of viscous remanence ranges from 7.4° to 342.8° and the magnetic inclination ranges from 7.1° to 66.6°, and the experimental error α95 parameters are all less than 16, showing that the experimental results have good credibility (Figure 14). Since the object of study is the fracture strike, the magnetic declination is fully corrected to due north, and it can be seen that the fracture strike is mainly aligned in the north-northeast direction and partly in the northwest direction, which is consistent with the directions revealed in the rose diagram of outcrop fractures.
[image: Figure 13]FIGURE 13 | Demagnetization curves of Niutitang shale samples in Cen’gong block.
[image: Figure 14]FIGURE 14 | Result of paleomagnetic orientation experiment and stereographic projection of fracture strike.
In general, the fracture strike of the Cambrian Niutitang formation in the study area is mainly in NE and NNE, which is consistent with the early and middle Yanshanian tectonic movement. A part of fractures strike is in NW, which is consistent with Himalayan tectonic movement.
Additionally, the fracture abundance and shale gas content have a close relationship with buried depth and regional faults in study area. The Niutitang formation around TX-1 well is mostly buried at a depth of 1600–2000 m with flat strata, and less faults are developed. Drilling shows that the shales have good gas content. While the CY-1 well is closer to the fault to its north, the shales of the Niutitang formation are buried at a depth of less than 1500 m. Drilling shows that the shale gas content is general. The TM-1 well is located about 500 m from the strike-slip fault to its east, and the shales of the Niutitang formation are also buried at a depth of less than 1500 m. Drilling shows that the shale gas content is poor. A side-by-side comparison of these three wells indicates that the buried depth of shale and distance to the fault have a greater influence on the shale gas content. Furthermore, lateral comparison of the abundance of core fractures based on the fracture density data (Figure 10) shows that fractures in TM-1 well are most developed, followed by CY-1 and TX-1 well. Meanwhile, according to the faults map of the study area, the distance between TM-1 well and the nearest fault is less than that of CY-1 well, and CY-1 is also less than that of TX-1 well which shows that the influence of the faults on fracture abundance is evident, and the closer to the fault, the better developed the fracture is.
5.3 The Intersection Relationships and Relative Forming Time of Fractures
Although the natural fractures of the Niutitang shale in study area is numerous and various, detailed observation shows obvious cross-cutting relationships (Figure 15). The subvertical fractures cut through the horizontal pyrite-filled fractures and fibrous veins in the longitudinal direction, and consequent displacements can determine the relative motion directions. In Figure 15A, the pyrite nodule suffered obvious tensile deformation when cut through by vertical calcite-filled fracture, and one tip of the pyrite nodule is upwarped. According to this local deformation, it can be seen that later tectonic stress made the lower shale moving along upwarped direction. When some small subvertical fractures encountered the horizontal fibrous veins or pyrite-filled fractures with bigger aperture, they tend to terminate at the contact position and no longer continue to extend; even if some of them continue to extend across horizontal fibrous veins or pyrite-filled fractures, they do not form obvious effective displacement. In addition, at least two stages of subvertical fractures formed, and later subvertical fractures cut through the early subvertical fractures in the angle ranging from approximately 60°–70°.
[image: Figure 15]FIGURE 15 | Geometries of intersection relationship between shale fractures in Cen’gong block. (A) One tip of horizontal pyrite-filled fracture is upwarped by subvertical calcite-filled fracture; (B) subvertical fracture cutting across the horizonal pyrite-filled fracture; (C) one subvertical fracture cutting across two bedding-parallel fibrous veins; (D) intersection relationships between two subvertical fracture groups, and the included angle is about 60°; (E) mirror structure of slip fracture is on the top of calcite fillings of bedding-parallel fibrous vein; (F) subvertical slip fracture developed along the previous calcite-filled fracture.
The early formed bedding-parallel fibrous veins and subvertical filled fractures are usually regarded as tectonic weaknesses; they are conducive to the formation of slip fractures under later shear action (Figures 15E,F). In the study area, there are a large number of slip fractures formed along bedding-parallel fibrous veins or vertical calcite-filled fractures, and they have a good matching relationship with each other, and the occurrence is basically or partially the same; second, obvious calcite from bedding-parallel fibrous veins can be found under the smooth mirrors of slip fractures, and some carbonaceous mirrors are laid along the vertical calcite-filled fractures, and these structures are all well preserved as shown in Figure 15E,F. In addition, vertical slip fractures can be seen cutting the bedding-parallel fibrous veins. Combined with the detailed observation of the fracture types, it is clear that the horizontal pyrite-filled fractures were formed at the earliest time, followed by the bedding-parallel fibrous veins, then followed by the subvertical fractures, which were formed at least two stages and finally followed by the slip fractures.
6 SUMMARY AND CONCLUSIONS

1) The Cen’gong block is a saddle-shaped structure formed by the northeast-oriented Banxi anticline and the southwest-oriented Lannigan anticline. The Changchong syncline to the east and the Guanzhai syncline to the west further highlight the saddle-shaped features. Faults are accompanied with anticline and syncline, and most of them are along the NE and NNE direction, while few are in the EW direction.
2) Fractures in outcrops are mainly fold-fault-related fractures, bedding factures, slip fractures, and regional fractures; core fractures are mainly horizontal pyrite-filled fractures, bedding-parallel fibrous veins, subvertical fractures, and slip fractures; four types of microfractures are also defined and characterized such as tectonic microfractures, interlayer microfractures, grain-margin microfractures, and intergranular microfractures.
3) The aperture of core fractures is mainly 0.2–0.5 mm, and the length is mainly less than 10 cm. The rose diagram of three field geological sections showed that the tectonic fractures strikes are mainly in NE and NNE direction, followed by the NW direction, which is mainly consistent with the result of the paleomagnetic orientation experiment of core samples and seismic interpretation.
4) The fracture density data show that fractures in TM-1 well are the most developed, followed by CY-1 and TX-1 wells, and the distance between TM-1 well and the nearest fracture is less than that of CY-1 well, and CY-1 is also less than that of TX-1 well, which shows that the influence of the faults on fracture abundance is obvious, and the closer to the fault, the more developed the fracture is.
5) The detailed characteristics of shale fractures and intersection relationships show that the forming time of pyrite-filled fractures is earliest, followed by fibrous veins and subvertical fractures, and slip fractures are formed at the latest.
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The eastern Sichuan Basin has undergone multiple stages of tectonic evolution and shows complex structural characteristics. It is found that there are a series of NW-SE base-trending strike-slip faults in this area besides NE-SW strike-blocking structures. There are almost no previous studies on strike-slip faults in the eastern Sichuan Basin. This paper fills in the blank of geometry and kinematics research on the strike-slip fault zone in this area. Based on highly precise 3D seismic section, coherent attribute slice and time slice, the geometric and kinematic characteristics of the fault are analyzed. The dynamic characteristics are analysed based on the structural style of the superimposed development model and the nature and activity intensity of strike-slip faults in different periods. and it was found that No. 15 strike-slip fault was a large basement strike-slip fault. The research results show that the profile of the No. 15 strike-slip fault mainly shows a subvertical fracture, positive flower structure and negative flower structure and a composite flower structure with positive and negative flower structures superimposed on each other in the upper and lower planar sections with linearly outspread and zonal distribution characteristics; spatially, there is a “ribbon” effect and a “dolphin” effect. the left strike-slip distance of the TS interface is 0.462 km, and the right strike-slip distance of the TP2 interface is 0.782 km. The strike-slip fault experienced at least three active stages of superimposed deformation during its formation and reconstruction, among which episode II in the middle Caledonian movement was the main active stage of the No. 15 strike-slip fault zone. This study of the structural style and genetic mechanism of a strike-slip fault zone is of guiding significance to the exploration and development of strike-slip fault-controlled reservoirs in the study area.
Keywords: geometry, kinematics, seismic attribute, sichuan basin, strike-slip fault
INTRODUCTION
The characteristics and structural styles of strike-slip faults have been characterized carefully in many literatures (Tchalenko, 1970; Sylvester, 1988; Mcclay and Bonora, 2001; Mitra and Paul, 2011; Dooley and Schreurs, 2012; Moscariello et al., 2017). In the recent years, more and more attention has been paid to the geometry and kinematics characteristics of strike-slip fault zone and a series of oil and gas exploration achievements related to strike-slip faults (Fisher and Knipe, 2001; Laubach et al., 2019; Torabi et al., 2019). A variety of different construction styles can occur simultaneously on one strike-slip fault zone, and these structural styles can be interpreted as the segmented nature of a strike-slip fault (Peacock, 1991; Dooley and Schreurs, 2012; Jiao, 2017; Qi, 2020; Zeng et al., 2022), however, the factors controlling segmentation are rarely discussed, especially for strike-slip faults developed in complex structural areas. On strike-slip fault zones in complex structural areas, due to the tectonic movement of different mechanical properties, the formation lithology is different, the faults usually show the characteristics of regional detachment strata-bound. Strike-slip faults formed in the early stage can be activated and subsequently developed upwards in the later stage, and the development characteristics of structural styles formed in the early stage will also affect the late structural deformation.
The eastern Sichuan Basin is characterized by a series of nearly parallel, highly steep anticlinal fold belts, with multiple sets of regional detachment layers and multiple deep and large basement faults in the region (Wang et al., 2015; Pan et al., 2020). Since the Proterozoic, the study area has experienced multiple periods of tectonic movement, and these periods can be divided into several structural layers bounded by detachment layers and various developed structural styles. In the early stage of oil and gas exploration in the Sichuan Basin, major breakthroughs were made with Permian and Triassic as the main exploration targets. In recent decades, domestic oil and gas exploration research has gradually shifted in an unconventional direction, and the exploration and development prospects of black shale reservoirs in the Lower Silurian Longmaxi Formation of the Sichuan Basin are very broad (Tong et al., 2015; Wang et al., 2016; Tuo et al., 2020). Shale fractures can serve as effective storage spaces and rapid migration channels for natural gas and the formation of water. In marine organic-rich brittle shale of lower Palaeozoic age in the Sichuan Basin, wells displaying good natural gas production are closely related to fracture development (Fisher and Knipe, 2001; Ding et al., 2012; Cao and Neubauer, 2016; Deng et al., 2019).
As the strike-slip fault-controlled reservoirs in the Tarim Basin have facilitated major oil and gas exploration breakthroughs (Han et al., 2017; Jiao, 2017; Deng et al., 2018; Wang et al., 2019), the control and transformation of strike-slip faults in the Sichuan Basin should be highly valued (Ding et al., 2020).The purposes of this study are to 1) describe the structural geometry characteristics of the southern segment of the No. 15 strike-slip fault zone, 2) discuss the strike-slip directions and distances of this fault zone through kinematic analyses, and 3) understand the active periods and tectonic evolution characteristics of the analysed strike-slip fault zone.
GEOLOGIC SETTING
The Sichuan Basin, located in southwestern China (Figure 2C), is a superimposed basin developed on the foundation of the upper Yangtze craton, with a total area of approximately 260,000 km2. This basin displays a rhomboid-shaped geometry in map view and is bounded by the Qiyueshan fault zone to the southeast, the Longmenshan thrust belt to the northwest, Micang Mountain and Daba Mountain to the northeast, and the Kangdian thrust fold belt to the southwest (Figure 2A). Based on basement structure, primary basement faults, and sediment distribution, the Sichuan Basin can be divided into 6 tectonic units, including depressions, uplifts and fold belts. From north to south, these units are the Chuannan fold structural belt, Chuandong highly steep folded structural belt, Chuandongbei Composite highly steep folded structural belt, Chuanzhong uplift, Chuanxi depression, and Chuanxinan fold structural belt.
The Sichuan Basin has undergone multistage tectonic evolution, and the study area has experienced extensive compression, extension and shear deformation processes (Li and Li, 2007; Wang et al., 2007; Chu et al., 2012; Zheng et al., 2020). The Jiangnan-Xuefeng uplift orogenic belt was formed during the middle Caledonian movement (Middle Ordovician to Late Ordovician) on the south-eastern margin of eastern Sichuan. During the late Caledonian movement, NW-SE compressive stress occurred due to the NW subduction of the Pacific plate, and NE-SW compressive stress was also formed due to the NW subduction of the Yunnan-Tibetan Oceanic plate (Chu et al., 2012; Hong et al., 2020). After the Caledonian movement, because the northern North Qinling Ocean gradually closed from east to west, sea water gradually exited the Upper Yangtze region. Throughout the early Hercynian movement (during the lower Permian in the Palaeozoic sedimentary period), the eastern Sichuan region inherited the structural relief of the Caledonian movement period (Yin et al., 2018; Li et al., 2020; Chen et al., 2021). At this time, the compressional stress was NS trending, and Devonian and Carboniferous strata were absent, resulting in disconformable contacts between the lower Permian strata and the Silurian strata (Wang et al., 2013; He et al., 2020). In the early stage of Indosinian movement (middle Triassic to Late Triassic), the Qinling orogenic belt and Jiangnan-Xuefeng tectonic belt were uplifted again, and sea water withdrew from eastern Sichuan to the northwest, completing the transition from marine Evaluation of sweet spots and horizontal-well-design technology for shale gas in the basin-margin transition zo Authigenic clay minerals and calcite dissolution influence reservoir quality in tight sandston to continental deposition environments (Zhao et al., 2021). The late Himalayan period was the final surface structural morphology period in the study area. At this time, the Dabashan thrust belt in the north-eastern margin of the study area formed an intense detachment-thrust structure (Xiao et al., 2011; Li et al., 2013; Yin et al., 2020; Liu J et al., 2022).
The sedimentary strata in the Sichuan Basin are composed of two sequences, including Palaeozoic and Mesozoic sequences (Figure 1). The Sinian to Middle Triassic strata comprise marine carbonate deposits, while the Upper Triassic and shallow strata contain continental clastic deposits. At the end of the Sinian period, mangrove bay movement formed the unconformity between the Cambrian and Sinian strata (Є—Z), and the upper Silurian, Devonian and Carboniferous strata were missing in the study area of the late Caledonian Movement, resulting in a pseudoconformity contact (O–P) between the Permian and lower Carboniferous strata. The unconformity between the Late Triassic and Middle Triassic and older strata represents the early stage of the Indosinian movement at the end of the Middle Triassic.
[image: Figure 1]FIGURE 1 | Generalized stratigraphy, seismic reflecting surfaces, and tectonic movements of the Sichuan Basin (revised after Li et al., 2020).
Three sets of stably distributed regional detachment layers are developed in the study area (Faure et al., 2008; Yin and Wu, 2020; Li et al., 2021), and the existence of a plastic detachment layer plays an important role in controlling the deformation of the thrust belt. From bottom to top, these sets include the gypsum-bearing lower to middle Cambrian Longwangmiao and Gaotai Formations, the mud shale of the Lower Silurian Longmaxi Formation, and the gypsum-bearing lower to middle Triassic Leikoupo and Jialingjiang Formations (Dong et al., 2011; Li et al., 2021). The stability of the detachment layer and difference in its spatial distribution lead to the differential stratification-deformation characteristics in eastern Sichuan. The seismic data of the Lower Cambrian and the corresponding lower strata are of poor quality. According to the existing 3D seismic data, the deep strata in the study area are relatively gentle with a low deformation degree. Multirow NE-trending structures controlled by NE-trending main faults are developed, and NW-trending basement faults may be developed (Pan et al., 2020). Multiple sets of compression-detachment structures developed in the Central Triassic to Silurian, including Y-shaped faults, anti-Y-shaped faults, and back-thrust structures (Wu et al., 2019). The Silurian strata with strong plasticity have obvious secondary thickening at the top of the middle structural layer (Wang et al., 2018; Gong et al., 2019; Lan et al., 2021), thus exerting strong control over the formation of strike-slip fault flower structures (Yin et al., 2020; Liu J. et al., 2022). Because of the uneven spatial distribution of the detachment layer, there are two types of detachment in the study area: single-layer detachment and double-layer detachment (Yan et al., 2003; Li et al., 2012; Gong et al., 2021; Li, 2022; Figure 3). The Jurassic and shallow strata developed a series of NNE-NE-trending arc-shaped barrier structures (Figure 2A).
[image: Figure 2]FIGURE 2 | Geological section map of Fuling work area in Sichuan Basin.
[image: Figure 3]FIGURE 3 | (A) Simplified tectonic map showing the major tectonic units and fault distributions in Sichuan Basin, this basin covers an area of 26 × 104 km2, ①: Chuanxi depression ②: Chuanbei Composite highly steep folded structural belt, ③: Chuanzhong uplift, ④: Chuanxinan fold structural belt ⑤: Chuannan fold structural belt, ⑥: Chuandong highly steep folded structural belt. (B) Fault distribution map of Fuling work area. (C) The location of the Sichuan Basin on a map of China. (D) Fault distribution map of the South No. 15 Strike-slip Fault Zone.
DATA AND METHODS
The high-quality 3-D seismic data used in this study representing an area of 4000 km2, was derived through a rectangular survey and covers part of the South No. 15 strike-slip fault zone (Figure 2B). The lines and traces are north–south- and east–west-oriented, respectively, and both have a 25-m spacing. The stratigraphic horizons are marked by seismic reflecting surfaces determined by integrating well log and seismic data. The TЄ, TS, TP1, and TP2 seismic surfaces mark the bottom boundaries of the Cambrian, Silurian, Lower Permian and Upper Permian strata, respectively. The No. 15 strike-slip fault zone was recognized and interpreted in the local 3-D seismic sections perpendicular to the fault zone strike. The interpreted area is approximately 77 km2. The interpretation spacing is 436 m. Using 3D seismic data to extract coherent attributes and time slices, the strike and development characteristics of the No. 15 strike-slip fault zone are described. Additionally, the dip angle of the master strike-slip fault is determined (Figure 4A). TS and TP2 horizon burial depth maps are prepared to characterize the stereo development along the strike of the No. 15 fault zone.
[image: Figure 4]FIGURE 4 | (A) Explanation of the methodology used for the measurement of the Tendency change and (B) a schematic model showing that horizontal displacement of strike slip fault on the horizontal plane or time slice.
STRUCTURAL GEOMETIY OF THE SOUTH NO. 15 FAULT
The No. 15 fault zone is located in the eastern Sichuan Basin (Figure 1A) and has a straight trace in map view with a length of approximately 2.28 km. The azimuth is approximately 321°. Based on the interpretation of 3-D seismic data as well as coherence attribute slice and time slice analyses, the plane, section and spatial geometric characteristics of the south No. 15 strike-slip fault zone are investigated in detail and presented as follows.
Geometry of the South No. 15 Strike-Slip Fault Zone in Plane View
In the study area, the No. 15 fault zone displays different patterns at various depths (Figure 5). On the TS seismic surface, the No. 15 fault zone is characterized by two main faults and four branch faults (Figure 5A). To the north of the F2 fault, the faults are NW-trending, with orientations ranging from 320° to 325°; the branch fractures F6 and F9 and the main fracture F2 are arranged parallel or subparallel to each other; and to the south, the F2 fault bends clockwise, with the fault trending NNW. The F1 fault is approximately straight, and the faults are stable and NW-trending, with orientations of 321° and undeveloped branch faults. On the TP2 seismic surface, the No. 15 fault zone is composed of two main faults and three branch faults (Figure 5B). The strike of the fault is variable and roughly NW-trending. Similar to the feature shown on the TS surface, to the north of the F2 fault, the faults are NW-trending, and to the south, the F2 fault bends clockwise, with the fault trending approximately NNW at an orientation of 332°.
[image: Figure 5]FIGURE 5 | Interpreted (left) and uninterpreted (right) variance slices of the (A) TS seismic surfaces, (B) TP1 seismic surfaces, (C) 3220 ms horizontal time slice and (D) 2500 ms horizontal time slice covering the south No. 15 fault zone. See the shadow box in Figure 1B for location.
The horizontal time slice shows that the strike-slip fault offsets the TS surface and TP2 surface (Figures 5,6). On the 2500-ms time slice, the TS surface implies a left-lateral slip sense (Figure 5C). On the 3220-ms time slice, the TP2 surface implies a right-lateral slip sense, and the TS surface in the lower right corner still suggests a left-lateral slip sense (Figure 5D).
[image: Figure 6]FIGURE 6 | Fault interpretations of cross Section 1(A), Section 2(B), Section 8(C), Section 9(D). The uninterpreted right images are shown for comparison and cropped as the central part of the left images where fault zones occur. See Figure 1D for location. TWT = two-way time.
Structural Styles of the South No. 15 Strike-Slip Fault Zone in Seismic Sections
In section view, the main fault of the No. 15 fault zone appears to be subvertical (Figures 6,8). Upward, it diverges and extends through the TP2 seismic surface, and downward, it cuts through the TЄ and terminates on the Presinian crystalline basement. The structural styles vary significantly vertically; the structural styles in the strata in the vicinity of the TP2 surface, TS surface and TЄ surface are characterized in detail below.
Along the strike of No. 15, the structural styles in the strata in the vicinity of the TP2 seismic surface can be classified into two main types based on the corresponding structural relief (Figure 6): positive relief and negative relief. In the areas of positive relief, the strata were uplifted, and the majority of the uplifted strata were bounded by two or more small-scale faults with obvious reverse separation (Figure 6C). These small-scale faults developed downward onto the main fault to form a positive flower structure. These small-scale faults developed near TP2 merged downward onto the main subvertical fault to form a normal flower structure. On the seismic section, this structure is shown as a fracture zone with a gentle and wide upper section and a steep and narrow lower section oriented straight into the basement in the shape of a flower.
In the areas of negative relief, the strata were extended and subsided, and the subsidence area was bounded by two small-scale faults with normal separation (Figure 6B). Downward, they merge at depth into the main subvertical fault, usually terminating near the TS-to-TP1 package, defining a negative flower structure. Notably, in some seismic sections (e.g., section 1, Figure 6A), the main subvertical fault terminates near the TP1 surface, and on opposite sides of the subvertical fault, the strata are nearly horizontal.
Near the TS surface, the strata were uplifted, and the majority of the uplifted strata were bounded by some small-scale faults with obvious reverse separation. Downward, they merge at depth into the main subvertical fault commonly cutting through the TЄ to TS package to define a positive flower structure. Additionally, in some seismic sections (e.g., Sections 1,2, Figures 6A,B), no positive flower structure is developed near the TS surface due to the vicinity to the thrust structural belt, and the vertical separation of strata on both sides of the fault is large.
Below the TЄ surface, the strata in the vicinity of the main subvertical fault were shortened and uplifted. In addition, a positive flower structure and negative flower structure can be vertically superimposed in the same strike-slip fault zone. The positive flower structure developed near the deep TS surface, and the negative flower structure developed near the shallow TP2 surface, constituting a composite flower structure.
According to the vertical structural style differences found in the No. 15 fault zone described above, the strata in the study area can be divided into three strata combinations: 1) the lower combination consisting of the strata below the TЄ surface, 2) the middle combination including the TЄ-to-TS package, and 3) the upper combination composed of the TS-to-TP2 package.
Distribution Characteristics of the South No. 15 Strike-Slip Fault Zone in Three-Dimensional Space
Strike-slip faults often have “ribbon” and “dolphin” effects in space. The “ribbon” effect refers to the condition in which strike-slip faults are nearly upright when observed on a large scale but their tendency changes along the strike direction, swinging from side to side like ribbons (Figure 7A). At the TS interface, the southern main fault tendency of the No. 15 strike-slip fault zone is NE-trending (Figure 8a∼ 8D), and the northern main fault tendency changes to become SW-trending (Figure 8e∼ 8G). The northernmost part of the strike-slip fault changes to a NE trend (Figure 8H). The dolphin effect refers to the phenomenon in which the properties of normal and reverse faults change when observed on different seismic sections perpendicular to the fault zone strike under the condition that strike-slip faults have the same dip; that is, the relative elevations and faults of adjacent seismic profiles change (Figure 7B). On the TP1 surface, in the south, the relative heights of the structures on both sides of the southern main fault are high in the west and low in the east (Figure 8a∼ 8C). Along the strike of the fault in the north, the variation is high in the east and low in the west (Figure 8d∼8G). The northernmost part of the interpretation boundary changes to reveal higher variations in the west and lower variations in the east (Figure 8H).
[image: Figure 7]FIGURE 7 | Patterns of dolphin effect (A) and Ribbon effect (B).
[image: Figure 8]FIGURE 8 | Fault interpretations of cross Section 1(A), Section 2(B), Section 3(C), Section 4(D), Section 5(E), Section 6(F), Section 7(G), Section 9(H). The uninterpreted right images are shown for comparison and cropped as the central part of the left images where fault zones occur. See Figure 1D for location. TWT = two-way time.
Through the statistics of the dip angles of F1 and F2, characterizing the two main faults in the South No. 15 strike slip fault zone, line charts of the four main horizons of the two main faults tendencies were obtained, and the trends of these main faults change along the strike trend; mainly, in the south-west direction at the 6–7 and 17–18 sections, the trend of the main fault changes to NE (Figure 9). The frequency distribution of the dip angles of the main faults shows that the dip angles are concentrated between 88° and 96°.
[image: Figure 9]FIGURE 9 |  (A) Plane distribution map of fault zone, Line chart of dip Angle variation of main fault F2 (B) and F1 (B') and Dip frequency distribution diagram of F2 (C) and F1 (C').
According to an analysis of temporal structural maps of the TS surface and TP2 surface, on the TP2 surface, the relative uplift relationship between the strike-slip faults and the strata on both sides is transformed. A long and wide anticline appears to the left of the main fault F2 (Figure 10C); southward, the stratum sandwiched between main fault F1 and branch fault f2 shows a long syncline (Figure 10D), indicating that the properties of normal and reverse faults have changed. On the TS surface, the relative uplift relationship of the stratum on both sides of the main strike-slip fault is reversed (Figures 8E,F). The northern anticline of the F2 main fault appears on the right side, and along the southward direction, an anticline with a small uplift appears on the left side (Figure 10E). These position changes in the anticlines on both sides of the F1 fault are similar to those shown in Figure 10Ebut are more obvious (Figure 10F). This result indicates that along the trend of the analysed strike-slip fault zone, the relative uplift relationship of strata on both sides of the fault changes. These phenomena indicate that the No. 15 strike-slip fault zone has a “dolphin” effect. For strike-slip faults without secondary faults, synclines are developed on both sides of the faults (Figure 10G).
[image: Figure 10]FIGURE 10 | Time structure maps (milliseconds) of the TP2 (C,D) and TS (E–G) seismic surfaces covering the south No.15 fault zone, showing the structural relief along the south No. 15 fault zone at various depths [see (A) and (B) for the locations of (C–G)], The depth data used in the map came from TS and TP2 interpretation data of 3D seismic data in the study area.
STRUCTURAL KINEMATICS OF THE SOUTH NO. 15 FAULT
The kinematic characteristics of a strike-slip fault zone mainly include the strike-slip direction and the strike-slip distance. The horizontal dislocation of the geological boundary between the two plates of the analysed strike-slip fault zone was observed on a temporal slice to determine the strike-slip direction and the strike-slip distance of the strike-slip fault zone. In the horizontal time slice of 2500 ms (Figure 11A), it can be seen that on the TP2 interface, the wavelet signatures of the northeast wall of the fault slid to the right relative to the wavelet signatures of the southwest wall. According to the offset of the wavelet signatures displayed on the horizontal time slice, the offset of fault No. 15 is measured to be 0.782 km (Figure 11A), characterizing a typical right-lateral strike-slip fault, and the stratum in the middle of the fault reflects negative relief. The TS surface at a depth of 3220 ms in the horizontal time slice (Figure 11B) was offset by a strike-slip fault, and the fault offset of fault No. 15 was measured to be 0.462 km (Figure 11B'), indicating left-lateral strike-slip properties. The results show that the No. 15 strike-slip fault zone was a left-lateral strike-slip fault when deposited in Silurian strata but a right-lateral strike-slip fault when deposited in Longtan Strata.
[image: Figure 11]FIGURE 11 | (A) Horizontal time slice at 2500 ms and (B) Horizontal time slice at 3220 ms [see (C) for the locations of (A) and (B)]. (A`) Horizontal time slice at 2500 ms showing the discontinuous strata offset by the northern No. 15 fault and restoration of original continuous strata. (B`) Horizontal time slice at 3220 ms showing discontinuous strata offset by the southern SB5 fault and restoration of original continuous strata [see (A) and (B) for the locations of (A`) and (B`)].
DISCUSSION
The active periods of strike-slip faults are analysed through the intersecting relationships between the strike-slip faults and active events. Since the active period of the analysed faults occurred later than the development period of the cut strata and earlier than that of the strata terminated by faults, the active times of the faults can be determined by determining the oldest cut strata and latest strata terminated by the strata (Wenzheng et al., 2012; Liu Y et al., 2022). The deepest part of the No. 15 strike-slip fault penetrates to the pre-Sinian crystalline basement, and the shallow part ends at the detachment layer of the Triassic Jialingjiang Formation (Figure 12). Therefore, the formation period of the No. 15 strike-slip fault zone was later than the formation period of the pre-Sinian crystalline basement, and the latest active period was earlier than the Early Triassic.
[image: Figure 12]FIGURE 12 | (A) Fault interpretations of cross Section 9 (Figure 3 for the definition of surfaces) and (B)–(D) Schematic model showing the structural evolution of individual strike-slip fault zones within a three-dimensional perspective.
After multiple periods of tectonic evolution, a variety of vertically contraposed tectonic styles formed under different stress states in each multistage active period (Figure 12). By analysing the superimposed development mode of the vertical structural style of the strike-slip fault zone, the formation and evolution stages and the stress properties of different stages of the strike-slip fault zone can be qualitatively analysed. According to different tectonic styles and different stress field conditions, it can be concluded that the No. 15 strike-slip fault zone has experienced at least three active stages of superimposed deformation.
The Middle Ordovician
During the Middle Ordovician, the Jiangnan-Xuefeng uplifted orogenic belt formed on the south-eastern margin of eastern Sichuan due to Act I of the Middle Caledonian Movement, and a strike-slip fault began to develop in the basement of the study area. A series of faults and anticlines developed above the TЄ interface (Figures 11B’ 12B). In these sections, strike-slip faults are characterized by near-vertical faults and the formation of flower structures (Figures 6,8,12A).
Notably, the deformation amplitude of the strata above the TЄ interface is significantly greater than that below the TЄ interface, and both positive and negative flower structures developed simultaneously. This phenomenon may be related to the presence of the gypsum-bearing lower-to middle-Cambrian Longwangmiao and Gaotai Formations.
The Late Ordovician
The strike-slip movement that occurred during the middle Act II of the Caledonian movement during late Ordovician deposition was the most intense. The pre-existing fault, a left-lateral strike-slip fault, on mid-Caledonian Act I continued to extend upward and develop inherently (Figure 12C), with the same strike direction as the deep fault. Multiple anticlines developed between multiple branch faults (Figures 10E,F), and the branch faults usually end at the upward TS interface; this characteristic is related to the existence of mud shale in the lower Silurian Longmaxi Formation (Figure 3).
The Lower Triassic
In the middle and late Hercynian study area during the Lower Triassic sedimentary period, the SN compression stress was the main action. The No. 15 strike-slip fault zone has undergone dextral strike-slip movement to reshape the pre-existing faults and is characterized by a series of faults and synclines near the TP2 interface. In these sections, strike-slip faults are characterized by flower-like structures (Figures 6,8,12A). The fault terminated upward at the plaster rock detachment layer of the gypsum-bearing lower to middle Triassic Leikoupo and Jialingjiang Formations, and then the strike-slip movement stopped.
The deep strata experienced multistage tectonic superimposed deformation. The striking difference between the strike-slip fault distance between the TS interface and TP2 interface is due to the different structural stages and strengths. The structural movement experienced by the same strike-slip fault in the later period can transform the strike-slip distance and reverse of the strike-slip fault formed in the early period due to its different strike-slip direction and strike-slip strength. as shown in Figure 11, the existing left-side strike-slip distance of the TS interface is 0.462 km (Figure 11B), and the existing right-side strike-slip distance of the TP2 interface is 0.782 km (Figure 11A). When describing the horizontal fault distance of the No. 15 strike-slip fault zone during the Late Ordovician deposition, the influence of right-lateral reconstruction should be eliminated. Because the No. 15 strike-slip fault zone terminated upward in the strata near the TP2 interface, the left-lateral strike-slip fault distance of the No. 15 strike-slip fault at the end of Act II of the Middle Caledonian Movement must eliminate only the influence of the right-lateral strike-slip movement that occurred in the middle to late Hercynian period; thus, the left-lateral strike-slip fault distance should be 1.244 km.
CONCLUSION
The South No. 15 fault zone has experienced multistage tectonic evolution and thereby displays complex structural styles. The controlling effect of the regional detachment layer causes the fault zone to be layered vertically, thereby displaying complex structural styles. In the cross-sectional view, the strike-slip faults are generally characterized by subvertical fault segments at depth (of Sinian to middle lower Cambrian age) and positive negative flower structures in the shallower strata (of Middle upper Ordovician to Permian age). Due to the existence of the detachment layer of the Jialingjiang Formation at the bottom of the overlying Triassic, the strike-slip fault did not continue to develop upward. In the later stage, the faults were inherited and developed, and the late structural deformation to the pre-existing structures, including the positive flower structures and negative flower structures, overlapped vertically. In map view, along-strike zones producing push-up or pull-apart structures can be commonly observed. In three-dimensional space, the dolphin effect and ribbon effect unique to strike-slip faults are also clearly displayed.
The South No. 15 fault zone experienced at least three strike-slip movements during the Palaeozoic. The first strike-slip movement occurred during the Middle Ordovician and was characterized by folding strata and the occurrence of subvertical fault segments. The second movement occurred during the period from the Late Ordovician. At this time, the strike-slip movement was the most intense, represented by the formation of a positive flower structure on the TS seismic surface. The third movement occurred during the period from the Late Silurian to Early Triassic and was characterized by the development of a negative flower structure cutting through the TP2 surface above the South No. 15 fault zone.
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The low permeability sandstone reservoir in the Ordos Basin displays heterogeneity with sedimentation and tectonic origins, which is mainly manifest by interbedding of sandstone and mudstone, bedding, and fractures (). There is a clear difference between this type of heterogeneity and pore heterogeneity and diagenetic heterogeneity. At present, academia pays less attention to this kind of heterogeneity and lacks a quantitative evaluation method. The imaging log can describe this kind of heterogeneity directly. The Tamura texture features (TTF) method was used to calculate the roughness of different heterogeneous intervals. It is found that the fracture has the largest roughness, followed by the oblique bedding and the horizontal bedding section, and the massive bedding has the smallest roughness. The GR curve roughness calculated by EMD is consistent with that calculated by TTF. Therefore, TTF can be used to quantitatively evaluate the heterogeneity of low permeability sandstone reservoirs based on the imaging log when the imaging log has the same size. The roughness of the imaging log calculated by the TTF method has a strong coupling with the sedimentary cycle. This method is accurate, objective, and easy to understand. This is another important application of TTF in addition to quantitative evaluation of the heterogeneity of low permeability sandstone reservoirs.
Keywords: reservoir heterogeneity, Tamura texture features, low permeability sandstone, the Ordos Basin, quantitative evaluation
INTRODUCTION
Low permeability sandstone is defined as having overburden permeability less than or equal to 1 × 10−3 μm2 (Newman, 1999; Yin and Wu, 2020). Globally, Low permeability sandstone reservoirs are increasingly becoming targets for petroleum exploration and development because they contain vast resources which were stranded before the advent of modern well completion technologies (e.g., hydraulic fracturing) (Panja et al., 2016; Yin et al., 2018; Chen J. et al., 2019; Li L. et al., 2020; Arzhilovsky et al., 2021; Liu et al., 2022). The Ordos basin contains some of the most widely distributed low permeability sandstone reservoirs in China, within which the Yangchang Formation is representative. In 2019, CNPC (China National Petroleum Corporation) announced the discovery of the billion-ton Qingcheng Oil Field within the Ch-7 oil generation layer (an oil layer of the Yanchang Formation) of the Ordos Basin, which confirmed the presence of low permeability sandstone reservoirs (Fu et al., 2020).
The Yangchang Formation in the Ordos Basin is a continental reservoir. The most unique feature of this type of petroleum system is the close association of source rocks and reservoirs to the point where they are indistinguishable; these low permeability sandstone reservoirs are extremely heterogeneous (Gong et al., 2021). To date, research on the heterogeneity of low permeability sandstone reservoirs has mainly focused on two aspects: 1) diagenetic heterogeneity (Liu et al., 2016; Cui et al., 2019; Sole et al., 2019; Li M. et al., 2020; Xie et al., 2020; Xiong et al., 2020; Yıldız and Yılmaz, 2020); and, 2) pore heterogeneity (Kadkhodaie-Ilkhchi et al., 2019; Nazari et al., 2019; Yang et al., 2020; Yin et al., 2020; Wang et al., 2021; Wang et al., 2022). This paper will focus on heterogeneity derived from sedimentation and tectonic controls, which is seldom discussed in the literature on low permeability sandstone reservoirs. There are three manifestations of this kind of heterogeneity, bedding, sand and mud interstratification, and fracture. The importance of sedimentary and tectonic derived heterogeneity in terms of its influence on physical and mechanical properties in low permeability sandstone reservoirs was most recently investigated by Liu et al. (2018). Using rock mechanical analysis, they found that subtle differences of mineralogical components within low permeability sandstone cause heterogeneous rock mechanical properties which ultimately control fracture initiation and propagation. Huang et al. (2018) noticed widespread development of the lamina in low permeability sandstones within the Ordos Basin. Their results showed that sand lamina in the low permeability sandstones significantly increases the TOC of the reservoir. Therefore, they suggested that the development of sandy laminas is the direct cause of the reservoir physical properties heterogeneity in low permeability sandstone.
Several different methods for quantitative evaluation of heterogeneity derived from sedimentation and tectonic controls have been developed. Yang et al. (2019) set up a neural network to evaluate the interbedding of low permeability sandstones in the southern Ordos Basin and used them to quantify vertical heterogeneity parameters in each layer. By calculating Lorentz Coefficients of gamma-ray logs, Yue (Yue et al., 2015) quantitatively evaluated the intraformational heterogeneity of low permeability sandstone and summarized the vertical sand body distribution pattern of the formation. Xiao (Xiao et al., 2019a) put forward a method for quantitative evaluation of the heterogeneity of low permeability sandstone reservoirs based on combining the rescaled range method and modal decomposition method and obtaining the mathematical relationship between the heterogeneity of reservoirs and oil production.
Logging curves are commonly considered to be the most efficient and accurate method of quantitatively evaluating reservoir heterogeneity (Raeesi et al., 2012; Amoura et al., 2019; Yarmohammadi et al., 2020). However, most methods focus on using conventional types of logs (i.e., gamma, resistivity, sonic, density, etc), while image log data is mostly ignored even though it can directly reflect the sedimentary characteristics of reservoirs. Image logs record changes in resistivity or acoustic velocity caused by fractures, caving, bedding, and so on, and these changes are displayed using different colored images designed to intuitively describe the characteristics of the formation. At present, image logs are assessed qualitatively with the naked eye which means that interpretations are subjective. There is an important need for quantitative parameters that can be widely used in image log analysis that will improve standardization and normalization of interpretive results.
Sedimentary strata are recognized as objects with self-similar characteristics, so the imaging log that records formation changes must be a global pattern with repeated local sub-patterns. Therefore, it is theoretically feasible to use texture analysis to extract characteristic parameters from image log data. This paper will use Tamura theory to calculate the roughness, contrast, and direction of heterogeneity captured by image logs. The mapping relationship between the roughness of imaging logs and the heterogeneity of low permeability sandstone is established, and the application of Tamura theory in the division of sedimentary cycles is assessed.
GEOLOGICAL SETTING
The Ordos Basin, located in western China, is a large-scale cratonic superimposed basin that developed during the Mesozoic (Figure 1A). The basin is characterized by weak structural deformation, multicycle tectonic evolution and many rock types characterizing sedimentary environments (Chen Y. et al., 2019; Gong et al., 2019). This study focuses on the southwestern part of the Ordos Basin, where the Upper Triassic Yanchang Formation is an important oil-producing interval (Figure 1B). The reservoir intervals comprise parts of deltaic and shallow lacustrine systems, with continuous sedimentation and stable structure. Figure 1C is a typical lithological section of the Yanchang Formation in the southern Ordos Basin. It can be seen from the figure that the lithology of the target layer is mainly siltstone and argillaceous fine sandstone, which contains thin mudstone interlayers. The interbeds of sand and mud in the Yanchang Formation are frequent and have strong heterogeneity. The study area is located in the interior of the basin, so there is no surface exposure to the target interval. However, the Yanchang Formation crops out along the edge of the Ordos Basin.
[image: Figure 1]FIGURE 1 | (A) Geographicmap of the Ordos Basin; (B) Location of the Ordos Basin in China; (C) Stratigraphic characteristics of the Yanchang Formation (Wang et al., 2020).
The profile observation shows that the Yangchang Formation in Ordos Basin is approximately horizontally distributed, with few large sedimentary structures such as folds and faults (Figure 2). But many small sedimentary structures can be observed, mainly including parallel bedding, oblique bedding, impression, and mud gravel. The vertical heterogeneity of the formation is very strong, which mainly shows that it is difficult to see a whole set of sandstone with a thickness of more than 5 m, and the formation is mostly a structure of thick sandstone with thin mudstone.
[image: Figure 2]FIGURE 2 | Profile photos of Yangchang formation in Ordos Basin. (A) Sand-mud interlayer in Ch-7 formation, located in Xunyi; (B) Mudstone interlayer in Ch-6 Formation, located in Xunyi; (C) Parallel bedding in Ch-7 Formation, located in Yanchang; (D) Oblique bedding in Ch-6 Formation, located in Jiaxian; (E) Impression in Ch-7 Formation, located in Yijun; (F) Mud gravel in Ch-6 Formation, located in Lingwu.
Small sedimentary structures are also observed in cores (Figure 3). There is mainly oblique bedding, parallel bedding, massive bedding, convoluted bedding, mud gravel, and fractures. The profile and core data show that the low permeability sandstone reservoir in the study area is characterized by frequent sand mud interbed, bedding and fractures. This feature directly results in a very strong reservoir heterogeneity, which affects the physical and mechanical properties of the reservoir (Zeng et al., 2022).
[image: Figure 3]FIGURE 3 | Core photos of Yangchang formation in study area. (A) Cross bedding; (B) Massive bedding; (C) Parallel bedding; (D) Convoluted bedding; (E) Oblique bedding; (F) Fractures; (G) Mud gravel; (H) Muddy strip; (I) Scratch.
THEORY AND METHODOLOGY
Texture refers to the local patterns that appear repeatedly in the image and their arrangement rules, reflecting the law of grayscale changes in the macro sense (Coggins and Jain, 1985). Although textures are ubiquitous in digital images, there is currently no formal texture definition (Lin et al., 2003). However, texture analysis has been applied to graphic analysis in various industries, such as medicine, remote sensing, photography, and other industries (Hashim et al., 2018; Delibas and Arslan, 2020). Based on the human visual perception test, Tamura proposed physical quantities to describe the texture features, namely: coarseness, contrast, directionality, linearity, regularity, and roughness (Tamura et al., 1975). The three most important parameters are coarseness, contrast, and directionality (Castelli and Bergman, 2002).
Coarseness
Roughness is a parameter that reflects the granularity in the texture and is the most basic texture feature. When the sizes of the two texture patterns are different, the patterns with larger sizes are coarser. The calculation of roughness can be divided into the following steps:
1) Calculate the average intensity of pixels in the active window with the size of [image: image] pixels in the image:
[image: image]
Where, [image: image] is the gray value of the pixel at [image: image].
2) For each pixel, calculate the average intensity difference between windows that do not overlap each other in the horizontal and vertical directions:
[image: image]
[image: image]
Where, for each pixel, there is a [image: image] The max value makes the [image: image] value the maximum, using this [image: image] is the best size:
[image: image]
3) By calculating the average value of [image: image] in the whole image to roughness:
[image: image]
Contrast
The contrast is obtained by the statistics of the pixel intensity distribution. The contrast is determined by four factors: dynamic range of gray level, polarization degree of the black and white part on the histogram, edge sharpness, and period of repetition pattern. In general, contrast refers to the first two factors. The calculation formula is as follows:
[image: image]
[image: image]
Where, [image: image] The fourth interval of the image is used to measure the steepness of the gray density function near the gray mean. [image: image] is the image variance.
Directionality
Directivity is the global characteristic of texture region, which describes how the texture diverges or concentrates in some directions. The calculation steps are as follows:
1) Calculate the gradient vector for each pixel:
[image: image]
[image: image]
2) Calculate the magnitude [image: image] and the local edge direction [image: image]:
[image: image]
[image: image]
3) Discretize [image: image], and use the histogram to count the number [image: image] of pixels in each [image: image] where [image: image] is greater than a given threshold
[image: image]
Where, [image: image] is the number of points at which [image: image] and [image: image] > t.
4) The directivity can be obtained by calculating the sharpness of the peaks. in the histogram. The method used is that if it is determined that there are multiple peaks, the second moments of the two valleys of the peak are added. This measure can be defined as follows:
[image: image]
Where [image: image] is the number of peaks, [image: image] is [image: image] th peak position of [image: image], [image: image] is the range of [image: image] th peak between valleys, [image: image] is the normalizing factor related to quantizing levels of [image: image], [image: image] is quantized direction code (cyclically in modulo 180°).
FEASIBILITY OF TEXTURE ANALYSIS OF IMAGING LOG
Texture analysis is the process of extracting texture feature parameters through image processing technology, to obtain a quantitative or qualitative description of the texture. In addition to certain directivity and periodicity, the image used for texture analysis also needs to have very high-frequency information to extract accurate texture features.
Imaging logging map is quite different from maps in the fields of medicine, photography, remote sensing, and so on. It is the continuous monitoring of formation by resistivity detection brush. Generally, six brushes are set in the sampling process of the imaging logging map, and the brushes are separated from each other. Therefore, the final resistivity image is the resistivity trace with blank intervals in the transverse direction. In the imaging log, will the periodic 6 blank intervals change the directivity and periodicity of the original image? Will it create more high-frequency information that is difficult to distinguish? Given this, this study will set up two experiments to verify the feasibility of texture analysis of imaging logging.
Periodicity and Directivity of Imaging Log
Take an imaging log map in the study area as an example. The resolution of the log map is 482 × 482, the stratum thickness is 4 m. A group of gray data is randomly selected in the horizontal and vertical directions of the image to draw the gray curve, and then the box dimension method is used to calculate the fractal dimension of the two gray curves. The calculation method of the box dimension of the one-dimensional curve is not repeated here. For details, see references (Zaitouny et al., 2020).
The calculation flow of fractal dimensions in different directions of the imaging logging map is shown in Figure 4. Finally, the horizontal fractal dimension is 1.08 and the vertical fractal dimension is 1.31. It shows that the horizontal periodicity of the imaging log is very strong, and the texture is very simple. It can be seen from the horizontal gray distribution map that the horizontal gray presents extremely strong periodic characteristics, which is caused by six blank intervals in the imaging logging map. In the vertical direction, there is no blank interval, and it is difficult to observe the obvious periodicity of gray distribution. However, the linear fitting degree of the vertical box dimension is very good, which reflects that the imaging log map is also a fractal pattern in the vertical direction.
[image: Figure 4]FIGURE 4 | Calculation flow of fractal box dimension in different directions of imaging logging map.
Of course, the length of the imaging log map used in Figure 4 is short, and the distribution of six blank intervals is regular. However, in practice, the six blank intervals in the imaging log map will gradually change the position and extension angle with the increase of depth. When this happens, will it reduce the periodicity of the imaging log map? The author calculates the fractal dimension in different directions by selecting the 110 m imaging logging of the whole well section of Ch-7 member of the Yanchang formation. The results obtained are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Characteristics of vertical and horizontal fractal curves of imaging log.
It can be found that the vertical fractal dimension is between 1.52 and 1.59 and the horizontal fractal dimension is between 1.00 and 1.48. Even if affected by six blank intervals, the vertical fractal characteristics of the imaging log are more stable. Horizontally, the fractal dimension of the imaging log is affected by 6 blank intervals, and the variation range is large.
Therefore, it can be determined that the blank intervals in the imaging log map do affect the periodicity in the horizontal direction of the imaging log to some extent, but the vertical imaging log map has stronger fractal characteristics, and its periodicity is mainly controlled by the light and dark changes of the imaging log itself, which has little to do with the blank intervals Figure 6
[image: Figure 6]FIGURE 6 | Frequency analysis of different types of imaging log.
High-Frequency Characteristics of Imaging Log
Generally, texture features are closely related to the high-frequency components in the image spectrum. Only when the image contains enough high-frequency information, the result of image texture analysis can be more accurate. Smoother images (mainly including low-frequency components) are generally not treated as texture images.
Therefore, to analyze the texture of the imaging log map, the imaging log map must contain enough high-frequency information. However, the frequent occurrence of six blank intervals in the imaging logging map causes the pixel mutation of the image, which directly leads to the increase of high-frequency information in the imaging logging map. Therefore, we designed the following experiments to determine whether the six blank intervals in the imaging log will weaken the high-frequency information caused by resistivity transformation.
Firstly, two imaging logging maps (Image A and Image B) with developed and undeveloped stratigraphic bedding are screened. Then Fourier transform the two images to obtain the Fourier spectrum. The white stripes in the Fourier spectrum are high-frequency information. It can be found that the high-frequency information in the spectrum of Image a is more than that of Image B. In order to more intuitively compare the frequency distribution characteristics of the two images, the frequency distribution on 0–45° of the two images is represented by the polar coordinate method. It is found that the frequencies of Image A and Image B are almost 10 times different in value.
Image B is the imaging logging map of homogeneous formation. It can be found from the map that the change of image fringe is moderate and the high frequency is not very prominent. Image A is an imaging log of heterogeneous formation. The image contains many dark stripes, resulting in extremely prominent high-frequency information, which is much larger than low-frequency information. Both images contain similar white intervals, but the changes of light and dark stripes caused by the heterogeneity of the formation itself will cause higher and more high-frequency information than the white intervals in the imaging logging map. It also shows that texture analysis is completely feasible for the analysis of imaging logging maps.
DATA AND RESULTS
In the imaging log map of well A, four types of main developed heterogeneity layers in the study area are selected: oblique bedding, massive bedding, parallel bedding, and fracture layers. The representative imaging log map is selected for each heterogeneous type, and to facilitate the unified calculation of data, try to ensure that the size of each image is the same. According to this screening standard, the unified calculation standard is the stratum thickness of 10 m. Based on the data of resistivity imaging and diameter logging of well A, six images are selected for each type of heterogeneity, and a total of 24 images are obtained (Figures 7, 8).
[image: Figure 7]FIGURE 7 | Resistivity imaging logging map of different heterogeneous intervals. (A–F): Parallel bedding; (G–L): Oblique bedding.
[image: Figure 8]FIGURE 8 | Resistivity imaging logging map of different heterogeneous intervals. (A–F): Massive bedding; (G–L): Fracture.
The roughness, contrast, and directivity of these 24 logging images are calculated by the Tamura texture features method (TTF), and the results are shown in Table 1. After normalizing the calculation results of the three parameters, draw a ternary diagram (Figure 9). It can be seen from the figure that the four types of heterogeneity are partitioned on the ternary map. Therefore, it can be concluded that it is feasible to quantitatively evaluate the formation heterogeneity based on TTF Method, and the specific evaluation effect needs to be further explored.
TABLE 1 | Calculation results of roughness, contrast and directionality of imaging well logs of 4 types of heterogeneous intervals in well A.
[image: Table 1][image: Figure 9]FIGURE 9 | Ternary graph of roughness, contrast and directivity.
DISCUSSION
Quantitative Evaluation of Reservoir Heterogeneity Based on Tamura Texture Features Method
Conventional logging curves reflect the inherent characteristics of a series of sedimentary strata such as lithology, electricity, and porosity. In the measurement process, the logging tool detects the characteristics of the formation with a fixed sampling frequency (one data is recorded every 0.25 m) and records information with the depth as the scale. Therefore, in essence, a conventional logging curve is a one-dimensional time series with self-similarity (Xiao et al. 2019b). Due to the time series characteristics of the logging curve, the roughness of the logging curve can be calculated. Compare the roughness of the imaging log with the roughness of the conventional logging curve. If the two roughness is linearly related, it shows that the TTF can quantitatively reflect the formation heterogeneity.
At present, empirical mode decomposition (EMD) is commonly used to calculate the roughness of the logging curve (Subhakar and Chandrasekhar, 2016; Xiao et al. 2019). EMD method was proposed by Norden E. Huang et al., in 1998 (Huang et al., 1998). This method is based on the time scale characteristics of the data itself to decompose the signal, without any pre-set basis function. It has a very obvious advantage in dealing with non-stationary and non-linear data (Martins et al., 2016).
Figure 10 shows the calculation process of the EMD method, which can be divided into three steps:
(1) The maximum and minimum points of the original data [image: image] are fitted by the cubic spline difference function to form the upper [image: image] and lower [image: image] envelope lines of the original data, and the average envelope function is calculated:
[image: image]
(2) Subtracting the average envelope line data [image: image] from the original data [image: image] to obtain a new data series [image: image]. Judge whether [image: image] meets the conditions of the IMF. If it does, the next step will be taken. Otherwise, perform the first two operations on [image: image] until [image: image] meets the conditions of the IMF;
(3) If the filtering process is completed successfully, the first IMFj is achieved. Subtract IMFj from the original data and repeat the above process to get the next IMFj+1. Until the residual R(t) is a single point signal or only one base point exists.
[image: Figure 10]FIGURE 10 | Calculating flow of EMD method.
Finally, the original signal is expressed as:
[image: image]
Where, n is the total number of IMF obtained by EMD decomposition of the original signal.
At present, most scholars (Flandrin et al., 2004; Azadeh et al., 2013; Gaci and Zaourar, 2014) regard EMD as a second-order filter in the wavenumber domain. Therefore, for a given signal, its average wave number [image: image] is inversely proportional to the IMF number m:
[image: image]
Where, k is a constant, ρ can be obtained by fitting the linear relationship between m and log([image: image]). Since EMD signals according to the time scale characteristics of the data, it is found that ρ is related to the EMD scale. When ρ is high, the corresponding characteristic scale is low, and vice versa. Therefore, ρ can be used to quantitatively judge the complexity of the original signal. Previous researchers (Gairola, 2017) obtained the relationship between ρ and the formation lithology heterogeneity, that is, the lower the ρ value, the more complex the lithologic unit.
GR logging curve can reflect the shale content in the formation precisely and has good feedback for the heterogeneity characteristics in the formation. Therefore, the heterogeneity of the natural gamma curve (GR) corresponding to 24 imaging logs can be calculated by the EMD method. Then, the box type map which can reflect the distribution of original data is used to compare the formation heterogeneity calculated by the two methods (Figure 11).
[image: Figure 11]FIGURE 11 | Comparison between TTF analysis results and EMD analysis results. (A) Roughness of image log; (B) Directivity of image log; (C) contrast of image log; (D) Roughness of GR curve.
The results show that the ρ value of the GR curve is the largest in massive bedding, followed by parallel bedding and oblique bedding, and the smallest in fracture layer. Because the ρ value is inversely proportional to the heterogeneity of the stratum, the order of the heterogeneity of the GR curve corresponding to the four types of heterogeneity is fracture development section, fracture bedding, parallel bedding, and massive bedding. Among them, the heterogeneity of fracture layer is the largest, and that of massive bedding is the smallest. This result has the same relationship with the roughness of the imaging log calculated by the TTF. However, the other two important parameters of TTF, directionality, and contrast, have little correlation with the heterogeneity coefficient calculated by the EMD.
Based on the knowledge gained above, it can be determined that TTF can quantitatively evaluate reservoir heterogeneity based on the imaging log data. The premise is that the selected imaging log should have the same size to ensure that the calculated roughness is comparable.
The Coupling Relationship Between Tamura Texture Roughness and Sedimentary Cycle
The GR curve can sensitively reflect the change in mud content, and an important role in sedimentology is to divide the sedimentary cycles. However, this method is too subjective. Especially when dividing the strata with more sedimentary cycles, different scholars have different sedimentary cycles. The TTF method can calculate the image roughness of the imaging log to quantitatively evaluate the formation heterogeneity. If the roughness of a continuous imaging log is calculated at a fixed scale, a set of data that can reflect the vertical heterogeneity of the formation can be obtained. This set of data contains various types of heterogeneous information in the stratum, and lithological changes are one of them. Therefore, the TTF method can be further explored, that is, whether the sedimentation cycle can be divided by the roughness of the imaging log image.
Select 1,600–2060 m formation of Well A in the research area as the research stratum (Figure 12). The interval discussed in this paper includes Ch-2, Ch-3, Ch-4+5, and some Ch-6 formations. The sedimentary characteristics of these strata have been fully studied by scholars, and a sedimentary system recognized by the academic community has been established. A more reliable conclusion can be obtained by comparing the sedimentary cycle of this formation with the sedimentary cycle divided by the TTF. The three-level cycle in Figure 12 is a recognized division plan in academia, and the fourth-level cycle is divided by the author according to the actual situation of the study area.
[image: Figure 12]FIGURE 12 | Comparison of TTF analysis results and sedimentary cycles at different scales. When the thickness of the formation is 16 m, the change trend of the roughness of the imaging log perfectly matches the change of sea level.
To avoid the noise interference of the logging curve, the selected GR curve is processed by a Gauss filter. In this section, two third-order sedimentary cycles can be identified from the bottom to the top. Based on the third-order sedimentary cycle, the fourth-order cycle can be further divided by analyzing the change of GR curve details. Similarly, sea-level changes can be plotted by the overall change of the GR curve.
The results show that the overall trend of image roughness perfectly matches the trend of sea-level change. And in some sequence boundary numbers, such as 1750, 1880, and 1965 m, the image roughness also shows extreme value.
Therefore, it can be concluded that the roughness of the imaging log based on the TTF method has a strong coupling with the sedimentary cycle of the formation. This conclusion undoubtedly confirms the right direction of this discussion. To verify and compare the accuracy of this method in sedimentary cycle division, it is necessary to find a mature method for comparative analysis. In this discussion, it is decided to adopt the continuous wavelet transform as the comparison method.
Continuous wavelet transform (CWT) is a continuous function of time for a decomposition, so that it becomes several wavelets. Mathematically, a function that is continuous-time and integrable [image: image] Can be expressed by the following integral:
[image: image]
Where: [image: image] is the wavelet coefficient, [image: image] matrix; [image: image] is the scale factor, which indicates the scaling associated with the rating; [image: image] is the time shift factor, which indicates the shift of the wavelet function; [image: image] is the signal data; [image: image] is Wavelet basis function; [image: image] is the conjugate of the wavelet basis function.
The algorithm of CWT can be divided into four steps (Figure 13). It can be found that the correlation C can be obtained by analyzing the similarity between wavelet basis function and signal on different scales. The division of sedimentary cycles is to select the interval that best fits the sedimentology model at different scales. Both are to change the observation scale to extract the internal information of the time series (logging curve). This is the reason why continuous wavelet transform is widely used in the division of sedimentary cycles.
[image: Figure 13]FIGURE 13 | Flow chart of continuous wavelet transform (CWT) (Kadkhodaie, 2017).
When CWT is used to identify sedimentary cycles, the wavelet basis function should be selected first, and then the wavelet coefficient curve can be obtained by changing the scale of the wavelet basis function (Perez et al., 2013). By analyzing the change in the local energy group of the wavelet time-frequency energy spectrum and the periodic oscillation characteristics of the wavelet coefficient curve, the cyclicity of strata can be obtained. And then establish a corresponding relationship with sequence boundaries at all levels to achieve the purpose of dividing stratigraphic sedimentary cycles.
The analysis object is the GR logging curve of 1592–5064 m in well A. It can be seen from the previous analysis that the kind of wavelet basis function is the decisive factor for the accuracy of signal analysis when CWT is used to identify sedimentary cycles. Therefore, the Morlet wavelet, Haar wavelet, and Gaussian wavelet are the wavelet basis functions of CWT respectively (Figure 14). By comparing the energy map and wavelet coefficient map with the scale of 500, it is found that the local part of the energy map obtained by using the Morlet wavelet basis function is the best, and each energy cluster can be identified. In addition, the oscillation of its wavelet coefficient curve is also better than the others. Therefore, the GR curve is processed by CWT of the Morlet wavelet basis function.
[image: Figure 14]FIGURE 14 | (A) GR curve; (B-1): Energy spectrum of CWT based on Morlet wavelet; (B-2): Wavelet coefficient curve of CWT based on Morlet wavelet; (C-1): Energy spectrum of CWT based on Haar wavelet; (C-2): Wavelet coefficient curve of CWT based on Haar wavelet; (D-1): Energy spectrum of CWT based on Gaussian wavelet; (D-2): Wavelet coefficient curve of CWT based on Gaussian wavelet.
Figure 15 shows the analysis results of the GR curve by CWT. By observing the distribution characteristics of local energy clusters on a wavelet energy spectrum with a time scale of 1,000, three levels of energy cluster distribution characteristics can be identified. They are small-scale 200–450, mesoscale 450–700, and large scale 700–1,000. According to these three scales, three levels of sedimentary cycles can be divided.
[image: Figure 15]FIGURE 15 | Recognition results of sedimentary cycle based on CWT method.
DWT can obtain different levels of sedimentary cycles by selecting different wavelet analysis scales, while TTF can make the data-dense by reducing the thickness of the analysis layer, thereby obtaining a smaller level of sedimentary cycles.
The Tamura texture roughness of imaging logging is obtained by using stratum thickness of 16, 8, and 4 m respectively. According to the obtained roughness curve, three sedimentary cycles in different scales are also divided. A comparison of the two sedimentary cycles is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Comparison between TTF and CWT sedimentation cycle recognition results.
It can be seen from Figure 16 that there are two main features of sedimentary cycle division results of CWT and TTF. First of all, the large-scale sedimentary interfaces are the same, and the small-scale sedimentary cycle interfaces are different. Taking the 1760–1945 m stratum as an example, the continuous wavelet transform method identifies this stratum as a positive cycle with the change of stratum lithology from coarse to a fine from bottom to top. However, the TTF method divides 1760–1945 m into 1885–1945 m stratigraphic lithology reverse cycle and 1760–1885 m positive cycle. It can be seen from the GR curve that in the 1885–1945 m section, the GR curve is in the shape of a superimposed funnel, and there is a reverse cycle. Therefore, the interpretation of the latter is more reasonable.
Second, the small-scale sedimentary cycles identified by the TTF method are more precise. The principle of the TTF method to identify sedimentary cycles is to set a stratum thickness as the scale coefficient, calculate the Tamura roughness of the imaging log map on the scale, and identify sedimentary cycles by the change of roughness. The results obtained by this method are unique, accurate, and objective. CWT also needs to set a scale to identify sedimentary cycles, but compared with the former, the scale is the multi-solution, abstract and subjective. Therefore, the sedimentary cycles identified by the CWT method vary greatly and are not accurate relative to the TTF method.
Thirdly, the TTF method is more accurate to judge the cyclicity of sequence. The CWT sedimentary cycle recognition method is based on the distribution of local energy groups on the wavelet energy spectrum to divide the sequence. TTF method is to divide the sequence according to the roughness change of the imaging log. This method can see the precise numerical change from the roughness curve, so it can judge whether the sequence is a positive cycle or reverse cycle, to improve the reliability of sedimentary cycle division.
In a word, the TTF method is accurate, objective, and easy to understand in sedimentary cycle identification of low permeability sandstone reservoirs. This is another important application of TTF in addition to quantitative evaluation of the heterogeneity of low permeability sandstone reservoirs.
CONCLUSION
(1) The low permeability sandstone reservoir in the Ordos Basin has developed a kind of heterogeneity controlled by sedimentation and tectonic action, which is mainly manifested by a sand-mud interlayer, bedding, and fracture. There is a clear difference between this type of heterogeneity and pore heterogeneity and diagenetic heterogeneity;
(2) Resistivity imaging log is a kind of picture with periodicity, directivity, and rich high-frequency information. In the resistivity image, the white interval caused by data acquisition will not weaken the periodicity, directivity, and high-frequency information caused by the change of formation heterogeneity. Therefore, Therefore, the texture analysis of the imaging logging is completely feasible.
(3) The GR curve roughness calculated by EMD is consistent with that calculated by the TTF method. Therefore, the TTF method can be used to quantitatively evaluate the heterogeneity of low permeability sandstone reservoirs based on the imaging log when the imaging log has the same size.
(4) The reservoir heterogeneity coefficient calculated by the TTF method can be used to divide sedimentary cycles, and the accuracy is better than the wavelet transform method and manual identification method. Texture analysis of imaging logging is a new idea and method, and the division of sedimentary cycles is only one of its popularization and application. It is hoped that the reservoir heterogeneity evaluation method based on the TTF method can get more practical applications in the future.
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Natural fractures in continental shale oil reservoirs of the Fengcheng Formation in the Mahu Sag show multi-scale characteristics, which leads to complex seismic responses and difficult identification. In order to establish fracture prediction models with good performance in these reservoirs, this study uses seismic attributes such as post-stack coherence, curvature, likelihood, and pre-stack AVAz to predict the multi-scale fractures, including main-secondary faults, large-scale fractures, and medium-small scale fractures in continental shale oil reservoirs. The final prediction results are superimposed on the plane to clarify the multi-scale fracture distribution law of the Fengcheng Formation in the Mahu Sag. Seismic prediction results show that natural fractures in the upper sweet spot of the Fengcheng Formation are more developed, especially in the northern and central platform areas, and they are mainly near E-W strikes. With the increase of the primary-secondary fault distance, the fracture density gradually decreases. Natural fractures obtained by seismic prediction are consistent with the fractures interpreted by image logs, which can be used to effectively predict fractures for continental shale oil reservoirs in the Mahu Sag of the Junggar Basin and other areas with a similar geological background.
Keywords: multi-scale natural fractures, prediction methods, distribution law, continental shale, Mahu Sag
1. INTRODUCTION
Shale oil reservoirs refer to the oil resources in the organic-rich shale series, including shale and the interlayer of tight carbonate rocks or clastic rocks in the shale series, generally with ultra-low porosity and permeability. The development of shale oil reservoirs requires horizontal wells and fracturing technologies to achieve (Zhao et al., 2020; Jin et al., 2021). Currently, the shale oil reservoir exploration around the world is mainly concentrated in the marine strata. In contrast, some shale reservoirs have recently been discovered in continental basins in China, which have strong heterogeneity (Zhao et al., 2018; Jin et al., 2019; Hu et al., 2020). A series of drilling and pilot tests have been carried out to evaluate sweet spots of shale oil reservoirs. It has been found that the vast majority of shale oil reservoirs with industrial production are formed in shale where natural fractures are commonly developed (Jiang et al., 2014). Therefore, the study of natural fractures is essential necessary for the effective exploration and development of shale oil reservoirs (Gong et al., 2021a, b).
In recent years, the method of fracture prediction using seismic data has achieved good application results in both physical model data and actual field seismic data. A variety of methods and techniques have been developed for fracture prediction, including edge detection, intrinsic coherence, curvature, ant-tracking volume, and other post-stack attributes, and azimuthal anisotropy inversion (Liang, 2019). However, the genetic types of fractures are complex, and the fractures in the actual underground media usually show multi-scale characteristics with different sizes. Therefore, the seismic anisotropic response characteristics are the comprehensive reflection of fractures with varying scales in the media. According to the different fracture scales, fractures are divided into large-scale, medium-scale, small-scale, and micro-scale fractures (Gong et al., 2019; Zeng et al., 2021; Zeng et al., 2022). According to the characteristics of fractures of different scales, clarifying the characterization methods of fractures of different scales is the premise of profoundly understanding the distribution law of fractures of different scales (Jiu and Sun, 2016; Ju et al., 2018; Liu J. et al., 2021; Lyu et al., 2021), which has important application value for effectively guiding the exploration and development of shale oil. At present, the commonly used seismic fracture prediction methods are using the azimuthal anisotropy characteristics of seismic waves propagating in fractured media, including attributes such as amplitude, velocity, travel time, and attenuation, and analyzing their various characteristics with azimuth to predict the fracture orientation and strength (Rüger and Tsvankin, 1997).
The Permian Fengcheng Formation in the Mahu Sag on the northwestern margin of the Junggar Basin developed a medium-high maturity alkaline lake with high-quality source rocks (Cao et al., 2015; Zhi et al., 2021b). It is a new type of sedimentary shale oil system in the alkaline lake basin, and the hydrocarbon generation process is multi-stage, long-lasting, and mainly oil generation, which is different from other lacustrine source rocks (Cao et al., 2015; Xia et al., 2020). Xinjiang Oilfield Company identified a favorable zone for shale oil exploration with an area of 2300 km2 in the central part of the Mahu Sag through the geological survey of the Fengcheng Formation in the Mahu Sag. Because the porosity and permeability of the Fengcheng Formation shale oil reservoirs are low to ultra-low, the fracture system developed in the reservoir is the main influencing factor for high-quality reservoirs, and the research on fracture prediction based on seismic data is the focus of research in this field.
Multi-scale fractures are developed in continental shale oil reservoirs of the Fengcheng Formation in the Mahu Sag. Conventional fracture prediction technology mainly uses azimuthal anisotropy to perform comprehensive fracture prediction. The predicted fracture development intensity results cannot distinguish large-scale fractures well. It is an integrated reaction of large-scale fractures small-scale fractures. Therefore, this paper proposes to use different post-stack and pre-stack properties to predict multi-scale fractures in continental shale oil reservoirs and finally superimpose the plane of the multi-scale fracture prediction results to clarify the multi-scale fracture distribution law of the Fengcheng Formation in the Mahu Sag, guide the exploration practice of continental shale oil reservoirs in the Fengcheng Formation, and provide a theoretical basis for subsequent exploration and development.
2. GEOLOGICAL SETTING
Mahu Sag is a secondary tectonic unit located on the northwestern margin of the Junggar Basin (Figure 1). The western side of the Sag is the Wuxia fault zone, the Kebai fault zone, and the Zhongguai Uplift from north to south, and the eastern side of the Sag is the Quartztan Uplift, the Yingxi Sag, the Sanquan Uplift, the Xiayan Uplift and the Dabasong Uplift from north to south (Zhi et al., 2021b; Wang et al., 2021) (Figure 1). Affected by the strong collision and extrusion movement of the West Junggar Ocean to the Kazakhstan plate, especially the collision between the Junggar block and the Kazakhstan plate in the Middle-Late Carboniferous to the Early Permian intensified, a large-scale nappe structure was formed on the northwestern margin of the basin. The foreland depression was formed in the Mahu Sag (Lei et al., 2017), which is the most important formation period of the Mahu Sag. The depositional period of the Lower Permian Fengcheng Formation was a period of intense development of the western foreland basin system, forming the most important set of source rocks in the basin (Tang et al., 2019; Zhang Y. Y. et al., 2018; Zhi et al., 2021b). The two Baili oil areas of Ke-Wu and the west slope of Mahu have accumulated proven reserves of 17.9×108 t, which are well-known large oil areas in the world (Zhi et al., 2018; Tang et al., 2021). In order to promote the exploration of shale oil in the Mahu Sag, Well B2 was drilled in a relatively shallow position in the slope area of the Mahu Sag in 2008 (Tang et al., 2021). The peak daily oil production of Well B2 in 2020 was 50.6 m3, showing a good prospect for exploration and development.
[image: Figure 1]FIGURE 1 | Tectonic division of the Mahu Sag of the Junggar Basin (Zhi et al., 2021b; Wang et al., 2021). (A) Location of Junggar Basin. (B) Location of the Mahu Sag and Structural Unit of Junggar Basin. (C) Location of the study area and the structural unit of the Mahu Sag.
The main body of the Fengcheng Formation in the Mahu Sag is a multi-source mixed fine-grained sedimentary formation under the background of a deep to semi-deep alkaline lake (Zhi et al., 2019). Endogenous chemical deposition, volcanic material deposition, and terrigenous clastic deposition (Zhi et al., 2021b). Various rock types and transition lithologies such as sandstone, dolomite, mudstone, and tuff are developed, forming frequent interbedded structures vertically (Zhang Z. J. et al., 2018). From bottom to top, it is divided into Feng 1 Member (Pf1), Feng 2 Member (Pf2), and Feng 3 Member (Pf3), and the sediments of different layers are different (Zhu et al., 2017). Fengcheng Formation is oil-bearing as a whole and locally enriched. The fine dolomitic sandstone with high sand content and strong dolomitization have good oil content. Due to the high range of brittle minerals, natural fractures are generally developed under the action of multi-stage structural deformation. Fengcheng Formation is the main dessert development section, and the upper dessert has better oil content and higher oil production (Figure 2). This study mainly focuses on predicting seismic fracture distribution law in the upper sweet spot of Fengcheng Formation in Well Ma 131 area of Mahu Sag.
[image: Figure 2]FIGURE 2 | Generalized stratigraphic column of Fengcheng Formation in the Mahu Sag (Tang et al., 2021).
3. MULTI-SCALE FRACTURE CLASSIFICATION STANDARD
In a broad sense, rock failure generated under tectonic and non-tectonic processes in geological history can be called natural fractures (Zeng L. B. et al., 2010; Liu G. et al., 2021), including primary and secondary faults. Natural fractures in the continental shale oil reservoir of the Fengcheng Formation are multi-scale, and the rock stratum controls their distribution. The extension length varies from centimeter level to kilometer level, and its height varies from centimeter level to tens of meters level (Zhi et al., 2021b). Production practice shows that natural fractures of different scales have significantly different effects on shale oil reservoirs and oil and gas. Large-scale fractures usually affect the preservation of oil and gas, medium-small scale fractures control the seepage system of tight reservoirs, and micro-scale fractures mainly play the role of reservoirs (Zeng L. et al., 2010; Zeng et al., 2013; Liu et al., 2020a; Lyu et al., 2021; Liu et al., 2022). Due to the different roles of fractures at different scales, studying the development law of natural fractures at varying scales is necessary to guide the exploration and development of shale oil in the Mahu Sag more scientifically and effectively.
Some scholars have proposed different division schemes, and there are mainly three types. First, according to the fracture length and seismic wavelength, the fracture lengths greater than 1/4 of the seismic wavelength are called large-scale fractures, which can be distinguished in the post-stack section. The range of medium-scale fracture length is less than 1/4 seismic wavelength and larger than 1% seismic wavelength, which cannot be identified in the actual seismic profile. It is usually identified by seismic azimuth anisotropy technology and pre-stack attenuation attribute. Small-scale fractures are much smaller than 1% seismic wavelength, and their seismic reflection characteristics are weak, making it difficult to identify using seismic data (Chen et al., 2016; Dai et al., 2017; Wang et al., 2018). Second, according to the identifying data, fractures are divided into seismic scale, production dynamic data scale, logging scale, core scale, and BHI scale fractures (Strijker et al., 2012; Xue et al., 2014; Sun et al., 2019). Third, according to the contribution of fractures to reservoir physical properties or the performance characteristics of fractures in reservoir numerical simulation, fractures are divided into macroscopic, mesoscopic, and microscopic fractures (Liu et al., 2017; Su et al., 2019).
The fracture mentioned above scale classification is mainly based on the type of fracture identification data and the seepage effect of the fracture without considering its geological mechanism, which cannot reasonably reflect the development law of fractures of different scales. In order to better reflect the distribution law of fractures at different scales and their main controlling factors, this paper proposes to divide natural fractures into four scales, namely primary-secondary faults, large-scale fractures, medium-small scale fractures, and micro-scale fractures, according to the development scale and genesis of natural fractures.
The geological origin of the primary-secondary fault is usually closely related to the regional tectonic movement, and its strike extension generally exceeds thousands of kilometers. The strata do not control the longitudinal and lateral stretching. Such fractures are generally rare in core and well logs and usually require detection using post-stack seismic attributes. The large-scale fractures are jointly controlled by regional tectonic activities and the activities of the upper and lower walls of the main-secondary faults. The plane extension lengths range from 100 to 1000 m, and the fault distance is generally less than 20 m (Figure 3A). Medium-scale fractures are usually derived from primary and secondary fractures and large-scale fractures. The extension length is tens of meters to hundreds of meters on the plane, meters to ten m in the longitudinal direction, and the underground aperture is hundreds of microns (Figure 3B). The extension length of small-scale fractures is from meters to ten m on the plane, from decimeters to meters in the longitudinal direction, and the underground aperture is generally 50–100 μm (Figure 3C). Small-scale fractures are small in scale and high in density to be identified on the core and logging. Micro-scale fractures refer to small-scale fractures with a length of available centimeters or less, which need to be identified and observed with a microscope. The underground aperture is mainly less than 30 μm (Figure 3D). The scales of natural fractures predicted in this paper are primary-secondary faults, large-scale, medium-scale, and small-scale fractures. Due to the limited resolution of seismic data, micro-scale fractures are not predicted in this paper, and the relationship between the development strength of other levels of fractures is discussed.
[image: Figure 3]FIGURE 3 | Schematic diagram of multi-scale fracture division. (A) Large-scale fractures, near NE-SW trending seismic profile in the study area. (B) Medium-scale fractures, Modified from Figure 15a in (Liu et al., 2020b). (C) Small-scale fractures, Well B3. (D) Micro-scale fractures, Well B2, buried depth 4598.61 m.
4. METHODS
The main frequency and bandwidth of 3 days seismic data of Fengcheng Formation in the study area are 25HZ and 50HZ. The curvature, coherent, likelihood, and AVAz are selected to predict multi-scale fractures based on the multi-scale fracture classification scheme in the upper sweet spot segment. The curvature attribute and coherence attribute belong to the post-stack attribute. Due to the limited resolution, they only have great detection ability for primary and secondary faults. The likelihood attribute significantly improves the accuracy of fracture prediction compared with the traditional post-stack seismic attribute, and contains dip Angle and azimuth information, which can be used to detect large-scale fracture development zones. The prestack AVAz retains the offset and azimuth information, which further improves the prediction accuracy compared with the post-stack seismic attribute, and can be used for the detection of fracture zones with medium and small scales (Table 1). Finally, the comprehensive prediction results of the fracture system in the upper sweet spot of Fengcheng Formation in Mahu sag are obtained by the superimposition of prediction results of primary and secondary fractures, large-scale fractures, and small-scale fractures.
TABLE 1 | Multi-scale natural fractures and their prediction methods.
[image: Table 1]4.1. Primary-Secondary Fracture Prediction Method
The primary-secondary faults are large in scale, generally extend over thousands of kilometers in the strike, and rock formations do not control their longitudinal and lateral extension. The post-stack seismic attribute can have a good detection effect on the primary-secondary faults. This study uses the coherence attribute and curvature attribute to characterize the plane distribution law of the primary fault and secondary fault respectively.
4.1.1. Coherent Properties
The three-dimensional coherent data volume obtains the estimated value of three-dimensional seismic coherence by judging the longitudinal and lateral similarity of seismic waveforms within a certain time window, and mainly detecting the distribution characteristics of main faults through the coherent data volume (Randen et al., 2000; Zheng et al., 2009; Li et al., 2018).
The development of three-dimensional coherence technology has gone through three generations. The first generation of the correlation algorithm is based on the classical normalized cross-correlation algorithm (Bahorich and Farmer, 1995). For the data with a high signal-to-noise ratio, the apparent time dip of each channel in the X direction and Y direction can be approximately determined. For the seismic data with intense coherent noise, only two channels are used to estimate the apparent dip, which is greatly affected by coherent noise due to the influence of the cross-correlation algorithm. The second-generation similarity coefficient method is developed based on the first-generation correlation algorithm (Marfurt et al., 1998). By calculating the correlation of the analysis traces, a robust correlation estimate of the seismic reflection event can be obtained. In the third-generation eigenvalue method, the number and size of eigenvalues of covariance matrix C represent the number of degrees of freedom in the data daughter. The share of the maximum eigenvalue in the whole eigenvalue is the similarity of the sub-body (Gersztenkorn and Marfurt, 1999). This method has good anti-noise ability and higher resolution. This paper adopts the third-generation eigenvalue coherence algorithm, which can effectively reflect the distribution law of main faults.
4.1.2. Curvature Properties
For curvature calculation, the least square method is generally used to fit the quadric surface z (x, y) to obtain the surface coefficient, and then the curvature attribute can be calculated:
[image: image]
Curvature attributes mainly include minimum curvature, maximum curvature, principal curvature, most-positive curvature, most-negative curvature, dip curvature, strike curvature, curvedness and shape index (Chopra and Marfut, 2007).
The curvature attribute is the second-order derivative of the picked layer. In curvature analysis, the convex surface obtains the maximum curvature, while the concave surface obtains the minimum curvature. The Gaussian curvature is obtained by multiplying the two, and the high curvature value reflects a large number of structural fractures. During the process, the change of dip angle can be calculated, which has a good indication of fractures, and fractures develop in places where the dip angle changes significantly (Yin et al., 2014; Yang et al., 2015; Zheng et al., 2019). This technology integrates the calculation of seismic layer attributes and the degree of geological folds and realizes the calculation of reservoir curvature and dip angle attributes, which mainly belong to the prediction method of secondary faults.
4.2. Large-Scale Fracture Prediction Method
Attributes such as coherence and curvature have sound prediction effects on primary-secondary fractures, but it is difficult to describe the specific information of large-scale fractures. As the fourth-generation attribute analysis method, the likelihood attribute method is a fracture imaging algorithm based on sample point processing (Hale, 2012). It is a statistical method based on the principle of maximum likelihood, and it is also the application of probability theory in seismic statistics. Its principle is based on the discontinuity of the seismic event axis, calculating the lowest similarity and event axis continuity of each point along with each group of strike and dip angles of the original seismic data. Compared with the traditional post-stack seismic attribute fracture prediction based on waveform similarity calculation, the prediction accuracy is significantly improved (Li et al., 2020). Therefore, large-scale fractures are predicted by the likelihood property.
The likelihood property expresses the possibility of the existence of a fracture, and the calculation principle is based on the similarity property (Li et al., 2020). The calculation of the likelihood attribute is divided into two steps. First, the similarity attribute semblance oriented to the identification of prominent fractures is calculated, namely:
[image: image]
where g is the 3D seismic data volume; (·)s represents the structural steering smoothing of the seismic data volume in brackets; [·]s represents the filtering along the fracture strike and dip to enhance the stability of the semblance attribute calculation. The high continuity of the stratum laterally causes the semblance property value to be close to 1 at most spatial locations, making it difficult to distinguish the possibility of fractures at different scales. In order to improve the contrast between different points, the likelihood attribute value is defined as:
[image: image]
It can be seen from the above formula that when the fractures are relatively developed, the continuity and similarity of seismic reflection decrease, and the likelihood increases. Otherwise, the likelihood property decreases. The original seismic data of the likelihood attribute contains information such as dip, azimuth, etc. The similarity value is calculated for each sampling point containing the dip and azimuth information, and only the minimum similarity value and the corresponding dip and azimuth values are retained for each point. At the same time, the likelihood attribute values in the line and track directions can be calculated according to the needs so that it can reflect the linear relationship of the fractures, which is beneficial in describing the fractures in different directions.
4.3. Medium-Small Scale Fracture Prediction Method
Compared with the post-stack method, the seismic data selected by the pre-stack technique retains the offset and azimuth information, and the prediction accuracy is further improved (Yu et al., 2019). In conventional seismic observations, directionally arranged fractures often exhibit macroscopic anisotropy characteristics. Therefore, the seismic detection of such fractures is based on the theory of seismic anisotropy. The anisotropic media currently studied are mainly transversely isotropic media, which can be divided into three categories according to the characteristics of the symmetry axis. The first category is transversely isotropic (VTI) with a vertical symmetry axis (Figure 4A). The second category is transverse isotropy (HTI) with a horizontal axis of symmetry (Figure 4B), and vertical fractures belong to this category. The third category is transverse isotropy (TTI) with an inclined axis of symmetry (Figure 4C) (Hudson, 1986; Thomsen, 1986, 1995; Hudson et al., 2001).
[image: Figure 4]FIGURE 4 | Anisotropic theoretical medium model. (A) VTI medium model. (B) HTI medium model. (C) TTI medium model.
Due to the compaction of the overlying strata in the Fengcheng Formation of the Mahu Sag, the horizontal or low-angle fractures almost disappeared. The high-angle and near-vertical fractures that are easy to preserve are the major contributors to fractured oil and gas reservoirs. Therefore, the isotropic media (HTI) with a horizontal symmetry axis is adopted. When seismic waves propagate in HTI media, their reflection amplitude, velocity, frequency, and attenuation are related to the azimuth of propagation (AVAz), that is, related to the direction and density of fractures. Applying this principle, the azimuthal seismic attributes such as amplitude, velocity, frequency, attenuation, etc. can be extracted from pre-stack seismic data to detect HTI or near-HTI fractures (Hudson, 1986; Thomsen, 1986, 1995; Hudson et al., 2001; Zhao et al., 2018). By optimizing the wide azimuth gathers in the study area, seismic calibration of the OVT gathers and analysis of the anisotropy characteristics are carried out, and the AVAz attributes are calculated to predict the distribution law of medium-small scale fractures. The AVAz pre-stack fracture prediction method has a strong ability to identify medium-small scale fractures, and the prediction results are more intuitive (Sun et al., 2014).
5. RESULTS
5.1. Primary-Secondary Fracture Prediction Results
For the upper sweet spot of the Fengcheng Formation in the study area, the fracture distribution law represented by a single attribute is shown in Figure 5. Figure 5A shows the prediction results of coherence attributes of the upper sweet spot, in which the low-value area of coherence attributes. The pink area in the figure represents the primary fault development zone, which is distributed in the southern and central-eastern parts of the study area and is a nearly East-West trending reverse fault. Well B1-B5 are all located in the upper wall of the fault. The curvature attribute can better identify secondary faults. The red area in Figure 5B represents the curvature attribute’s high-value area, representing the secondary fault, and the blue area with a relatively low value represents the fault-related fracture development zone. The secondary faults are mainly in the near east-west trend and are distributed around the primary faults located in the southern and central parts of the study area. Well B1 and B2 are also in areas with high values of curvature attributes, reflecting that Well B1 and B2 are relatively close to secondary faults and have developed fault-related fractures.
[image: Figure 5]FIGURE 5 | Prediction plane of primary and secondary faults with post-stack coherence properties and curvature properties of the upper sweet spot. (A) Coherence property plane of the upper sweet spot. (B) Curvature property plane of the upper sweet spot.
5.2. Large-Scale Fracture Prediction Results
The original seismic data of the likelihood attribute contains information such as dip, azimuth, etc. The similarity value is calculated for each sampling point containing the dip and azimuth information, and only the minimum similarity value and the corresponding dip and azimuth values are retained for each point. The sub-azimuth likelihood attribute body can clearly describe the development of large-scale fractures in this area and accurately detect the boundary of the fracture zone. Figure 6 shows the prediction results of large-scale fractures with the likelihood attribute in different directions. The shade of the prediction result indicates the probability of large-scale fractures developing at the location. The darker the color (blue), the higher the probability of the existence of faults, and the lighter the color (green and yellow), the smaller the probability of the existence of fractures. The Likelihood property can predict the abnormal information that has not been detected in the coherent eigenvalue volume and the curvature volume and has a stronger ability to identify fractures.
[image: Figure 6]FIGURE 6 | Plane view of fracture prediction of Likelihood attribute by azimuth in the upper sweet spot. (A) Azimuth 0°–30°. (B) Azimuth 31°–60°. (C) Azimuth 61°–90°. (D) Azimuth 91°–120°. (E) Azimuth 121°–150°. (F) Azimuth 150 °–180°.
According to the prediction results of the likelihood attribute of different azimuths, the large-scale fractures are most developed in the azimuth angle range of 0°–30°, mainly distributed in the central, northern, and southernmost parts of the study area, and more developed near Well B1 and B2 (Figure 6A). However, in the azimuth range of 31°–60° and 61°–90°, the number of large-scale fractures in the central and southernmost parts of the study area decreased compared with that in the 0°–30° range, while the number of large-scale fractures in the north is greatly reduced (Figures 6B,C). In the range of 91°–120°, the large-scale fractures in the central and southernmost parts of the study area increased compared with those in the range of 31°–90° but were still less than those in the range of 0°–30° (Figure 6D). In the range of 121°–150° and 151°–180°, the number of large-scale fractures is slightly reduced compared with 90°–120° (Figures 6E,F). According to the above analysis, large-scale fractures in the upper sweet spot of the Fengcheng Formation in the study area are mainly distributed in the central, northern, and southernmost parts of the study area. And they have the most developed near East-West trend, followed by near north-south trend, and the least in Northeast southwest trend. Well B1 and B2 are large-scale fracture development areas, and the large-scale fracture development near Well B4 is relatively low.
5.3. Small and Medium-Scale Fracture Prediction Results
Due to the relatively large scale and a small number of primary-secondary faults and large-scale fractures, the probability of encountering such fractures in vertical wells is small. It is generally difficult to identify them on a single well using core and logging data, which can be detected and characterized by three-dimensional post-stack seismic attributes (Lyu et al., 2021). The scale of medium-small scale fractures is relatively small, and the number is large, which can be identified on a single well through core and logging data. Therefore, in this paper, the pre-stack AVAz fracture prediction results are compared with the fracture interpretation results of typical well imaging logging to verify the accuracy of the identification results of medium-small scale fractures.
According to the fracture interpretation results of imaging logging in Well B2 in the study area, the medium-small scale fractures in the upper sweet spot of the Fengcheng Formation in Well B2 are mainly in the near-EW trend, followed by the near-N-S trend. The fracture density is significantly higher than that in other layers of the Fengcheng Formation (Figure 7). In the Well B2-B3 fracture strength profile obtained by the pre-stack AVAz method, the red area represents the area with the largest fracture strength, and the yellow and blue areas represent the area with small fracture strength (Figure 8). By comparing the fracture strength profile with the imaging logging interpretation results of Well B2, the fracture strength in the upper sweet spot of the Well B2-B3 profile in the study area is relatively strong, consistent with the imaging logging interpretation results of Well B2.
[image: Figure 7]FIGURE 7 | Histogram of fracture identification in the upper sweet spot of well B2.
[image: Figure 8]FIGURE 8 | Well B3-B2 fracture strength profile.
The strength and orientation of medium-small scale fractures in the upper sweet spot of the Fengcheng Formation in the study area are superimposed to obtain a superimposed plane of fracture intensity and orientation. Red represents the area with high fracture strength. It can be seen from Figure 9 that the overall fracture development strength of the upper sweet spot in the Fengcheng Formation is large, especially in the local areas of the northern and central platform area and the local areas close to the primary fault in the south. The fractures are mainly in the near east-west trend, approximately parallel to the main fault trend. Among them, the northwest direction of Well B2 is the fracture development area, the area between B2 and B3 is the relatively developed fracture area, and the area near B4 is the weakly developed fracture area.
[image: Figure 9]FIGURE 9 | Superposition plane of pre-stack AVAZ fracture strength and orientation in the upper sweet spot.
6. DISCUSSION
6.1. Relationship Between Primary-Secondary Faults and Medium-Small Scale Fractures
According to the prediction results of the primary-secondary faults in the upper sweet spot of the Fengcheng Formation in the study area and the interpretation results of medium-small scale fractures in typical well imaging logging, the development intensity of medium-small scale fractures is closely related to the primary-secondary faults. As the distance from the primary-secondary fracture increases, the strength of medium-small scale fractures decreases gradually (Figure 10). There is a fracture development zone near the primary-secondary fault, that is, the fault damage zone (Torabi and Berg, 2011). The width of the fault damage zone is related to the size of the primary-secondary fault. With the increase of the primary-secondary fault scale, the width of the fault failure zone gradually increases. Secondly, due to faults’ control of fracture development, the degree of fracture development in different fault locations is also different. Usually, the fractures in the upper plate are more developed than those in the lower plate. The fractures at the end of the fault are more developed than in the middle, and the fractures at the intersection of the faults and the overlapping of the en-echelon fault are more developed.
[image: Figure 10]FIGURE 10 | Intersection diagram of distance from well to fault and fracture strength.
6.2. Distribution Law of Fractures in the Study Area
The post-stack attributes can reflect primary-secondary faults and large-scale fracture development zones, and the pre-stack AVAZ algorithm prediction results reflect small-scale fracture development zones. By superimposing the primary-secondary fault prediction plane of curvature attribute and the large-scale fracture prediction plane of likelihood attribute, the primary-secondary fault strikes in the upper sweet spot of the Fengcheng Formation in the Mahu Sag are nearly E-W and distributed in the central and southernmost parts of the study area. Among them, Well B1 and B2 are close to the faults in the central part of the study area. The strike of large-scale fractures is mainly near E-W, which is roughly parallel to the main-secondary fault, followed by near north-south. The fractures are mainly developed near the primary-secondary faults, which are fault-related fractures caused by the activities of the upper and lower plates of the primary-secondary faults and the action of the regional stress field. Large-scale fractures are developed in the study area. The large-scale fracture development zones in the middle and southernmost of the study area are wider and more developed locally, especially near Well B1 and B2 (Figure 11A).
[image: Figure 11]FIGURE 11 | The superposition plane of the upper sweet spot segment before and after stacking. (A) The superimposed plane of the likelihood attribute and curvature attribute. (B) The superimposed plane of pre-stack fracture strength and Likelihood attribute.
The superposition of the large-scale fracture prediction plane of the likelihood attribute and the small-scale fracture prediction plane of the pre-stack AVAZ method shows that the medium-small scale fractures are relatively developed in the study area. The fracture strength is the largest, especially in the large-scale fracture development zone and nearby. The strike is mainly in the near east-west and northwest directions, approximately parallel and oblique to the large-scale fracture and the primary-secondary fault. Among them, large-scale and medium-small scale fractures are weakly developed near B4 in the northern part of the study area, and the area between Well B3 and B1 is the fracture development area. The platform area in the middle of the study area and the southernmost area near the primary-secondary faults are large-scale and medium-small scale fracture development areas. Most of the fractures are in the direction of the maximum horizontal principal stress (Figure 11B).
7. CONCLUSION
The faults and fractures in continental shale oil reservoirs of the Permian Fengcheng Formation in the Mahu Sag of the Junggar Basin can be divided into four grades, including primary-secondary faults, large-scale fractures, medium-small scale fractures, and micro-scale fractures. Based on pre-stack and post-stack seismic attributes, primary-secondary faults, large-scale fractures, and medium-small scale fractures can be predicted. Post-stack coherence and curvature attributes are used to predict primary-secondary faults, post-stack likelihood attributes are used to predict large-scale fractures, and pre-stack AVAZ is used to predict medium-small scale fractures. A comprehensive prediction method of fracture development system based on pre-stack and post-stack seismic attributes has been formed. Four conclusions are listed below:
(1) the primary-secondary faults in the upper sweet spot of the Fengcheng Formation are distributed in the southern and central-eastern parts of the study area, which are near E-W trending reverse faults.
(2) The large-scale fractures are mainly distributed in the central, northern, and southernmost parts of the study area, and their strikes are mainly near E-W, followed by near N-S.
(3) Medium-small scale fractures are developed in the whole study area, especially near Well B3 to Well B1 in the north, the central platform area, and the primary-secondary fault area in the south.
(4) Large scale fractures and medium-small scale fractures are fault-related fractures, which are developed around primary-secondary faults. Their strikes are mainly near E-W, parallel or oblique to the strikes of main secondary faults. With the increase in distance from the primary-secondary fractures, the fracture strength of medium-small scale fractures decreases gradually.
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The pre-Mesozoic Sandaoqiao gas field, northern Tarim Basin, Western China, hosts a typical deep fractured dolomite reservoir. Taking this area as an example, this study carried out identification research on the fracture development section of the Cambrian Sinian deep (5,700–6200 m) thick (60–80 m) fractured dolomite reservoirs. The core scale identification and numerical analysis method of heavy gauge finite difference (R/S-FD) are used to identify the fracture development section. In the process of applying this method to the study area, by comparing the fracture development identification results of continuous and complete coring sections, three logging curves with high fracture sensitivity (AC/DEN/CAL) are selected. The adjusted R/S-FD analysis method can effectively identify the fracture development section of the fractured dolomite reservoir. Among them, five fracture development sections were identified in well Q1, with an average thickness of 6.8 m. The fracture development section is in good consistency with the reservoir interpretation section of conventional logging. Well, Q101 identified 11 fracture development sections with an average thickness of 2.5 m. The results show that the gas logging section lags behind the fracture development section, mainly corresponding to the lower part of the identified fracture development section. The thickness and distribution of the longitudinal fracture development section of the two wells are obviously different. The research shows that the R/S-FD method can well identify the fracture development section of a fractured dolomite reservoir.
Keywords: rescaled range analysis, R/S-FD method, fracture identification, fractured dolomite reservoir, sandaoqiao gas field
INTRODUCTION
Carbonate reservoirs are one of the most important reservoir types in the world (Zhu et al., 2020). Dolomite reservoir is one of the common carbonate reservoir types (Antonellini and Mollema, 2000; Ma et al., 2008; Guo et al., 2020). Compared with limestone, this kind of reservoir facies is more brittle and has weak dissolution (Zheng H. et al., 2007; Zheng R. C. et al., 2007; Davies and Smith, 2011). The main reservoir space of the Cambrian Sinian reservoir in the sandaoqiao gas field is mainly fractured, and a typical fractured dolomite reservoir is developed. Structural fractures directly affect the quality and production of dolomite reservoirs.
Fractures in reservoirs are the key to high and stable production of oil and gas reservoirs, especially for tight sandstone, shale, and carbonate reservoirs (Chen et al., 2021; Lai et al., 2020; Song et al., 2015; Zhou et al., 2020; Liu et al., 2022; Zhou et al., 2022). The development degree and distribution characteristics of fractures directly affect the physical properties and production of oil and gas reservoirs. In recent years, fractures have always been the focus of reservoir research (Luo et al., 2012; Yin and Wu., 2020; Zhao et al., 2021; Wang et al., 2022). Identifying the characteristics of fracture development sections in underground reservoirs vertically is one of the research contents (Prioul and Jocker, 2009; Santos et al., 2015; Fernández-Ibanez et al., 2018; He et al., 2020; Wang et al., 2021; Yin et al., 2020).
There are many ways to identify the fracture development section longitudinally (Hong et al., 2020; Lan et al., 2021; Zheng et al., 2020; Li, 2022). These methods include geological outcrop, core, logging data, and seismic data (Aghli et al., 2016; Bates et al., 1999; Lai et al., 2017; Liu et al., 2019; Yin et al., 2018a; Li H. et al., 2020; Li, 2022). Considering the recognition accuracy, recognition range, representativeness, cost, and other factors, the use of conventional logging curves is more practical and economical (Miranda and Andrade, 1999; Zhao et al., 2011; Ding et al., 2012; Ding et al., 2013; Xue et al., 2014; Yang et al., 2017; Yin et al., 2018b; Afshari et al., 2018). R/S method uses several conventional logging curves sensitive to fracture response to identify fracture development sections (Mandelbrot and Wallis, 1969; Li et al., 2018; Xiao et al., 2019a; Xiao et al., 2019b; Li et al., 2019; Zhao et al., 2019). The finite difference method improves the accuracy and effect of the R/S method. R/S-FD method is used to identify the longitudinal fracture development section of a single well, and its application in shale and tight sandstone reservoirs is relatively mature (Wang et al., 2018; Xiao et al., 2019a; Li et al., 2019). This study applies this method to a deep fractured dolomite reservoir for the first time. The results have also been verified by other reservoir interpretation methods.
GEOLOGICAL SETTING
The Tarim Basin is located in western China and is an important developing oil- and gas-producing area. The Sandaoqiao gas field is located in the northern Tarim Basin (Figure 1), in the western part of the Yakela Faulted Uplift (Han et al., 2016; Yang et al., 2018). The Kuqa depression is located to the north, and the Halahatang depression is located to the south. The Sandaoqiao gas field is generally located in the compression-derived structural slope of the far margin uplift of the foreland basin. The Sinian system of the Cambrian system was severely eroded with the formation of a structural compression fold, forming a buried hill drape structure (Li Y. et al., 2020; Wang et al., 2021), with a reservoir characterized by a denuded residual buried hill (Figure 1). The Cambrian Sinian strata are pinched out on the Yakela Faulted-Uplift oriented in the NW direction (Han et al., 2015). The Carboniferous strata overlying the Sandaoqiao gas field are compact and stable, with good caprock conditions, which prevented the surface water from leaching and dissolving Cambrian Sinian strata during the regional long-term denudation period. These conditions have formed a condensate gas reservoir producing area with a Carboniferous cap rock and developed structural fractures.
[image: Figure 1]FIGURE 1 | (A) Structural location of sandaoqiao gas field. (B) Stratigraphic elements and well location distribution map of the Cretaceous bottom boundary. The red line is the main fault, and the purple line is the Sinian pinch-out line. (C) NW-SE direction section AA’ stratigraphic structure diagram. The green line is the trajectory of key well Q1.
In the study area, the depth of the Cambrian Sinian system is 5,700–6,200 m, which is deep-ultradeep. The thickness of the Cambrian Sinian strata is uniform. From the late Paleozoic to Mesozoic, this stratum experienced multiple superimposed weak-strong thrusting fault events, accompanied by strong weathering and denudation. The Mesozoic Cretaceous strata cover formed a denudation residual buried hill drape structure. The lithology is characterized by the development of deeply fractured dolomite reservoirs (micritic and powdery). According to the measured physical property data, the porosity and permeability of dolomite reservoirs in the study area are relatively low. Structural fracture is the main reservoir space. The properties of the structural fractures are considered the key factors in determining the reservoir space and seepage performance.
Characteristics of Tectonic Stress
In the geological history period, the study area was mainly affected by NW strong compressive stress and pre-Mesozoic strong denudation, forming a buried hill drape structure with strata pinching out in the NW direction.
According to the analysis results of imaging logging and other logging data, the azimuth of the fast shear wave is NE, and the induced fractures thus strike NE. It is comprehensively inferred that the horizontal principal stress direction is NE. The NE trending fault strike (Figure 2) is roughly consistent with the current horizontal principal stress direction.
[image: Figure 2]FIGURE 2 | Fracture parameter statistics of Q1 well based on imaging logging. (A) The azimuth distribution of fractures was identified by imaging logging in the Q1 well. (B) The distribution of fracture tendency is shown in the rose diagram. (C) Statistical distribution of fracture dip angle. (D) The distribution of fracture strikes is shown in the rose diagram. Imaging logging shows that there are 36 fractures in well Q1, with an average dip angle of 76° and an average dip of 314°.
Fracture Characteristics
According to the seismic data, the main faults in the study area are NE-trending, and most of them terminate in the upper Cambrian strata. They are mainly high-angle and oblique parallel reverse faults with lower-order faults.
The fracture development of the core sections of wells Q1 and Q101 in fine crystalline powder dolomite has resulted in mainly high-angle and half-filled fractures (Figure 3), and conjugate fractures are found locally. The total length of the observed core is 50.3m, and the average coring rate is 76%. We analyzed and photographed all coring sections. Dissolution pores are rare.
[image: Figure 3]FIGURE 3 | Fracture development characteristics from core sections in the Sandaoqiao gas field. (A,B), well Q1, Z, 5,754.8 m, gray fine-grained dolomite, half-filled fracture; (C), well Q101, ∈, 5,758 m, light-red-oil-trace dolomite, high-angle fracture; (D), well Q101, ∈, 5,761.04 m, gray-black-oil-trace silty siliceous dolomite, high-angle fracture development, half-filled; (E), well Q101, ∈, 5,761.08 m, gray-black-oil-trace silty siliceous dolomite. (F), well, Q1, Z, 5,753.98–5,754.14 m, two intersecting oblique fractures with a width of 0.1–0.5 mm; (G); well, Q101, ∈, 5,757–5,757.19 m, gray-black calcareous dolomite, 1 inclined fracture, approximately 8 cm in length and 0.1 mm in width.
The cast thin sections show that the dolomite dissolution in this section is very weak (Figure 4). We observed and analyzed a total of 16 cast thin sections, 7 ordinary thin sections, and 10 SEM analysis reports. The typical fracture development parts in the study area are selected for sampling. It is clear that the fractured dolomite reservoir is the main feature in this section of the Sandaoqiao gas field. The scanning electron microscopy (SEM) results showed that there were microcracks in some parts of the section. This dolomite is generally subhedral heteromorphic, without obvious dissolution.
[image: Figure 4]FIGURE 4 | Fracture development characteristics from cast thin sections and SEM in the Sandaoqiao gas field. (A), well Q1, Z, 5,741.4 m, argillaceous dolomite; 3% continental debris, 1% siliceous, and 1% muscovite. Three microcracks were filled with siliceous material and 1 microcrack was filled with dolomite. (B), well Q1, Z, 5,754.8 m, silty argillaceous dolomite, 2% siliceous, and 1% muscovite. The face rate is less than 1%. One microcrack with a width of 0.01 mm. (C), well Q1, Z, 5,756.1 m, silty argillaceous dolomite, 2% siliceous, and 1% muscovite. The face rate is less than 1%. One straight microcrack with a width less than 0.01 mm; one microcrack along the suture, with a width less than 0.01 mm; (D), well Q101, ∈, 5,821.5 m, the dolomite grains are 0.04–0.10 mm, granular and inlaid. Microcracks are developed. Dolomite; (E), well Q101, ∈, 5,822.2 m, dolomite-filled fractures, part of which have clay on the surfaces, dolomite with poor crystallization, generally semi-automorphic-heteromorphic; (F), well Q1, Z,5,741.4 m, gray micrite dolomite, argillaceous dolomite, dolomite with poor crystallization, generally semi-automorphic-heteromorphic.
METHODOLOGY
R/S-FD Method
The numerical analysis method used in this study is based on the R/S method. In R/S analysis, R is the range, that is, the difference between the maximum cumulative deviation and the minimum cumulative deviation, representing the complexity of the time series; S is the standard deviation, that is, the square root of the change, representing the average trend of the time series (Hurst. 1951; Pang and North, 1996). The ratio of the range to the standard deviation (i.e., the rescaling range R/S) represents a dimensionless time series and the fluctuation intensity (Xiao et al., 2019a; Yang et al., 2020).
[image: image]
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The concave section of the R(n)/S(n) curve can be regarded as the location of fracture development. To avoid recognition error, the R/S-FD method uses the finite difference method to calculate the second derivative of these discrete data (Xiao et al., 2019a). The zone with a positive second derivative can be identified as a fracture development section. F is the multiplication of the K value of the multigroup logging curve, which represents the accumulation of the fracture development probability of multigroup logging data identification.
The basic data of the R/S-FD method is a conventional logging curve. Firstly, the crack sensitivity curve suitable for the study area is selected by various methods. On the basis of referring to several commonly used fracture sensitivity curves, this study first uses the fracture development of the coring section to restrict the curve selection and selects three fracture sensitivity curves (DEN, AC, and CAL) to calculate the K value. Considering that the sampling interval of logging data is mostly 0.1 or 0.125 m, it is of certain indicative significance to optimize the fracture sensitivity curve by using whether there are fractures in the core section with a certain length (0.3–0.5 m). Then calculate the R/S value of the logging data of the study interval, and carry out the finite difference calculation (Figure 5). Finally, the calculated F value is used to identify the fracture development section.
[image: Figure 5]FIGURE 5 | Process of identifying fracture development section based on R/S-FD method.
Data Selection and Calculation
The following factors are considered in the selection of the numerical analysis method. The pre-Mesozoic Cambrian Sinian system in the study area is the main body of a large set of dolomites with single and continuous lithologic structures. Unlike tight sandstone/shale sections, the dolomite reservoir in the study area does not include lithology mutation surfaces such as sand-mud interbedding surfaces. The reservoir as a whole is a fractured dolomite reservoir with undeveloped pores (based on the 50.3 m coring data of four wells in the Sandaoqiao gas field and imaging logging data, the pores are undeveloped). The interference of holes is eliminated. The logging curve is complete, and the quality of the logging core data is good. The combination of R/S logging and core analysis is suitable.
Taking well Q1 as an example, the double logarithm curve of R/S value and serial number is made, and seven kinds of logging curves are selected for this analysis (Figure 6). The sensitivity of different good logs to fracture development varies. At the same time, the difference in lithofacies between study areas will make the analysis effect of different logging curves different.
[image: Figure 6]FIGURE 6 | Double logarithm curve of the R/S calculation results of multiple logging curves in well Q1. In this method, the concave section of the curve is identified as the fracture development section. AC is the acoustic log, DEN is the density log, CAL is the caliper log, SP is the spontaneous potential log, GR is the natural gamma log, RS is the shallow lateral resistivity log and RD is the deep lateral resistivity log.
Seven kinds of logging curves are selected in the analysis of wells Q1 and Q101: the CAL, AC, and DEN curves, which are widely used in R/S analysis, and other control curves RS, RD, SP, and GR. After comparing and analyzing the calculation results of the confirmatory fracture development section and logging curve in the coring section, CAL, AC and DEN are selected as the research objects (Table 1). That is, the F value used in this study is a product of the CAL, AC, and DEN K values (K_CAL/K_AC/K_DEN). In the fracture development section, the identification result with good applicability is obtained.
[image: image]
TABLE 1 | Recognition effect of various logging curves on the fracture development depth of the coring section.
[image: Table 1]The calculation method used in this study is adjusted on the basis of the R/S-FD method. Based on the particularity of the dolomite value, the value range is adjusted, and the K value calculated by the logging curve at this depth is smaller (this may be related to the particularity of dolomite logging curves, with a small number of especially large or small values). Because K represents the fluctuation in logging data, we homogenize the interval of k > 0 to 1-2, which makes the probability of fracture development accumulate positively. If k = 0, then F = 0; if K≠0, then F is the product of the K values of the CAL, AC, and DEN. Thus, the fracture development section can be clearly identified.
RESULTS
Characteristics of the Fracture Development Section
The dolomite section of well Q1 has developed thick fractures (a 60 m section), which can be divided into five sections, with an average thickness of 6.8 m and an average fracture spacing of 5.6 m (Figure 7). The fracture development section of well Q1 is relatively thicker and denser. The fractures of the core of well Q1 are high-angle and half-filled. The vertical distribution of the fracture development section in well Q101 is relatively uniform (an 80 m section), which can be divided into 11 sections, and the thickness of these fractures is thinner than those in well Q1, with an average length of 2.5 m and an average spacing of 4.1 m (Figure 8). Relatively speaking, the fracture development section of well Q101 is thinner and more dispersed.
[image: Figure 7]FIGURE 7 | Results of fracture development section identified with the R/S-FD method in well Q1. The red and white double arrows show the corresponding relationship between the fracture development section and the conventional logging interpretation section.
[image: Figure 8]FIGURE 8 | Fracture development results identified with the R/S-FD method in well Q101. The red and white double arrows show the corresponding relationship between the fracture development section and the gas logging display section.
Correlation Between the Fracture Development Section and Actual Production Data
The R/S-FD method is used to analyze the fractured dolomite reservoir of the Cambrian Sinian system in the Sandaoqiao area. The results show that the comprehensive identification results of multiple logging curves are in good correspondence with the actual observation results of cored sections, traditional numerical logging interpretations, and gas logging displays.
The fracture development section identified by well Q1 shows a good correspondence with the reservoir section interpreted by traditional logging data. The identified fracture development section corresponds to logging interpretation reservoir section Nos. 11–15 (Figure 7). The lower gas logging section of the dolomite reservoir in the Q101 well has a good correspondence with the identified fracture development section, corresponding to gas logging section Nos. 19–25 and in the lower part of the identified fracture development section, lagging behind the fracture development section (Figure 8). This correspondence shows that the R/S-FD method has certain applicability in fractured dolomite reservoirs.
DISCUSSION
Fracture Types
The fracture types in the fracture development section identified by the R/S-FD method are noteworthy information (Xiao et al., 2019a). Through the identification results of Q1 and Q101 wells, combined with core, imaging logging, and other data, it is considered that most of the identified fractures are medium high angle fractures, semi filled and unfilled. Part of the fractures generated under the compression of the early formation are completely filled in the later stage. Because the filling material is similar to the composition of the reservoir, it is less abnormal in density logging and caliper logging. The identification effect of this method on this kind of fracture is general.
Controlling Factors
The difference between the two wells in the characteristics of longitudinal fracture development sections is affected by many factors, mainly including lithology, structural position, structural stage, and so on (Zhao et al., 2019). In addition, compared with the two wells, well Q1 shows higher and more stable oil and gas production. This difference may be due to the greater thickness of the average fracture development section of well Q1.
Method Applicability
The R/S-FD method also shows its limitations in the application of different strata in different areas (Xiao et al., 2019a; Li et al., 2019; Yang et al., 2020). Firstly, the stratum thickness used to identify the fracture development section should not be too thick. With the increase of thickness, reservoir heterogeneity is also increasing, which will make the anomalies identified by the R/S method contain a variety of other information. Secondly, the lithology of the study interval should be unified as far as possible. The sudden change in lithology will bring complex changes to the logging curve, which will reduce the accuracy of R/S recognition. In the application of the dolomite stratum, it is generally considered that a thickness less than 100 m is more suitable. In the fracture identification of the 300 m reservoir section of well Q102, the results show that the spacing of fracture development sections is too large, and there is no good corresponding result in the comparison with the coring section and production means.
CONCLUSION
1. In this study, the adjusted R/S-FD method is applied to fractured dolomite reservoirs in the deep layer (5,700–6200 m) of the Cambrian Sinian system (60–80 m), and good recognition results are obtained. In the process of applying this method to the study area, by comparing the fracture development identification results of continuous and complete coring sections, three logging curves with high fracture sensitivity (AC/DEN/CAL) are selected.
2. The adjusted R/S-FD analysis method can effectively identify the fracture development section of the fractured dolomite reservoir. Among them, five fracture development sections were identified in well Q1, with an average thickness of 6.8 m. The fracture development section is in good consistency with the reservoir interpretation section of conventional logging. Well, Q101 identified 11 fracture development sections with an average thickness of 2.5 m. The results show that the gas logging section lags behind the fracture development section, mainly corresponding to the lower part of the identified fracture development section. The difference between the two wells in the characteristics of longitudinal fracture development sections is affected by many factors, mainly including lithology, structural position, structural stage, and so on.
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In order to study the distribution law of oil and gas above and below the regional mudstone caprocks damaged by fault in petroliferous basins, based on the study of the sealing mechanism and degree of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period, the paleo-juxtaposition thickness of regional mudstone caprock was calculated by determining the paleo-fault throw of faults and the paleo-thickness of regional mudstone caprocks during the hydrocarbon accumulation period. According to the relation between the paleo-juxtaposition thickness of regional mudstone caprocks at known well points in the study area and the distribution of oil and gas above and below the regional mudstone caprock, the maximum juxtaposition thickness required for the upper and lower connection of the fault-associated fracture zone in the regional mudstone caprock was determined. On this basis, a set of prediction methods for the sealing capacity of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period was established. Then, this method was applied to the prediction of the damage degree distribution of the Zhangdong Fault to the regional mudstone caprock of the middle sub-member of the first member of the Shahejie Formation in the middle and late depositional periods of the Minghuazhen Formations in Qikou Sag of the Bohai Bay Basin during the hydrocarbon accumulation period. The results show that the damage degree of the Zhangdong Fault to the regional mudstone caprock of the middle sub-member of the first member of the Shahejie Formation during the hydrocarbon accumulation period is large. The largest damage appears in the east, with an a-value greater than 1, followed by the west, with an a-value between 0.5 and 1. The relatively minor damage occurs in the middle west part, with an a-value less than 0.5. The middle part is conducive to the accumulation and preservation of oil and gas generated from the source rock of the underlying third member of the Shahejie Formation, which is consistent with the fact that oil and gas discovered in the lower sub-member of the first member of the Shahejie Formation near the Zhangdong Fault are mainly distributed in its middle part. It shows that this method is feasible to predict the damage degree distribution of regional mudstone caprocks during the hydrocarbon accumulation period.
Keywords: hydrocarbon accumulation period, fault, sealing of regional mudstone caprock, prediction method, damage degree
INTRODUCTION
With the deepening of oil and gas exploration, it has been found that oil and gas are distributed above and below the regional mudstone caprocks damaged by fault, and some parts have more oil and gas than others (Gong et al., 2019; Fu et al., 2021; Zhu et al., 2021). In addition to the influence of the development of fault-associated traps and sand bodies (Zeng et al., 2021; Song et al., 2022; Zeng et al., 2022), it is mainly affected by the sealing degree distribution of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period. The greater the sealing capacity degree of regional mudstone caprock damaged by fault, the less the oil and gas under it; on the contrary, the more the oil and gas under it (Zeng et al., 2010; Zeng et al., 2013; Gong et al., 2021a; Gong et al., 2021b). This shows that accurately determining the sealing capacity degree distribution of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period is crucial for correctly understanding the distribution law of oil and gas above and below regional mudstone caprocks damaged by fault and guiding oil and gas exploration.
Some studies have been conducted on the sealing degree of regional mudstone caprocks damaged by fault, which can be summarized into the following three aspects: first, according to the relative size of fault throw and regional mudstone caprock thickness, the damage degree of fault to the distribution continuity of regional mudstone caprock has been studied (Lyu et al., 2008; Fu and Yang, 2013; Sun et al., 2013; Jiang et al., 2021). It is concluded that the larger the fault throw and the smaller the thickness of regional mudstone caprock, the greater the damage degree of fault to regional mudstone caprock; otherwise, the smaller the damage degree of fault to regional mudstone caprock (Fu et al., 2014a; Lyu et al., 2014; Fu et al., 2016). Second, based on the relative size of displacement pressure of fault rock and regional mudstone caprock, research is carried out regarding the damage degree of fault to the sealing capacity of regional mudstone caprock (Wang et al., 2017; Yu et al., 2019). It is considered that the smaller the displacement pressure of fault rock and the greater the displacement pressure of regional mudstone caprock, the greater the damage degree of fault to the sealing capacity of regional mudstone caprock; otherwise, the damage degree is smaller (Fu et al., 2014b; Fu et al., 2014c; Fu et al., 2015; Fu and Li, 2017; Zhan and Fu, 2018). Third, by combining the damage degree of fault to the distribution continuity of regional mudstone caprock and the damage degree of fault to the sealing capacity of regional mudstone caprock, the comprehensive damage degree of fault to the sealing capacity of regional mudstone caprock is investigated (Hou et al., 2015; Wang et al., 2017; Zhan et al., 2017; Jiang, 2019). It is believed that the greater the damage degree of fault to the distribution continuity and sealing capacity of regional mudstone caprock, the greater the comprehensive damage degree of fault to the sealing capacity of regional mudstone caprock; otherwise, the comprehensive damage degree of fault is smaller.
However, these studies mainly focus on the damage degree of fault to the sealing capacity of regional mudstone caprock after the fault activity stops. There are relatively few studies on the sealing degree of regional mudstone caprocks damaged by fault during the fault activity period. It is considered that as long as the fault grows in sections in the regional mudstone caprock, which are connected up and down to become the oil and gas migration and transport channels, the oil and gas can migrate upward through the regional mudstone caprock along the fault, and the sealing capacity of the regional mudstone caprock is completely damaged by the fault (Wang et al., 2014; Fu et al., 2015; Fu and Wang, 2018; Hu et al., 2018). The damage degree of fault to the sealing capacity of regional mudstone caprock is not studied according to the relative size of the paleo-juxtaposition thickness of regional mudstone caprock, which is undoubtedly not conducive to the correct understanding of the distribution of oil and gas above and below the regional mudstone caprock. For this purpose, the research on the prediction method of the sealing degree distribution of regional mudstone caprock damaged by fault is of great significance for correctly understanding the distribution law of oil and gas above and below the regional mudstone caprock damaged by fault and guiding its oil and gas exploration.
GEOLOGICAL SETTING
The Zhangdong Fault in Qikou Sag of the Bohai Bay Basin was selected in this article. The aforementioned method was applied to predict the sealing degree distribution of regional mudstone caprock damaged by this fault in the middle sub-member of the first member of the Shahejie Formation (E3s1M) during the hydrocarbon accumulation period, and the feasibility of this method for predicting the sealing degree distribution of regional mudstone caprock damaged by the fault during the hydrocarbon accumulation period was verified by analyzing the relationship between the prediction result and the existing hydrocarbon distribution in the lower sub-member of the first member of the Shahejie Formation (E3s1L) near the Zhangdong Fault.
Located in the south of Qikou Sag, the Zhangdong Fault is a normal fault that strikes nearly east–west and extends for about 21.6 km in plane, as shown in Figure 1. The fault inclines to the north with a dip angle of 30–70° and breaks from the base upward to the near surface. It is a long-term inherited fault, as shown in Figure 2. At present, drilling near the Zhangdong Fault has revealed the Paleogene Kongdian (E2k), Shahejie (E3s), and Dongying formations (E3d), Neogene Guantao (N1g) and Minghuazhen formations (N2m), and a small amount of quaternary strata (Q). The oil and gas discovered near the Zhangdong Fault are mainly distributed in the Shahejie Formation and are mostly enriched in E3s1L. The caprock is the regional mudstone caprock of E3s1L. The oil and gas mainly come from the source rock of the underlying third member of the Shahejie Formation (E3s3), which belongs to the lower source rock, upper reservoir-type combination of source rock, reservoir, and caprock. The Zhangdong Fault connects the source rock of the underlying E3s3 and the overlying E3s1L and is active in the middle and late depositional periods of N2m, so it should be the oil source fault of E3s1L. Figure 2 shows that oil and gas discovered in E3s1L near the Zhangdong Fault are mainly distributed in its middle part, which is mainly affected by the damage degree of the Zhangdong Fault to the regional mudstone caprock in E3s1M during the hydrocarbon accumulation period, in addition to the influence of trap structure and sand body development. Therefore, an accurate prediction of the damage degree distribution of the Zhangdong Fault to the regional mudstone caprock of E3s1M during the hydrocarbon accumulation period should be the key for correctly understanding the oil and gas distribution law of E3s1L near the Zhangdong Fault.
[image: Figure 1]FIGURE 1 | Tectonic units and outline of the fault system in Qikou Sag.
[image: Figure 2]FIGURE 2 | Relation diagram of the Zhangdong Fault development and oil and gas distribution in E3s1L. (A) Plan; (B) Profile.
METHODS
Sealing Mechanism and Degree Distribution Characteristics of Regional Mudstone Caprocks Damaged by Fault During the Hydrocarbon Accumulation Period
A large number of oil and gas exploration practices show that the faults that can damage the regional mudstone caprock are usually relatively large in scale, and these faults are often the transport channels for oil and gas migration (Zhou et al., 2007; Sun et al., 2012; Fu et al., 2014a). During the hydrocarbon accumulation period, these active faults grow in sections in the regional mudstone caprock, which are connected up and down to become the upward migration channels of oil and gas through the regional mudstone caprock, and the oil and gas under the regional mudstone caprock migrate upward along the fault, so that the sealing capacity of the regional mudstone caprock is damaged by fault, as shown in Figure 3. In fact, the process of segmented growth and connection of faults in the regional mudstone caprock is a process of connecting the upper and lower fault-associated fracture zones in the regional mudstone caprock. If the damage degree of the fault to the sealing ability of regional mudstone caprock is different and the connection degree of upper and lower fault-associated fracture zones in the regional mudstone caprock is different, the connectivity of oil and gas transport channels is different, the upward migration characteristics of oil and gas through the regional mudstone caprock along the fault are different, and the sealing degree of the regional mudstone caprock damaged by the fault is also different. The greater the sealing degree of the regional mudstone caprock damaged by fault, the better the distribution continuity of the connecting zone formed by fault-associated fractures in the regional mudstone caprock and the easier it is for oil and gas under the regional mudstone caprock to migrate upward through the regional mudstone caprock along the fault-associated fracture zone, as shown in Figure 4A; on the contrary, the smaller the sealing degree of the regional mudstone caprock damaged by fault, the poorer the distribution continuity of the connecting zone formed by fault-associated fractures in the regional mudstone caprock and the harder it is for oil and gas under the regional mudstone caprock to migrate upward through the regional mudstone caprock along the fault-associated fracture zone, as shown in Figure 4B.
[image: Figure 3]FIGURE 3 | Diagram of regional mudstone caprock damaged by fault during the hydrocarbon accumulation period. (A) Mudstone caprock not damaged by fault; (B) mudstone caprock damaged by fault.
[image: Figure 4]FIGURE 4 | Diagram of the sealing degree of regional mudstone caprock damaged by fault during the hydrocarbon accumulation period. (A) Mudstone caprock is largely damaged by fault (L > Hf); (B) mudstone caprock is slightly damaged by fault (L < Hf).
Figure 4 shows that the sealing degree (a) of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period can be expressed by Eq. 1 as follows:
[image: image]
where [image: image]; a—the sealing degree of the regional mudstone caprock damaged by fault during the hydrocarbon accumulation period; [image: image]—the maximum juxtaposition thickness required to connect the fracture zone up and down in the regional mudstone caprock, m; [image: image]—the paleo-juxtaposition thickness of regional mudstone caprock, m; H—the paleo-thickness of mudstone caprock, m; and L—the paleo-fault throw, m.
For the two cases in Figures 4A,B, the calculation method of Hf is consistent.
It can be obtained from Eq. 1 that the a-value is directly proportional to the maximum juxtaposition thickness required to connect the fracture zone up and down in the regional mudstone caprock and is inversely proportional to the paleo-juxtaposition thickness of the regional mudstone caprock. The higher the a-value, the greater the damage degree of the fault to the sealing of regional mudstone caprock; otherwise, it is smaller.
This a-value calculation method is only applicable to normal faults. The sealing mechanism of a reverse fault is different from that of a normal fault and is more complex, which is not suitable for calculating an a-value by this method.
Prediction Method of Sealing Degree Distribution of Regional Mudstone Caprock Damaged by Fault During the Hydrocarbon Accumulation Period
In order to predict the sealing degree distribution of the regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period, it is necessary to determine the paleo-juxtaposition thickness of regional mudstone caprocks at different parts of fault during the hydrocarbon accumulation period and the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in regional mudstone caprock. The sealing degree distribution of regional mudstone caprocks damaged by fault at different parts during the hydrocarbon accumulation period can be calculated according to Eq. 1.
The fault throughgoing horizon in regional mudstone caprock was counted with 3D seismic data, and the faults that are active in the hydrocarbon accumulation period and connect the underlying source rock and regional mudstone caprock were regarded as the faults that damage the regional mudstone caprock. The current thickness of the regional mudstone caprocks broken by the damage faults was counted, and the paleo-thickness during the hydrocarbon accumulation period was restored by the method of stratigraphic paleo-thickness restoration (Tan et al., 2005; Huang et al., 2006; Jiang et al., 2012; Sun et al., 2017), as shown in Figure 5A. The method of stratigraphic paleo-thickness restoration refers to the functional relationship that the porosity of clastic rock strata decreases exponentially with the increase of depth according to the principle of constant strata skeleton under normal compaction. On this basis, the paleo-buried depth and paleo-thickness of each stratum in different geological periods can be obtained by strata stripping. Three-dimensional seismic data were applied to count the present fault throw of the damage faults in the regional mudstone caprock, and the paleo-fault throw during the hydrocarbon accumulation period was restored by the maximum fault throw subtraction method (Liu et al., 2012; Wang et al., 2018), as shown in Figure 5B. The maximum fault throw subtraction method uses the maximum offset of any point in the fault plane in a set of strata to subtract the maximum fault throw developed in the upper strata and can obtain the paleo fault throw of the fault plane in the sedimentary period. The paleo-juxtaposition thickness of the regional mudstone caprock was calculated by subtracting the paleo-fault throw of the damage fault from the paleo-thickness of the regional mudstone caprock, as shown in Figure 5C.
[image: Figure 5]FIGURE 5 | Diagram of the determination of sealing degree distribution of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period. (A) Paleo-thickness of regional mudstone caprock; (B) Paleo-fault throw of damage fault; (C) Paleo-juxtaposition thickness of regional mudstone caprock; (D) Sealing ability degree of regional mudstone caprocks damaged by fault.
Due to the limitations of current research methods and the quality of seismic data, the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in the regional mudstone caprock cannot be directly determined. It can only be determined indirectly by applying the drilling data to count the paleo-juxtaposition thickness of the regional mudstone caprock at known well points in the study area and the oil and gas display characteristics above and below it and taking the minimum paleo-juxtaposition thickness of the regional mudstone caprock where oil and gas are only distributed below the regional mudstone caprock as the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in the regional mudstone caprocks, as shown in Figure 6. If the paleo-juxtaposition thickness of regional mudstone caprock is greater than the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in regional mudstone caprock, oil and gas cannot migrate vertically through mudstone caprock and can only distribute below the regional mudstone caprock. On the contrary, if the paleo-juxtaposition thickness of regional mudstone caprock is less than the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in regional mudstone caprock, oil and gas will pass through the regional mudstone caprock, which can gather and distribute both below and above the regional mudstone caprock.
[image: Figure 6]FIGURE 6 | Diagram of the determination of the maximum juxtaposition thickness required for the upper and lower connection of the fault-associated fracture zone in regional mudstone caprock.
By substituting the paleo-juxtaposition thickness of the regional mudstone caprock at different parts of the fault and the maximum juxtaposition thickness required for the upper and lower connection of the fault-associated fracture zone in regional mudstone caprock identified previously into Eq. 1, the sealing degree of the regional mudstone caprock damaged by the fault at different parts can be calculated, as shown in Figure 5D.
RESULTS AND DISCUSSION
According to the drilling and seismic data, the fault throw of the Zhangdong Fault in the regional mudstone caprock of E3s1M and the thickness of E3s1M regional caprock faulted by the Zhangdong Fault were counted. The paleo-fault throw of the Zhangdong Fault and the paleo-thickness of regional mudstone caprock of E3s1M in the middle and late depositional period of N2m during the hydrocarbon accumulation period were restored by the maximum fault throw subtraction method (Liu et al., 2012; Wang et al., 2018) and stratigraphic paleo-thickness restoration method (Tan et al., 2005; Huang et al., 2006; Jiang et al., 2012; Sun et al., 2017). By subtracting the former from the latter, the paleo-juxtaposition thickness of the regional mudstone caprock in E3s1M was calculated, as shown in Figure 7. It can be seen from Figure 7 that the paleo-juxtaposition thickness of the regional mudstone caprock of E3s1M in the Zhangdong Fault is relatively large in the middle west parts, the paleo-juxtaposition thickness of E3s1M in the east and west is relatively small, the local paleo-juxtaposition thickness in the east and west is less than zero, and the minimum paleo-juxtaposition thickness can reach more than -165 m in the east.
[image: Figure 7]FIGURE 7 | Paleo-juxtaposition thickness distribution of the regional mudstone caprock of E3s1M in the Zhangdong Fault during the hydrocarbon accumulation period.
The relationship between the paleo-juxtaposition thickness of the regional mudstone caprock in E3s1Mof Qikou Sag in the middle and late depositional periods of N2m during the hydrocarbon accumulation period and its upper and lower oil and gas distribution was counted with drilling data, as shown in Figure 8. The minimum paleo-juxtaposition thickness when oil and gas are only distributed under the regional mudstone caprock of E3s1M was taken as about 165 m, which is the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in the regional mudstone caprock of E3s1M.
[image: Figure 8]FIGURE 8 | Diagram of the determination of the maximum juxtaposition thickness required for upper and lower connection of fault-associated fracture zones in regional mudstone caprock of E3s1M in Qikou Sag.
By substituting the paleo-juxtaposition thickness of E3s1M at different parts of the Zhangdong Fault and the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in the regional mudstone caprock of E3s1M into Eq. 1, the damage degree distribution of the regional mudstone caprock of E3s1M at different parts of the Zhangdong Fault can be calculated, as shown in Figure 9. Figure 9 indicates that the regional mudstone caprock of E3s1M was completely damaged by the Zhangdong Fault in the middle and late depositional periods of the Minghuazhen Formation during the hydrocarbon accumulation period, but different parts exhibited different damage degrees. The Zhangdong Fault in the east has the greatest damage to the regional mudstone caprock of E3s1M, with an a-value greater than 1, followed by the west end, where the damage degree a-value of the Zhangdong Fault to the regional mudstone caprock of E3s1M is more than 0.5, and the maximum is more than 1. The Zhangdong Fault in the middle has the least damage to the regional mudstone caprock of E3s1M, with an a-value less than 0.5.
[image: Figure 9]FIGURE 9 | Damage degree of the Zhangdong Fault to the regional mudstone caprock of E3s1M during the hydrocarbon accumulation period.
According to Figure 2A, oil and gas discovered in E3s1L near the Zhangdong Fault are mainly distributed in its middle part, which is just the distribution part where the regional mudstone caprock of E3s1M was slightly damaged by the Zhangdong Fault during the hydrocarbon accumulation period (as shown in Figure 9). Because only in this part, the oil and gas generated and discharged from the source rock of underlying E3s3 migrate to E3s1L along the Zhangdong Fault and then migrate upward through the regional mudstone caprock of E3s1M, with relatively less lost oil and gas, which is conducive to the accumulation and preservation of oil and gas in E3s1L, and thus oil and gas can be found by drilling; otherwise, no oil and gas will be found.
CONCLUSION

1) The degree of sealing ability of regional mudstone caprock damaged by fault during the hydrocarbon accumulation period is primarily affected by the relative size of the paleo-juxtaposition thickness of regional mudstone caprock and the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in regional mudstone caprock. The smaller the paleo-juxtaposition thickness of regional mudstone caprock, the greater the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in regional mudstone caprock and the larger the sealing capacity degree of regional mudstone caprock damaged by fault; otherwise, it is smaller.
2) The paleo-juxtaposition thickness of regional mudstone caprock was calculated by determining the paleo-fault throw of faults and the paleo-thickness of regional mudstone caprocks during the hydrocarbon accumulation period. Based on the relationship between the paleo-juxtaposition thickness of regional mudstone caprocks at known well points in the study area and the distribution of oil and gas above and below the regional mudstone caprock, the maximum juxtaposition thickness required for the upper and lower connection of fault-associated fracture zones in the regional mudstone caprock was determined. On this basis, a set of prediction methods for the sealing capacity of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period was established. The practical application proves that this method is feasible to predict the sealing ability distribution of regional mudstone caprocks damaged by fault during the hydrocarbon accumulation period.
3) The damage degree of the Zhangdong Fault to the regional mudstone caprock of E3s1M in the middle and late depositional periods of N2m in Qikou Sag of the Bohai Bay Basin during the hydrocarbon accumulation period is large; the largest damage appears in the east, with an a-value greater than 1, followed by the west, with an a-value between 0.5 and 1; the least damage occurs to the middle part, with an a-value less than 0.5. The middle part is conducive to the accumulation and preservation of oil and gas generated from the source rock of E3s3 in E3s1L, which is consistent with the fact that oil and gas discovered in E3s1L near the Zhangdong Fault are mainly distributed in its middle part.
4) This method mainly applies to the prediction of the sealing ability degree of regional mudstone caprocks damaged by normal faults in sand-mudstone petroliferous basins during the hydrocarbon accumulation period.
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Oil-source faults play an important role in controlling hydrocarbon accumulation, and traps near these faults are often the most favorable positions for hydrocarbon accumulation. However, not all nearby traps can accumulate oil and gas. Therefore, it is necessary to predict favorable positions of hydrocarbon accumulation controlled by oil-source faults. Based on the analysis of hydrocarbon accumulation patterns near oil-source faults, a new method coupling hydrocarbon transportation positions of oil-source faults and favorable traps to predict favorable hydrocarbon accumulation positions is proposed. In this method, the hydrocarbon transportation positions are identified by the paleo activity rate during the hydrocarbon accumulation period; the favorable traps are identified by superimposing the position of fault traps, the lateral sealing position of faults, and the distribution of sand bodies with the ability to store oil and gas. Finally, the sites of overlap between the hydrocarbon transportation positions and the favorable traps are regarded as favorable positions for hydrocarbon accumulation under the control of oil-source faults. This method is applied to predict the favorable positions of hydrocarbon accumulation in the Ban 2 oil group of the Shahejie Formation near the Dazhangtuo fault, in the Qikou Sag (Bohai Bay Basin, East China). The results showed that the favorable positions of oil and gas accumulation along the Dazhangtuo fault in the Ban 2 oil group are mainly distributed in the northeast and center of the fault, and match well with the locations of the discovered oil and gas. Therefore, this method is useful to predict favorable hydrocarbon accumulation positions controlled by oil-source faults.
Keywords: hydrocarbon migration, hydrocarbon accumulation mechanism, fault lateral sealing, fault trap, Bohai Bay Basin
INTRODUCTION
Hydrocarbon exploration practice shows that oil-source faults play an important role in controlling hydrocarbon migration and accumulation in the accumulation model of “lower-generation and upper-storage” (Hooper, 1991; Aydin, 2000; Zeng and Jin, 2003; Luo, 2010; Fossen and Rotevatn, 2016; Fu et al., 2019; Zhang and Fu, 2022). On the one hand, oil-source faults are the main pathways for vertical hydrocarbon migration (Hooper, 1991; Losh, 1998; Goldsworthy and Jackson, 2001; Luo, 2010; Jiang et al., 2018; Fu et al., 2021). On the other hand, fault activities not only form fault-associated traps but also break rocks to form fractures that can provide storage space for oil and gas (Schlische, 1995; Jackson et al., 2006; Gong et al., 2019; Zeng et al., 2022). Therefore, traps near oil-source faults are often the most favorable positions for hydrocarbon accumulation. However, influenced by the differences in geological conditions, such as fault transportation capacity (Hooper, 1991; Jiang et al., 2018; Fu et al., 2019), reservoir distribution (Luo et al., 2012; Zhou et al., 2019; Liu et al., 2020; Gong et al., 2021a), and fault lateral sealing ability (Zhang et al., 2010; Lyu et al., 2021), not all traps near the same oil-source fault can accumulate oil and gas, only some traps can form oil and gas reservoirs. Therefore, predicting favorable positions for hydrocarbon accumulation controlled by oil-source faults is necessary and has an important guiding significance for the hydrocarbon exploration of the accumulation model of “lower-generation and upper-storage.”
Regarding the controlling effect of oil-source faults on hydrocarbon accumulation and distribution, there have been many studies on faults transporting hydrocarbons (Aydin, 2000; Fu and Wang, 2019; Cong et al., 2020; Liang et al., 2022), fault zone structures (Allan, 1989; Bense, et al., 2003; Zhang et al., 2022), fault lateral sealing ability (Chen et al., 2010; Fossen and Rotevatn, 2016; Lyu et al., 2016), source-fault configurations (Song et al., 2019; Zhang et al., 2022), fault-sand configurations (Fu et al., 2019; Zhou et al., 2019; Luo et al., 2020), fault-caprock configurations (Kumar et al., 2019; Shi et al., 2019; Wang et al., 2021), the development degree of sand bodies (Luo et al., 2012; Fu and Yu, 2021), fault trap characteristics (Jackson et al., 2006; Hu and Lyu, 2019; Song et al., 2020), etc., many studies have confirmed that the hydrocarbon accumulation position near an oil-source fault is related to the transportation capacity of the oil source fault (Lampe et al., 2012; Jiang et al., 2017; Liu et al., 2017; Fu and Wang, 2018). Not all parts of an oil-source fault can vertically migrate hydrocarbon and there are dominant migration conduits. Sites with relatively high fault activity rates are conducive to the transportation of hydrocarbons and favorable locations for fault-controlled hydrocarbon accumulation (Jiang et al., 2018; Cong et al., 2020; Fu et al., 2021). In addition, under the action of regional tectonic activity, a large number of fractures can be formed in sand bodies near a fault, which is conducive to the lateral migration of the vertically moving hydrocarbons to the sand bodies (Luo et al., 2012; Wang et al., 2016; Fu et al., 2019; Yang et al., 2020; Gong et al., 2021b). Therefore, sand bodies deposited near an oil-source fault are favorable locations for hydrocarbon accumulation. Some studies on the distribution and effectiveness of traps reveal that traps are conducive to the accumulation of oil and gas only when the faults are sealed laterally (Zhang et al., 2010; Lyu et al., 2016; Hu and Lyu, 2019; Song et al., 2020). Thus, the lateral sealing location, which is favorable for hydrocarbon accumulation and preservation, is regarded as a favorable position for oil and gas accumulation.
The above studies have significantly deepened our understanding of the control of oil-source faults on hydrocarbon accumulation and improved the accuracy of hydrocarbon prediction near oil-source faults. However, existing studies on oil-source faults controlling hydrocarbon accumulation are more focused on the study of hydrocarbon transportation capacity and trap conditions (Luo, 2010; Lampe et al., 2012; Fu and Wang., 2018; Song et al., 2020; Zhang et al., 2022). Comprehensive studies of hydrocarbon transportation and traps are relatively scarce (Fu and Yu, 2021). There is still no uniform understanding and relatively effective methods for the prediction of favorable positions for hydrocarbon accumulation.
Therefore, this study aims to propose an applicable method of predicting favorable positions for hydrocarbon accumulation controlled by oil-source faults. To achieve this goal, the hydrocarbon accumulation pattern near oil-source faults is first analyzed. Then, a new method to predict favorable positions for hydrocarbon accumulation near oil-source faults is proposed and is applied to the Dazhangtuo fault (an oil-source fault) in the Qikou Sag, Bohai Bay Basin to verify the feasibility of the method. The results are helpful to guide hydrocarbon exploration near oil-source faults in petroliferous basins.
HYDROCARBON ACCUMULATION PATTERNS NEAR OIL-SOURCE FAULTS
In the accumulation model of “lower-generation and upper-storage,” hydrocarbons generated in the underlying source rock first vertically migrate to the upper target reservoir along the dominant conduits of an oil-source fault; then, hydrocarbons in the reservoir migrate to nearby traps under the action of buoyancy. The main reason why hydrocarbons can accumulate near oil-source faults is that hydrocarbons transported by oil-source faults couple (match) with traps near oil-source faults (Fu and Yu, 2021). For a specific layer, there are three types of hydrocarbon accumulation patterns near oil-source faults:
1) There exists an effective trap near the dominant transportation conduit of an oil-source fault; thus, hydrocarbons can accumulate in the trap, such as in case A in Figure 1. 2) The position where the trap is located has no dominant transportation conduit, that is, there is no source of hydrocarbons, so hydrocarbon reservoirs cannot be formed in the trap, as shown in case B in Figure 1. 3) There are no effective traps near the dominant transportation conduit, the hydrocarbons will continue to migrate upwards; thus, hydrocarbon reservoirs cannot be formed in the target layer, as shown in case C in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of hydrocarbon accumulation patterns controlled by an oil-source fault.
Therefore, only when fault-transported hydrocarbon positions are coupled with traps can hydrocarbons accumulate to form reservoirs. If either the hydrocarbons or the trap is absent; or even if both of them are present, but they are not coupled in space, hydrocarbon reservoirs cannot form. The coupling sites of hydrocarbon transportation positions and favorable traps are favorable positions for hydrocarbon accumulation controlled by oil-source faults.
PREDICTION METHOD
According to the above patterns, modified from the method in the literature of Fu and Yu (2021), a new method to predict favorable positions for hydrocarbon accumulation controlled by oil-source faults is proposed in this study. First, hydrocarbon transportation positions of oil-source faults and favorable traps near oil-source faults are identified. Then, by overlapping the identified hydrocarbon transportation positions and the traps, favorable positions for hydrocarbon accumulation are identified along with the areas of overlap. Therefore, the key contents of this method are the identification of hydrocarbon transportation positions and favorable traps.
Identification of Hydrocarbon Transportation Positions
First, the distribution of oil-source faults is determined according to the method in the literature (Fu and Wang, 2018), i.e., a fault that connects the source rock and target reservoir and stays active during the hydrocarbon accumulation period is regarded as an oil-source fault. Second, based on seismic data, the paleo fault throws of oil-source faults in the target layer during the hydrocarbon accumulation period are identified by using the maximum fault throw subtraction method (David and Bruce, 2009); then, the paleo fault throw is divided by fault activity time to obtain the paleo activity rate of different parts of the oil-source fault during the hydrocarbon accumulation period. Third, the minimum paleo activity rate (Vmin) at discovered oil and gas wells in the study area is determined; this minimum value is the threshold required for oil-source faults to transport hydrocarbons, as shown in Figure 2A. Only when the fault paleo activity rate is greater than the Vmin are the associated fractures in the fault zone developed; thereby, oil and gas can be transported along oil-source faults and be found in drilling wells. Otherwise, no oil and gas will be found. Lastly, areas where the paleo activity rate of oil-source faults is greater than the Vmin are identified to be favorable hydrocarbon transportation positions.
[image: Figure 2]FIGURE 2 | Schematic diagram of determining the thresholds of hydrocarbon transportation and accumulation (modified from Fu and Yu, 2021; Zhang and Fu, 2022). (A) Determination of threshold required for oil-source faults to transport hydrocarbons. (B) Determination of threshold required for faults to laterally seal hydrocarbons. (C) Determination of threshold required for sand bodies to store hydrocarbons. Vmin = threshold of paleo activity rate; SGRmin = threshold of shale gouge ratio; Smin = threshold of sand net/gross ratio.
Identification of Favorable Traps
Favorable traps near oil-source faults can be identified based on the identification of the position of fault traps, the lateral sealing position of faults, and the position of sand bodies that can store oil and gas. The area where the above three positions overlap is a favorable trap that can entrap hydrocarbons (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of determining the favorable traps near oil-source faults.
The types of fault traps mainly include faulted anticlines, fault-block traps, and fault-screened traps. In terms of identifying the position of fault traps from the aspect of morphology, faulted anticlines, and fault-block traps can be directly identified from structural maps, while fault-screened traps can only be distinguished according to the configuration between the strata and the faults in seismic profiles.
The lateral sealing position of faults can be quantitatively determined by using the shale gouge ratio (SGR) method (Yielding et al., 1997; Song et al., 2020). First, the SGR of faults in the target layer is calculated using Eq. 1 with information from drilling and seismic data.
[image: image]
where SGR is the shale gouge ratio of fault rocks (%), Hi is the thickness of the i-th layer that is disrupted by the fault (m), Ri is the shale content of the i-th layer that is disrupted by the fault (%), L is the fault throw of the fault (m), and [image: image] is the number of layers disrupted by the fault.
Then, the SGR at the tested wells in the study area is counted, and the minimum shale gouge ratio (SGRmin) at the oil and gas wells is taken as the threshold required for faults to laterally seal hydrocarbons, as shown in Figure 2B. This is because only when the shale gouge ratio of a fault is greater than the SGRmincan oil and gas be trapped by the fault and accumulate in the trap; thus, oil and gas can be found by drilling wells here. Otherwise, no oil and gas will be found. Lastly, areas where the shale gouge ratio is greater than the SGRmin are recognized to be the lateral sealing positions of faults.
To determine the position of sand bodies that can store oil and gas, drilling data should be used to calculate the sand net/gross ratio of the target layer near the oil-source faults. Then, the sand net/gross ratio of test wells in the target layer is counted, and the minimum sand net/gross ratio (Smin) at the oil and gas wells is regarded as the threshold required for sand bodies to store hydrocarbons, as shown in Figure 2C. This is because only when the sand net/gross ratio of a layer is greater than the Smin can sand bodies have connectivity and store oil and gas; otherwise, oil and gas can hardly migrate from oil-source faults to sand bodies. Lastly, areas where the sand net/gross ratio of the target layer is greater than the Smin are circled and considered to be the locations of sand bodies that can store oil and gas.
EXAMPLE APPLICATION
In this study, the Dazhangtuo fault (an oil-source fault) in the Qikou Sag, Bohai Bay Basin, East China is taken as an example to apply the above method to predict favorable hydrocarbon accumulation positions. Moreover, the prediction results and the discovered oil and gas are compared to verify the feasibility of this method.
Geological Setting
The Bohai Bay Basin is the largest petroliferous basin in eastern China, it has an area of approximately 2 × 105 km2 (Zhou et al., 2012). The Bohai Bay Basin is divided into seven depressions by four uplifts, among which the Huanghua Depression is located in the center of the Bohai Bay Basin (Figure 4B; Chen et al., 2014; Song et al., 2021). The Huanghua Depression is rich in oil and gas resources in the Cenozoic strata and comprises two secondary depressions, i.e., the Qikou Sag and the Cangdong Sag (Zhou et al., 2019). The Qikou Sag, the largest sag in the Huanghua Depression, is an intracontinental rift lake basin (Huang et al., 2012). The sag has undergone tectonic evolution from the Paleogene rift stage to the Neogene depression stage. During the rifting stage, the structural framework of the main sag, five sub-sags, and four bulges were formed (Figure 4C; Huang et al., 2012; Zhou et al., 2019).
[image: Figure 4]FIGURE 4 | Regional geological map and stratigraphic comprehensive histogram of the Qikou Sag, Bohai Bay Basin. (A) Location of the Bohai Bay Basin. (B) Location of the Huanghua Depression. (C) Geological map of the Qikou Sag. (D) Stratigraphic histogram of the Qikou Sag. Sym = system, Fm = formation, Mem = member, Sub-Mem = sub-member (modified from Huang et al., 2012; Song et al., 2022).
The Palaeogene and Neogene stratigraphy in the Qikou Sag include, from bottom to top, the Shahejie Formation (Es), the Dongying Formation (Ed), the Guantao Formation (Ng), and the Minghuazhen Formation (Nm) (Figure 4D; Huang et al., 2012; Song et al., 2022). The Es, which is subdivided into the third (Es3), second (Es2), and first (Es1) members, is one of the main targets for hydrocarbon exploration in the sag. The Es3 and Es2 mostly consist of dark-gray mudstone and sandstone, representing a delta-lake-subaqueous fan sedimentary system. During the period of deposition of the Es1, the sag was dominated by a lake-delta-carbonate platform sedimentary system where mudstone, sandstone, and limestone were deposited (Song et al., 2022). Es3 and Es1 are regarded as the principal source rocks for crude oil (Figure 4D; Wang et al., 2014; Zhu et al., 2022). Es3, Es2, and Es1 are all favorable reservoirs, and many industrial oil and gas reservoirs have been discovered in the lower sub-member (Es1x) of the first member of the Shahejie Formation (Wang et al., 2014; Shi et al., 2019). Hydrocarbon accumulation in the Qikou Sag mainly occurred from the end of the deposition of the Guantao Formation to the present (Jin et al., 2019). In this study, the Es1x is the study interval, and the Ban 2 oil group of the Es1x is further considered.
Due to multistage tectonic movements, a large number of master faults are developed in the sag (Zhou et al., 2012). Most of these faults are connected with the source rock of the Es3 or the Es1 to form oil-source faults; these faults include the Banqiao fault, the Dazhangtuo fault, the Nandagang fault, and the Gangdong fault. (Figure 4C). It has been demonstrated that the vertical migration of hydrocarbons along faults is the main hydrocarbon migration model of oil and gas in the Cenozoic strata (Zhou et al., 2019; Zhu et al., 2022). The discovered oil and gas are obviously controlled by oil-source faults. For example, under the control of the Dazhangtuo fault, oil and gas in the Es1x are differentially enriched near the fault. Therefore, the Dazhangtuo fault can be used as a good example for predicting the favorable positions of oil-source faults controlling hydrocarbon accumulation.
The Dazhangtuo fault lies in the north of the Qikou Sag and is adjacent to the Banqiao sub-sag (Figure 4C). It has an extended length of 21.3 km and a dip angle of 55°–62°. The Dazhangtuo fault is a long-term developed normal fault and was active during the hydrocarbon accumulation period (from the end of deposition of the Guantao Formation to the present). Moreover, as shown in Figure 5A, the Dazhangtuo fault connects the source rock of Es3 and the reservoir of Es1x. Therefore, it is an oil-source fault for the Es1x. According to exploration results, a large amount of oil and gas have been discovered in the Shahejie Formation near the Dazhangtuo fault, and the Ban 2 oil group of the Es1x is a principal producing layer. As can be seen from Figure 5B, the oil and gas discovered in the Ban 2 oil group near the Dazhangtuo fault are abundantly distributed in the northeast with a small amount in the southwest; this result is predominantly controlled by the Dazhangtuo fault. Therefore, whether it is possible to accurately predict the locations of favorable hydrocarbon accumulation spots controlled by the Dazhangtuo fault in the Ban 2 oil group is very important for guiding hydrocarbon exploration in this area.
[image: Figure 5]FIGURE 5 | Characteristics of the Dazhangtuo fault. (A) Seismic section of the Dazhangtuo fault, location of the section shown in Figure 5B. (B) Oil and gas distribution of the Ban 2 oil group and fault traps around the Dazhangtuo fault in the Qikou Sag. Nm = Minghuazhen Formation; Ng = Guantao Formation; Ed = Dongying Formation; Es1s, Es1z, and Es1x = the upper, middle, and lower sub-member of the first member of the Shahejie Formation; Es2, Es3 = the second, third member of the Shahejie Formation.
Hydrocarbon Transportation Positions Along the Dazhangtuo Fault
First, fault throws from different survey lines of the Dazhangtuo fault in the Ban 2 oil group were calculated using 3D seismic data. Second, the maximum fault throw subtraction method was used to restore the fault throws to the paleo fault throws during the hydrocarbon accumulation period. Then, the paleo fault throw is divided by the fault activity time to obtain the paleo activity rate (Figure 6). It can be seen from the results that the paleo activity rates of the Dazhangtuo fault are mostly greater than 5 m/Ma, and the areas with high paleo activity rates are distributed in the center of the fault, showing a decreasing trend from the middle to the ends of the northeast and southwest (Figure 6). The minimum paleo activity rate required for oil-source faults to transport hydrocarbons is about 4 m/Ma in the Qikou Sag (Figure 7A). Therefore, it is determined that except for the northeast and southwest of the Dazhangtuo fault, the rest of the fault are all locations where hydrocarbons were transported (Figure 6).
[image: Figure 6]FIGURE 6 | Determination of hydrocarbon transportation position along the Dazhangtuo fault.
[image: Figure 7]FIGURE 7 | Parameter thresholds of hydrocarbon transportation and accumulation in the Ban 2 oil group in the Qikou Sag. (A) Threshold of hydrocarbon transportation of oil-source faults. (B) Threshold of laterally sealing positions of faults. (C) Threshold of sand bodies storing oil and gas.
Favorable Traps Along the Dazhangtuo Fault
According to the above method, favorable traps along the Dazhangtuo fault are identified from three aspects: the position of fault traps, the lateral sealing position of the fault, and the distribution of sand bodies that can store oil and gas.
In terms of the position of the fault traps, it can be seen from Figure 5B that there are fault anticlines in the northeast and southwest of the hanging wall, and fault-block traps in the northeast of the footwall of the Dazhangtuo fault in the Ban 2 oil group. Although there are no structural traps developed in the middle of the fault on the structural map, the analysis of the configuration between the Dazhangtuo fault and the Ban 2 oil group through seismic profiles shows that fault-screened traps could have developed in the middle part (Figure 5A). Therefore, fault traps from the aspect of morphology are developed near the entire Dazhangtuo fault, especially in the hanging wall of the fault.
In terms of the lateral sealing position, the fault throw of the Dazhangtuo fault in the Ban 2 oil group and the thickness and shale content of the layer disrupted by the fault were calculated using drilling and seismic data. Then, the SGR was calculated using Eq. 1 (Figure 8A). According to the relationship between the SGR and the oil and gas distribution in the Qikou Sag, the minimum shale gouge ratio required for faults to laterally seal oil and gas is about 24% (Figure 7B). Therefore, the lateral sealing positions of the Dazhangtuo fault are mainly distributed in its central and northeastern parts (Figure 8A).
[image: Figure 8]FIGURE 8 | Determination of hydrocarbon accumulation positions along the Dazhangtuo fault. (A) Lateral sealing position of the Dazhangtuo fault in the Ban 2 oil group. (B) the area of sand bodies storing hydrocarbons in the Ban 2 oil group.
In terms of the distribution of sand bodies that can store oil and gas, the sand net/gross ratio of the Ban 2 oil group near the Dazhangtuo fault was calculated using drilling data (e8B). According to the relationship between the sand net/gross ratio of the Ban 2 oil group and the oil and gas distribution in the Qikou Sag, the minimum sand net/gross ratio required for sand bodies to store oil and gas is about 15% (Figure 7C). Based on this, it is determined that sand bodies with the ability to store oil and gas in the Ban 2 oil group near the Dazhangtuo fault are mainly located in the central and northeastern parts of the hanging wall and the northeastern part of the footwall (Figure 8B).
By overlapping the position of fault traps, the fault lateral sealing position, and the distribution of sand bodies with the ability to store oil and gas, favorable traps near the Dazhangtuo fault in the Ban 2 oil group were identified, these traps are mainly distributed in the central and northeastern portions of the fault (Figure 9).
[image: Figure 9]FIGURE 9 | Identification of favorable traps along the Dazhangtuo fault in the Ban 2 oil group in the Qikou Sag.
Favorable Hydrocarbon Accumulation Positions Along the Dazhangtuo Fault
By superimposing the identified hydrocarbon transportation positions and the favorable traps along the Dazhangtuo fault, it was found that the favorable positions (coupling sites) for hydrocarbon accumulation in the Ban 2 oil group are mainly distributed in the northeast and center of the fault (Figure 10). Meanwhile, the discovered oil and gas near the Dazhangtuo fault are just located at or near the favorable hydrocarbon accumulation positions identified by the newly proposed method (Figure 10). However, almost all of the water-bearing wells are located in unfavorable positions for hydrocarbon accumulation. Due to a lack of oil-gas supply or a lack of favorable traps, no oil and gas reservoirs are present in unfavorable positions for hydrocarbon accumulation. These include Well B59 which is not near hydrocarbon transportation position and Wells B801 and B84 which are not near favorable traps (Figure 10). Therefore, the sites where hydrocarbon transportation positions overlap with favorable traps are the main locations for hydrocarbon accumulation. This is because only in the overlapping positions could hydrocarbons generated in the source rock of the Es3 migrate to the overlying Ban 2 oil group through conduits of the Dazhangtuo fault and then subsequently laterally migrate to favorable traps to form oil and gas reservoirs.
[image: Figure 10]FIGURE 10 | Prediction of favorable positions for hydrocarbon accumulation along the Dazhangtuo fault in the Ban 2 oil group.
In addition, due to the inaccurate identification of the fault traps, the area of proven oil and gas is larger than that of the predicted favorable positions for hydrocarbon accumulation. At present, the accurate identification of traps is still a key problem in hydrocarbon exploration, and many factors may lead to the inaccurate identification of traps, such as the accuracy of the structural map, the prediction accuracy of sand bodies, and the recognition accuracy of fault and sand configuration. Therefore, on the basis of adopting this method, the identification of favorable traps should be strengthened, which is also the aspect that the authors want to improve later.
CONCLUSION

1) The sites where hydrocarbon transportation positions overlap with favorable traps are the favorable locations for hydrocarbon accumulation controlled by oil-source faults.
2) A method of coupling hydrocarbon transportation positions and favorable traps to predict favorable hydrocarbon accumulation positions controlled by oil-source faults is established. In the method, the paleo activity rate is used to determine hydrocarbon transportation positions; the morphology of fault traps, fault lateral sealing position, and the distribution of sand bodies storing oil and gas are superimposed to obtain the locations of favorable traps.
3) The favorable hydrocarbon accumulation positions along the Dazhangtuo fault in the Ban 2 oil group in the Qikou Sag are the northeastern and central parts, which is consistent with the discovered oil and gas distribution.
4) The successful application of the proposed method to the Dazhangtuo fault shows that it is suitable for predicting favorable hydrocarbon accumulation positions controlled by oil-source faults in petroliferous basins.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
FJ and GF presented the idea and design of the research. FJ wrote the manuscript and led the data analysis and interpreted the results with HW and XH. GH, XD, and WZ contributed to review and writing of the revised manuscript. All authors contributed to manuscript revision and approved it for publication.
FUNDING
This research was supported by the National Natural Science Foundation of China (Grant No. 41872157; 42002140), the Key Laboratory for the Formation Mechanism and Resource Evaluation of Oil and Gas Reservoir in Heilongjiang province (Grant NO. KL20190103) and the Young Science Foundation of Northeast Petroleum University (Grant NO. 2018QNL-27).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors gratefully acknowledge the Science and Technology Innovation Team in Heilongjiang Province and PetroChina Dagang Oilfield Company for their help in this study.
REFERENCES
 Allan, U. S. (1989). Model for Hydrocarbon Migration and Entrapment within Faulted Structures. Am. Assoc. Pet. Geol. Bull. 73, 803–811. doi:10.1306/44B4A271-170A-11D7-8645000102C1865D
 Aydin, A. (2000). Fractures, Faults, and Hydrocarbon Entrapment, Migration and Flow. Mar. Petroleum Geol. 17 (7), 797–814. doi:10.1016/S0264-8172(00)00020-9
 Bense, V. F., Van den Berg, E. H., and Van Balen, R. T. (2003). Deformation Mechanisms and Hydraulic Properties of Fault Zones in Unconsolidated Sediments; the Roer Valley Rift System, The Netherlands. Hydrogeology J. 11 (3), 319–332. doi:10.1007/s10040-003-0262-8Introduction
 Chen, S., Wang, H., Wu, Y., Huang, C., Wang, J., Xiang, X., et al. (2014). Stratigraphic Architecture and Vertical Evolution of Various Types of Structural Slope Breaks in Paleogene Qikou Sag, Bohai Bay Basin, Northeastern China. J. Petroleum Sci. Eng. 122, 567–584. doi:10.1016/j.petrol.2014.07.003
 Chen, W., Wu, Z. P., Hou, F., Li, W., and Hou, X. B. (2010). Study on Hydrocarbon Migration along Fault Strike. J. China Univ. Petroleum Ed. Nat. Sci. 34 (6), 25–30. doi:10.3969/j.issn.1673-5005.2010.06.005
 Cong, F., Zhang, H., Hao, F., and Xu, S. (2020). Direct Control of Normal Fault in Hydrocarbon Migration and Accumulation in Northwestern Bozhong Subbasin, Bohai Bay Basin, China. Mar. Petroleum Geol. 120, 104555. doi:10.1016/j.marpetgeo.2020.104555
 David, M. D., and Bruce, D. T. (2009). Four-dimensional Analysis of the Sembo Relay System, Offshore Angola: Implications for Fault Growth in Salt-Detached Settings. Am. Assoc. Pet. Geol. Bull. 93 (6), 763–794. doi:10.1306/02230908094
 Fossen, H., and Rotevatn, A. (2016). Fault Linkage and Relay Structures in Extensional Settings-A Review. Earth-Science Rev. 154, 14–28. doi:10.1016/j.earscirev.2015.11.014
 Fu, G., Liang, M. G., and Li, J. R. (2021). Improved Prediction Method of Favorable Positions for Oil and Gas Transport of Active Oil-Source Faults. J. China Univ. Petroleum Ed. Nat. Sci. 45 (6), 42–50. doi:10.3969/j.issn.1673-5005.2021.06.005
 Fu, G., Liang, M. G., and Li, Q. Q. (2019). Effectiveness of Transporting Oil and Gas of Source-Fault-Sandstone Space Matching. J. China Univ. Min. Technol. 48 (3), 584–591. doi:10.13247/j.cnki.jcumt.000956
 Fu, G., and Wang, H. R. (2018). Determination Method and its Application of Favorable Positions for Hydrocarbon Transport in Oil-Source Fault during Different Periods. Acta Pet. Sin. 39 (2), 180–188. doi:10.7623/syxb201802006
 Fu, G., and Wang, H. R. (2019). Prediction Method of Favorable Position in Oil-Gas Accumulation Around Oil-Source Fault and its Application. Geotect. Metallogenia 43 (1), 69–76. doi:10.16539/j.ddgzyckx.2019.01.006
 Fu, G., and Yu, T. (2021). Proposed Method for Predicting Favorable Locations for Oil and Gas Migration and Accumulation in Source-Faulted-Sand Zones Near Faults and its Application. Acta Sedimentol. Sin. 1, 13. doi:10.14027/j.issn.1000-0550.2021.071
 Goldsworthy, M., and Jackson, J. (2001). Migration of Activity within Normal Fault Systems: Examples from the Quaternary of Mainland Greece. J. Struct. Geol. 23 (2-3), 489–506. doi:10.1016/S0191-8141(00)00121-8
 Gong, L., Fu, X., Wang, Z., Gao, S., Jabbari, H., Yue, W., et al. (2019). A New Approach for Characterization and Prediction of Natural Fracture Occurrence in Tight Oil Sandstones with Intense Anisotropy. Am. Assoc. Pet. Geol. Bull. 103 (6), 1383–1400. doi:10.1306/12131818054
 Gong, L., Gao, S., Liu, B., Yang, J., Fu, X., Xiao, F., et al. (2021a). Quantitative Prediction of Natural Fractures in Shale Oil Reservoirs. Geofluids 2021, 1–15. doi:10.1155/2021/5571855
 Gong, L., Wang, J., Gao, S., Fu, X., Liu, B., Miao, F., et al. (2021b). Characterization, Controlling Factors and Evolution of Fracture Effectiveness in Shale Oil Reservoirs. J. Petroleum Sci. Eng. 203, 108655. doi:10.1016/j.petrol.2021.108655
 Hooper, E. C. D. (1991). Fluid Migration along Growth Faults in Compacting Sediments. J. Petroleum Geol. 14 (2), 161–180. doi:10.1111/j.1747-5457.1991.tb00360.x
 Hu, X. L., and Lyu, Y. F. (2019). Improvement of Lateral Sealing Evaluation of Faults Based on SGR Threshold. J. China Univ. Min. Technol. 48 (6), 1330–1342. doi:10.13247/j.cnki.jcumt.001045
 Huang, C., Wang, H., Wu, Y., Wang, J., Chen, S., Ren, P., et al. (2012). Genetic Types and Sequence Stratigraphy Models of Palaeogene Slope Break Belts in Qikou Sag, Huanghua Depression, Bohai Bay Basin, Eastern China. Sedimentary Geol. 261-262, 65–75. doi:10.1016/j.sedgeo.2012.03.005
 Jackson, C. A. L., Gawthorpe, R. L., and Sharp, I. R. (2006). Style and Sequence of Deformation during Extensional Fault-Propagation Folding: Examples from the Hammam Faraun and El-Qaa Fault Blocks, Suez Rift, Egypt. J. Struct. Geol. 28 (3), 519–535. doi:10.1016/j.jsg.2005.11.009
 Jiang, G. P., Fu, G., and Sun, T. W. (2017). Determination of Hydrocarbon Transporting Capacity and Hydrocarbon Enrichment Differences of Oil Source Faults Using Seismic Data. Prog. Geophys. 32 (1), 160–166. doi:10.6038/pg20170122
 Jiang, Y., Zhao, K., Liu, J., and Lü, X. (2018). A Quantitative Method for Evaluating the Transporting Capacity of Oil-Source Faults in Shallow Formation of Oil-Rich Sags. Acta Geol. Sin. - Engl. Ed. 92 (4), 1678–1679. doi:10.1111/1755-6724.13663
 Jin, F., Wang, X., Li, H., Wu, X., Fu, L., Lou, D., et al. (2019). Formation of the Primary Petroleum Reservoir in Wumaying Inner Buried-Hill of Huanghua Depression, Bohai Bay Basin, China. Petroleum Explor. Dev. 46 (3), 543–552. doi:10.1016/S1876-3804(19)60034-0
 Kumar, P. C., Omosanya, K. d. O., Alves, T. M., and Sain, K. (2019). A Neural Network Approach for Elucidating Fluid Leakage along Hard-Linked Normal Faults. Mar. Petroleum Geol. 110, 518–538. doi:10.1016/j.marpetgeo.2019.07.042
 Lampe, C., Song, G., Cong, L., and Mu, X. (2012). Fault Control on Hydrocarbon Migration and Accumulation in the Tertiary Dongying Depression, Bohai Basin, China. Am. Assoc. Pet. Geol. Bull. 96 (6), 983–1000. doi:10.1306/11031109023
 Liang, M., Fu, G., Han, X., and Li, Q. (2022). Mapping of Oil-Source Faults in Reservoir-Cap Rock Combinations without a Source Rock. Energy Geosci. 3 (2), 103–110. doi:10.1016/j.engeos.2021.11.007
 Liu, B., Song, Y., Zhu, K., Su, P., Ye, X., and Zhao, W. (2020). Mineralogy and Element Geochemistry of Salinized Lacustrine Organic-Rich Shale in the Middle Permian Santanghu Basin: Implications for Paleoenvironment, Provenance, Tectonic Setting and Shale Oil Potential. Mar. Petroleum Geol. 120, 104569. doi:10.1016/j.marpetgeo.2020.104569
 Liu, J. Q., Zhang, T., Sun, T. W., Sun, Y. H., and Wang, Y. T. (2017). Controlling Effect of Conducting Capacity of Oil Source Faults on Oil and Gas Distribution. Special Oil Gas Reservoirs 24 (5), 27–31. doi:10.3969/j.issn.1006-6535.2017.05.005
 Losh, S. (1998). Oil Migration in a Major Growth Fault: Structural Analysis of the Pathfinder Core, South Eugene Island Block 330, Offshore Louisiana. Am. Assoc. Pet. Geol. Bull. 82 (9), 1694–1710. doi:10.1306/1d9bcb79-172d-11d7-8645000102c1865d
 Luo, Q. (2010). Concept, Principle, Model and Significance of the Fault Controlling Hydrocarbon Theory. Petroleum Explor. Dev. 37 (3), 316–324. doi:10.1016/S1876-3804(10)60035-3
 Luo, X. R., Lei, Y. H., Zhang, L. K., Chen, R. Y., Chen, Z. K., Xu, J. H., et al. (2012). Characterization of Carrier Formation for Hydrocarbon Migration: Concepts and Approaches. Acta Pet. Sin. 33 (3), 428–436. doi:10.7623/syxb201203012
 Luo, X., Zhang, L., Lei, Y., and Yang, W. (2020). Petroleum Migration and Accumulation: Modeling and Applications. Am. Assoc. Pet. Geol. Bull. 104 (11), 2247–2265. doi:10.1306/0422201618817104
 Lyu, Y., Hu, X., Jin, F., Xiao, D., Luo, J., Pu, X., et al. (2021). Quantitative Evaluation of Lateral Sealing of Extensional Fault by an Integral Mathematical-Geological Model. Petroleum Explor. Dev. 48 (3), 569–580. doi:10.1016/S1876-3804(21)60046-0
 Lyu, Y., Wang, W., Hu, X., Fu, G., Shi, J., Wang, C., et al. (2016). Quantitative Evaluation Method of Fault Lateral Sealing. Petroleum Explor. Dev. 43 (2), 340–347. doi:10.1016/S1876-3804(16)30040-4
 Schlische, R. W. (1995). Geometry and Origin of Fault-Related Folds in Extensional Settings. Am. Assoc. Pet. Geol. Bull. 79 (11), 1661–1678. doi:10.1306/7834DE4A-1721-11D7-8645000102C1865D
 Shi, J. J., Li, L. L., Du, L., and Song, Y. G. (2019). Dynamic Damage of Fault to Caprock and its Influence on Hydrocarbon Transport: a Case Study of Gangdong Fault in Qikou Sag, Bohai Bay Basin. Acta Pet. Sin. 40 (8), 956–964. doi:10.7623/syxb201908006
 Song, X., Meng, L., Fu, X., Wang, H., Sun, Y., and Jiang, W. (2020). Sealing Capacity Evolution of Trap-Bounding Faults in Sand-Clay Sequences: Insights from Present and Paleo-Oil Entrapment in Fault-Bounded Traps in the Qinan Area, Bohai Bay Basin, China. Mar. Petroleum Geol. 122, 104680. doi:10.1016/j.marpetgeo.2020.104680
 Song, Y., Cao, Q., Li, S., Hu, S., Zhu, K., Ye, X., et al. (2021). Salinized Lacustrine Organic-Rich Shale Influenced by Marine Incursions: Algal-Microbial Community, Paleoenvironment and Shale Oil Potential in the Paleogene Biyang Depression, East China. Palaeogeogr. Palaeoclimatol. Palaeoecol. 580, 110621. doi:10.1016/j.palaeo.2021.110621
 Song, Y., Li, S., and Hu, S. (2019). Warm-humid Paleoclimate Control of Salinized Lacustrine Organic-Rich Shale Deposition in the Oligocene Hetaoyuan Formation of the Biyang Depression, East China. Int. J. Coal Geol. 202, 69–84. doi:10.1016/j.coal.2018.11.016
 Song, Y., Ye, X., Shi, Q., Huang, C., Cao, Q., Zhu, K., et al. (2022). A Comparative Study of Organic-Rich Shale from Turbidite and Lake Facies in the Paleogene Qikou Sag (Bohai Bay Basin, East China): Organic Matter Accumulation, Hydrocarbon Potential and Reservoir Characterization. Palaeogeogr. Palaeoclimatol. Palaeoecol. 594, 110939. doi:10.1016/j.palaeo.2022.110939
 Wang, F., Chen, D., Du, W., Zeng, J., Wang, Q., Tian, Z., et al. (2021). Improved Method for Quantitative Evaluation of Fault Vertical Sealing: A Case Study from the Eastern Pinghu Slope Belt of the Xihu Depression, East China Sea Shelf Basin. Mar. Petroleum Geol. 132, 105224. doi:10.1016/j.marpetgeo.2021.105224
 Wang, H. R., Fu, G., and Sun, T. W. (2016). Restoration of Paleo Transition Zone of Oil Source Fault and its Favorable Conditions for Hydrocarbon Transportation_ (10) Fault as an Example. Nat. Gas. Geosci. 27 (10), 1848–1854. doi:10.11764/j.issn.1672-1926.2016.10.1848
 Wang, Z. S., Hua, S. J., Yu, X. M., and Jiang, W. Y. (2014). Grading Evaluation and High Quality Source Rock Distribution in Qikou Sag. Nat. Gas. Geosci. 25 (12), 1896–1902. doi:10.11764/j.issn.1672-1926.2014.12.1896
 Yang, H., Xu, C., Niu, C., Qian, G., Li, Z., Gao, Y., et al. (2020). Quantitative Evaluation of Hydrocarbon Accumulation Pattern and the Controlling Factors in the Neogene of Huanghekou Sag Bohai Bay Basin. Oil & Gas Geol. 41 (2), 259–269. doi:10.11743/ogg20200203
 Yielding, G., Freeman, B., and Needham, D. T. (1997). Quantitative Fault Seal Prediction. Am. Assoc. Pet. Geol. Bull. 81 (6), 897–917. doi:10.1306/522B498D-1727-11D7-8645000102C1865D
 Zeng, J., and Jin, Z. (2003). Experimental Investigation of Episodic Oil Migration along Fault Systems. J. Geochem. Explor. 78-79, 493–498. doi:10.1016/S0375-6742(03)00087-6
 Zeng, L., Gong, L., Guan, C., Zhang, B., Wang, Q., Zeng, Q., et al. (2022). Natural Fractures and Their Contribution to Tight Gas Conglomerate Reservoirs: A Case Study in the Northwestern Sichuan Basin, China. J. Petroleum Sci. Eng. 210, 110028. doi:10.1016/j.petrol.2021.110028
 Zhang, L., Liao, Z., Long, K., Carpenter, B. M., Zou, H., and Hao, F. (2022). Fundamental Constraints of Lithologically-Controlled Fault Networks on Gas Migration and Accumulation for Fractured Carbonates in the Western Sichuan Basin, China. J. Petroleum Sci. Eng. 208, 109502. doi:10.1016/j.petrol.2021.109502
 Zhang, L., Luo, X., Liao, Q., Yang, W., Vasseur, G., Yu, C., et al. (2010). Quantitative Evaluation of Synsedimentary Fault Opening and Sealing Properties Using Hydrocarbon Connection Probability Assessment. Am. Assoc. Pet. Geol. Bull. 94, 1379–1399. doi:10.1306/12140909115
 Zhang, B., and Fu, G. (2022). Identification Method of Evolution Patterns of Favorable Oil and Gas Channels at Source Fault Configuration and its Application. Front. Earth Sci. 10, 856321. doi:10.3389/feart.2022.856321
 Zhou, L., Fu, L., Lou, D., Lu, Y., Feng, J., Zhou, S., et al. (2012). Structural Anatomy and Dynamics of Evolution of the Qikou Sag, Bohai Bay Basin: Implications for the Destruction of North China Craton. J. Asian Earth Sci. 47, 94–106. doi:10.1016/j.jseaes.2011.06.004
 Zhou, L., Han, G., Dong, Y., Shi, Q., Ma, J., Hu, J., et al. (2019). Fault-sand Combination Modes and Hydrocarbon Accumulation in Binhai Fault Nose of Qikou Sag, Bohai Bay Basin, East China. Petroleum Explor. Dev. 46 (5), 919–934. doi:10.1016/S1876-3804(19)60249-1
 Zhu, C., Gang, W., Zhao, X., Chen, G., Pei, L., Wang, Y., et al. (2022). Reconstruction of Oil Charging History in the Multi-Source Petroleum System of the Beidagang Buried-Hill Structural Belt in the Qikou Sag, Bohai Bay Basin, China: Based on the Integrated Analysis of Oil-Source Rock Correlations, Fluid Inclusions and Geologic Data. J. Petroleum Sci. Eng. 208, 109197. doi:10.1016/j.petrol.2021.109197
Conflict of Interest: GH, XD, and WZ were employed by the company PetroChina Dagang Oilfield Company.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Jiang, Fu, Han, Dong, Zhang, Wang and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/feart.2022.904064


[image: image2]
Ultra-Deep Dolomite Reservoir Quality Classification and its Effect on Acid-Fracturing Based on Natural Fracture Activity Analysis: A Case Study of the Cambrian Subsalt Reservoir in Northern Uplift of Tarim Basin
Guoqing Yin*, Hui Zhang, Yi Xin, Wei Zhang, Xingneng Wu, Jingrui Liang and Shujun Lai
Research Institute of Exploration and Development, Tarim Oilfield Company, PetroChina, Korla, China
Edited by:
Lei Gong, Northeast Petroleum University, China
Reviewed by:
Wenlong Ding, China University of Geosciences, China
Wenya Lyu, China University of Petroleum, China
* Correspondence: Guoqing Yin, yinguoqing-tlm@petrochina.com.cn
Specialty section: This article was submitted to Structural Geology and Tectonics, a section of the journal Frontiers in Earth Science
Received: 25 March 2022
Accepted: 09 May 2022
Published: 23 June 2022
Citation: Yin G, Zhang H, Xin Y, Zhang W, Wu X, Liang J and Lai S (2022) Ultra-Deep Dolomite Reservoir Quality Classification and its Effect on Acid-Fracturing Based on Natural Fracture Activity Analysis: A Case Study of the Cambrian Subsalt Reservoir in Northern Uplift of Tarim Basin. Front. Earth Sci. 10:904064. doi: 10.3389/feart.2022.904064

Taking the >8,000 m buried Cambrian subsalt dolomite reservoir in the northern uplift of the Tarim Basin as an example, this study used imaging logging, cores, outcrops, and other data to identify natural fractures and obtain parameters of natural fractures, including strike, azimuth, width, length, and apparent porosity, and clarified the characteristics of natural fractures in the well section. Based on the logging data, wellbore rock mechanics, in situ stress, and elastic parameters were established. The analysis of the mechanical characteristics of natural fractures was carried out to find out the shear stress, normal stress, and their ratio of each natural fracture in the reservoir section. Combined with the stress value of each fracture, the quantitative characterization parameter Fractures Geomechanical Activity Index of the mechanical characteristics of natural fractures is established. Combined with the petrophysical parameters of natural fractures, the evaluation model of the quality index of the reservoir containing the natural fractures is established. According to the classification of reservoir quality, combined with the petrophysical properties of the reservoir section, the optimization of the acid-fracturing scheme and injection pressure can be carried out in order to increase the production after acid-fracturing. In this study, the quality of the reservoir with natural fractures is divided into three categories: the QRCF of a Class I reservoir is 0.6∼1, of Class II reservoir is 0.3∼0.6, and of Class III reservoir is less than 0.3. The application of Well L1 and other wells shows that there are great differences in the development of natural fractures at different depths of the Cambrian subsalt dolomite reservoir so as to QRCF. The Class I reservoir is easy for acid-fracturing to achieve high performance. The Class II reservoir needs large-scale acid-fracturing, and the Class III reservoir cannot be acid-fractured under the current methods. The research results provide a reference for the classification of the fracture mechanical activity of an ultra-deep Cambrian subsalt dolomite reservoir and the optimization of acid-fracturing treatment parameters of similar reservoirs.
Keywords: ultra-deep Cambrian subsalt dolomite reservoir, natural fracture activity, reservoir quality classification, northern uplift, acid-fracturing
1 INTRODUCTION
The main hydrocarbon source rocks of the northern Uplift in the Tarim Basin are ancient and lie in ultra-deep formation, which result in complicated exploration and development of the geological conditions of the ultra-deep formation. The Cambrian subsalt dolomite is the first set of reservoir-cap assemblage above the main hydrocarbon source rocks in the Tarim Basin, which forms the conditions of large-scale oil and gas accumulation (Yang et al., 2020). The high-yield industrial oil and gas flow obtained from the 8,200 m Cambrian subsalt dolomite reservoir in Well L1, the deepest well in Asia, further proves that this area has great potential. Du et al. (2016) consolidated seismic data interpretation, drilling, and geological data of the outcrop on the periphery of the basin to investigate the petroleum and geological conditions such as source, reservoir, and cap of the Cambrian subsalt dolomite in the Tarim Basin. Ni et al. (2017) investigated the characteristics and main controlling factors of the Cambrian subsalt dolomite reservoir in the middle-eastern Tarim Basin and considered that the main reservoir types of Cambrian subsalt dolomite in the middle Tarim Basin included intergranular pores and intergranular solution pores, dissolution pores, intergranular micropores, and natural fractures, and fractures were often combined with other kinds of pore types to form composite fracture-pore-type or fracture-vuggy-type reservoirs. Yin et al. (2015) established the calculation models of elastic modulus, Poisson’s ratio, strength, and fracturing ability of the dolomite reservoir based on rock mechanics experiments and fine determination of rock components, analyzed the influences of rock mechanics parameters of different lithological components, established the in situ stress calculation model, determined detailed in situ stress section, calculated natural fracture cohesion, sliding friction coefficient, normal stress, and shear stress, and determined the opening rate under different injection pressure to optimize the fracturing construction interval, pumping procedure, segmented perforation cluster, construction pressure, etc. Previous research results have laid a rich theoretical foundation and reference for this study; however, they highlight the analysis of the geological characteristics and rarely focus on natural fractures and their mechanical characteristics and do not recognize that natural fractures are the main factor affecting the reservoir quality, resulting in defects in the understanding of reservoir quality.
Taking the Well L1 in the northern uplift as an example, this study uses imaging logging, core, rock, chip, and other data to identify and obtain the occurrence of natural fractures, define the characteristics of natural fractures, analyze the stress characteristics of natural fractures, calculate the natural fracture mechanical activity index, and establish a quality evaluation index for the dolomite reservoir with natural fractures, which consists of a geological mechanical activity index of natural fractures, width, length, and apparent porosity of natural fractures. The results can provide a reference for the optimization of reservoir acid–fracturing reformation parameters in this area and improve the understanding of reservoir quality and well completion reformation under similar geological conditions.
2 GEOLOGICAL SETTING
Located in the northern part of the Tarim Basin, the Northern Uplift is a long-term stable marine carbonate residual paleo uplift formed in the Middle Caledonian period on the background of basement paleo uplift. Multi-stage tectonic movement is the key to the formation of the Sinian–Cambrian tectonic pattern in this area. The tectonic background of a low uplift is developed in the Nanhua–Sinian system (Du et al., 2016; Yang et al., 2020). The period from Early Cambrian to Middle Ordovician was the development stage of the platform basin sedimentary transition zone. The period from Middle Caledonian to Middle Hercynian was the formation stage of the Lunnan low uplift. The period of Late Hercynian to the present day is the stable settlement period of the Lunnan low uplift (Figure 1). During the process of tectonic evolution, faults were continuously formed and associated with natural fractures, resulting in the reservoir generally containing natural fractures (Du et al., 2016; Cheng et al., 2020).
[image: Figure 1]FIGURE 1 | Tectonic location and lithology.
From bottom to top, the Cambrian system consists of the Lower Cambrian Yuertusi Formation (Є1y), Xiaoerbulake Formation (Є1x), Wusonggeer Formation (Є1w), Middle Cambrian Shayilike Formation (Є2s), Awatage Formation (Є2a), and Upper Cambrian Lower Qiulitage Formation (Є3xq). The Є1y Formation is a set of marine sediments dominated by black shale, thin-layer siliceous phosphatic nodule––bearing mudstone, and nodular limestone. The Є1x Formation comprises micritic limestone, spheroidal limestone, and a small amount of granular limestone. The Є1w Formation is interbedded with thin-middle argillaceous dolomite, argillaceous silty dolomite, and thin granular dolomite. The Middle Cambrian Є2s formation comprises medium thick dark gray and grayish brown argillaceous silty dolomite and granular dolomite, with a set of stably distributed limestone in the middle and upper part. The Є2a Formation develops in extremely thick evaporating lagoons or limited platform tidal flat faces which contain gypsum salt rock, gypsum mudstone, argillaceous dolomite, etc (Yang et al., 2020).
3 CHARACTERISTICS OF NATURAL FRACTURES
Taking Wells L1 and L3 as examples, this study explains the natural fracture development characteristics of the Cambrian subsalt dolomite reservoir in the Northern uplift. The Cambrian subsalt formations exposed by Well L1 are Є2s, Є1w, Є1x, Є1y, and Z3q of the Upper Sinian system. The Sinian system and Cambrian system of the Luntan 1 well have a small angle unconformity contact relationship. The L1 well was drilled and exposed a set of source rocks and two sets of reservoir-cap rocks below the Cambrian salt. The first reservoir–cap combination comprises the Є2s–Є1w formation which contains dolomite and overlying awatag formation gypsum. The gypsum layer is 230 m thick, and the thickness of single-layer gypsum is 10∼15 m. The other reservoir–cap combination comprises the dolomite weathering crust karst reservoir of the Sinian Z3q formation and overlying Є1y formation mudstone (Yang et al., 2020), Figure 2.
[image: Figure 2]FIGURE 2 | Hydrocarbon accumulation mode of Well L1.
The down well cores were taken out from 8,641–8,649.5 m of the well L1 in Є1y formation. The lithology is mainly dolomite, mudstone, calcareous mudstone, and lime-bearing mudstone with the horizontal bedding. Four horizontal micro-fractures fully filled with calcite, 16 horizontal micro-fractures fully filled with argillaceous rock, seven oblique micro-fractures fully filled with argillaceous material, and four vertical micro fractures fully filled with calcite are identified from the cures shown in Figure 3. Based on the systematic processing of the imaging logging data in Well L1, natural fractures were picked up manually, and 18 natural fractures were identified, which were distributed mainly in the Є2s formation of the Middle Cambrian and the Є1w formation of the Lower Cambrian (Figure 3).
[image: Figure 3]FIGURE 3 | Cores, imaging logging photos, and natural fracture orientations in Well L1. This figure contains three parts, the left are core pictures from 8,641–8,649.5 m of well L1, Є1y formation, and the source rock. The right parts are the FMI image and natural fractures picked up from FMI logging in 7,904∼8044 m and 8,195∼8,260.5 m, respectively.
In Figure 3, the left figure shows part core photos in 8,641–8,649.5 m of well L1, and the lithology and depth of the sampling are shown in Figure 1. Horizontal bedding (yellow arrow) and micro-natural fractures (green arrow) can be clearly identified in the figure. The linear density of natural fractures reaches 2.8/m, but these natural fractures are fully filled with calcite, and these natural fractures are not identified in the imaging logging of this section. The middle figure shows the image of some natural fractures in 7,904∼8044 m. Seven natural fractures are picked up in this section. The strike of group 1 is near NS, and the other two groups are NE 22.33° ∼ 54.79°. It can be seen in the FMI image that these natural fractures have not been filled. The right figure shows the image of some natural fractures in 8,195 ∼ 8,260.5 m. Eleven natural fractures are picked up in this section. There are three natural fractures with a strike of NE 26.3° ∼ 4.31 °and eight fractures of NE 50°. From the FMI image, it can be seen that these natural fractures have not been filled too.
Geological research shows that the natural fractures were formed in the middle to late Caledonian movement. At the same time, due to the strong fault activity in the Early Hercynian period, the natural fractures continued to develop and transformed to the current state (Du et al., 2016; Yang et al., 2020).
The stratum drilled in well L3 (35.2 km away from L1) is completely consistent with that in well L1. The hydrocarbon source rock in this region is Cambrian Є1y formation, with good oil and gas display. Through core observation, the stratum in this section is mainly black mudstone and gray dolomite, with micro pores and micro fractures locally, and the overall fractures are not developed. From electrical imaging data, five natural fractures are picked up, with the strike mainly from northeast to southwest, and the dip angle is 35–64°, which are medium and low angles. The angle between the fracture strike and principal stress orientation (NE 60°) is 20–50°, Figure 4.
[image: Figure 4]FIGURE 4 | Cores, imaging logging photos, and natural fracture orientations in Well L3. The left picture shows part core photos. An open horizontal natural fracture can be seen, which is consistent with the natural fracture picked up by FMI logging in this section (the right picture). These natural fractures have poor transverse continuity and short longitudinal extension distance, with a medium-to-low dip angle. The effectiveness of natural fractures is poor according to these characteristics (Gong et al., 2019; Gong et al., 2021).
From the principle of the likelihood of activation of natural fractures, it can be seen that the smaller the angle between the natural fracture trend and the current horizontal principal stress orientation (NE 54°), the easier it is to be activated and vice versa. The contact relationship between hydraulic fractures and natural fractures depends on in situ stress, natural fracture cohesion, friction coefficient, etc., which is more complex without discussion in this article (Fisher et al., 2001; Potluri et al., 2005; Mohammed et al., 2011; Zeng et al., 2021).
Based on FMI image decomposition, bilateral resistivity, and other technical methods (Luthi and Souhaite, 1990; Xu, 2010), parameters such as fracture length (FraL), mean hydraulic aperture (FraW), and fracture apparent porosity (FraP) were calculated in this study (Table 1).
TABLE 1 | Calculated natural fracture parameters of well L1.
[image: Table 1]4 MECHANICAL CHARACTERISTICS OF NATURAL FRACTURES AND CLASSIFICATION
4.1 Calculation of Rock Mechanical Parameters
As for the mechanical parameter calculation of natural fractures, it is necessary to accurately obtain the rock Poisson’s ratio ν, internal friction angle CFA, Young’s modulus E, compressive strength UCS, shear strength USHE, shear modulus G, bulk modulus K, and other parameters. On the basis of the rock mechanics experiments, the dynamic–elastic parameters of rocks by analyzing the longitudinal and transverse wave velocity data measured at the same time in the experiment were obtained, and the calculation model of the rock force field parameters and the dynamic and static conversion models of the rock elastic parameters suitable for the Cambrian subsalt dolomite reservoir were established (Zoback, 2007).
The calculation model of compressive strength is as follows (Eq. 3-1):
[image: image]
where UCS is the uniaxial compressive strength; CFA is the internal friction angle; and USHE is the shear strength.
The internal friction angle can be calculated by Eq. 3-2.
[image: image]
where ν is Poisson’s ratio.
The shear strength (USHE) may be calculated based on Eq. 3-3.
[image: image]
where E is the elastic modulus; K is the bulk modulus; BCC is the inherent strength coefficient of the rock, and the value of the dolomite reservoir is 0.002; Vsh is the volume content of mudstone.
The calculation of Young’s modulus and Poisson’s ratio is based on the conventional calculation model (Zoback, 2007; Chen et al., 2008; Lu et al., 2015). Through the rock mechanics experiment (Yin et al., 2015), the dynamic and static conversion between Young’s modulus and Poisson’s ratio is regressed and fitted as follows (Eq. 3-4, Eq. 3-5):
[image: image]
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where [image: image] is static Young’s modulus, [image: image] is dynamic Young’s modulus, [image: image] is static Poisson’s ratio, and [image: image] is dynamic Poisson’s ratio.
4.2 Establishment of the 1D Geomechanics Model
4.2.1 Determination of Azimuth of Horizontal Maximum Principal Stress
The azimuth of the horizontal maximum principal stress is the important data to calculate the mechanical characteristics of the natural fractures. There are three methods to identify the orientation of the horizontal maximum principal stress: 1) dipole shear wave anisotropy (derive from dipolar shear wave logging). 2) Shear breakout direction statistics of the wellbore (derived from the resistivity imaging logging or dip angle well logging). 3) Drilling-induced fracture strike picked up from the wellbore (derived from resistivity imaging logging) (Cai, et al., 2015; Zoback, 2007).
4.2.2 Calculation of Stresses
The in situ stress field in the reservoir is characterized by a third-degree, second-order tensor, which includes three normal stresses and six shear stress components in any Cartesian coordinate system. The shear stress is symmetrical about the diagonal. When the coordinate axis is parallel to the three principal stress directions, the shear stress is zero, and the eigenvalue and eigenvector of the stress tensor correspond to the magnitude and direction of the principal stress, respectively (Eq. 3-6). At this time, the stress state at any point in the deep crust can be described using one vertical stress and two horizontal stresses mutually perpendicular to each other. This view holds true in the range from the Earth’s surface to the depth of 20 km of the crust (Zoback, 2007). Therefore, for the oil and gas reservoirs found in the Kelasu tectonic belt, the stress state at its corresponding position can be fully described with three principal stresses (vertical stress, σV; horizontal maximum principal stress, σH; and horizontal minimum principal stress, σh) and the azimuth of the horizontal principal stress.
[image: image]
The most important significance of the three principal stresses in Eq. 3-6 is that their relationship determines the stress state of the reservoir. When faults within the crust are in a stable state, the ratio of the maximum to minimum principal stress will meet Eq. 3-7 (Jaeger and Cook, 1979).
[image: image]
According to Anderson’s fault and the stress classification model, when the vertical stress is at the maximum, intermediate, and minimum stress, respectively, in situ stress within the reservoir is the stress state of potential normal fault type, strike–slip type, and reverse fault type, correspondingly. The specific in situ stress state controls the mechanical behavior of geological bodies such as fractures and faults in the reservoir and affects the reservoir permeability and fluid-flow characteristics, which is the most direct correlation between the magnitude and direction of in situ stress and oil and gas exploration and development.
Zoback (2007), Liu and Luo (2005), and Chen (2008) had proposed the mathematical model for calculating triaxial stresses using logging data. The vertical stress value is equivalent to the gravity of overlying strata. Therefore, through the rock density integration from the surface to the target depth z, the mean density of the interval above the starting depth of density logging z0 is determined according to the adjacent wells and regional formation lithology, and then σV is calculated according to Eq. 3-8.
[image: image]
Hydraulic acid-fracturing construction data are used to determine the [image: image] at a specific location. Taking these measured data as the constraint basis, in combination with the elastic stress model (Prats, 1981) considering multiple factors such as overlying load, thermal strain, and tectonic strain (Eq. 3-9), the one-dimensional (1D) continuous reservoir σh section is calculated.
[image: image]
where ν is Poisson’s ratio, α is Biot pore elasticity coefficient, Pp is pore pressure, and εH and εh are the strain in the direction of maximum and minimum horizontal principal stress, respectively.
For the horizontal maximum principal stress, Barton and Zoback (1988) believed that under the specific horizontal stress state, rock strength, and wellbore pressure, a fracture trace with a certain collapse width will be formed, that is, during the drilling process, the shear collapse may continuously deepen to the radial direction for a certain time, but the collapse width will remain stable. Hence, the calculation method is as shown in Eq. 3-10:
[image: image]
where C0 is the compressive strength of the rock in the stratum and φ is the collapse width of the borehole wall. The method is to obtain the reliable σh and σH at the specific position of the wellbore. Then, the data at these key points are used to realize the continuous calculation of the horizontal maximum and minimum principal stresses in the 1D section based on Eq. 3-11, which will provide the basis for the calculation of the stress characteristic parameters of natural fractures.
[image: image]
When analyzing the stress characteristics of natural fractures, it is also necessary to consider the angle between the horizontal maximum principal stress and natural fractures. In this article, three methods, that is, fast shear wave azimuth, drilling induced fracture, and borehole wall stress collapse imaging are used to obtain the in situ horizontal maximum principal stress direction (Yin et al., 2015).
4.3 Mechanical Activity Evaluation of Natural Fractures and Quality Classification of Fractured Reservoirs
For the evaluation of the mechanical activity of faults and fractures, Amontons (Otsuki and Matsukawa, 2013) proposed that friction sliding would occur when the ratio of shear stress to normal stress on the structural plane exceeded its friction coefficient based on Da Vinci’s friction experiment. Coulomb (1973) proposed the Coulomb failure function, which succinctly expressed the activity characteristics of the primary fracture surface caused by friction and sliding (Zoback et al., 2012, 2007; Jiang et al., 2021; Gong et al., 2021). The Coulomb failure function (CFF) is shown in Eq. 3-12:
[image: image]
When the CFF is negative, the fracture surface remains stable, and the shear stress is not enough to overcome the sliding resistance. However, when the CFF reaches or exceeds zero, the shear stress overcomes the normal stress on the primary fracture surface, resulting in friction sliding.
From Eq. 3-12, we may see that the ratio of shear stress to normal stress in a fracture plane τ/σn is an important indicator of the mechanical activity of natural fractures. Barton and Zoback (1994), Barton and Zoback (1995) confirmed that faults and fractures with better potential activity have better permeability. Townsend and Zoback (2000) proposed that the hydraulic conductivity of faults did not depend on the effective normal stress acting on the fault plane but on the ratio of shear stress to effective normal stress. When studying the Suban gas field in South Sumatra, Indonesia, Hennings et al. (2012) also mentioned that the ratio of shear stress to normal stress τ/σn is one of the factors affecting the permeability of fractured reservoirs. Through the aforementioned methods, they obtained the occurrence data of natural fractures and the in situ stress value of natural fractures and then analyzed the normal stress and shear stress of natural fracture surfaces as well as their ratios.
The Coulomb friction criterion is used to judge the sliding of a fault unit. Assuming that the change of fluid pressure causes the change of fault activity, we can calculate the critical pore pressure, and any value exceeding this pore pressure may cause activity along the fault surface (Zoback et al., 2012,2007; Jiang et al., 2021). When the change in the pore pressure causes the sliding of the fault, in which, the CFF is zero, Eq. 3-12 will be changed to
[image: image]
If the aforementioned pore pressure is defined as the critical pore pressure of fault activity, Eq. 3-14 will be obtained:
[image: image]
This study normalizes the two attributes with the range transformation method and then puts forward a new fracture geomechanical activity calculation model, namely, the Fractures Geomechanical Activity Index (FGAI) (Cai et al., 2015; Jiang et al., 2021), which is suitable for areas with high stress, high pore pressure, and complex structure:
[image: image]
where Gi is the normalized value of different geological attributes and G1 is the ratio of shear stress to normal stress of the fracture surface τ/σn. G2 is the critical pore pressure of fault sliding. Wi is the weight coefficient of each geological attribute. Therefore, the FGAI is expressed as Eq. 3-16:
[image: image]
where the parameters with subscripts “max” and “min” are the maximum and minimum values of the aforementioned two geological parameters in the region, respectively, and the weight of the two parameters meets W1 + W2 = 1. The value range of the FGAI is 0∼1. When the value is greater, the potential activity of the fault is stronger. The calculation process of this index comprehensively considers the regional in situ stress field, reservoir pore pressure, rock mechanical properties, and fracture geometric occurrence, directly reflecting the potential mechanical activity and behavior of natural fractures under the control of the in situ stress field.
4.4 Quality Classification of Reservoir Containing Natural Fractures
The authors have exploited the method to estimate the quality about the reservoir containing natural fractures. From the aforementioned method, length of natural fracture (FraL), width of fracture (FraW), apparent porosity of fracture (FraP), and mechanical activity index (FGAI) were obtained using logging data. From the significance of the characterization of these parameters, they all indicate a positive impact on reservoir quality. Therefore, the fractured reservoir quality index is defined as Eq. 3-17:
[image: image]
where the parameters with subscripts “max” and “min” in the formula are the maximum and minimum values of the aforementioned four geological parameters in the region, respectively. The parameter weight meets W1+ W2+W3+W4 = 1, and the value range of the reservoir quality index is 0∼1.
In this study, the reservoir quality index [image: image] is used to divide the reservoir into three categories: Class Ⅰ reservoir is 0.6 ∼ 1, Class Ⅱ reservoir is 0.3∼0.6, and Class Ⅲ reservoir is less than 0.3. For a fractured reservoir, if there are no natural fractures in a certain stratum, the [image: image] is zero, and then the reservoir quality will be determined to be Class Ⅲ.
5 APPLICATIONS IN HYDRAULIC PROGRAM OPTIMIZATION
5.1 Design of an Acid-Fracturing Stimulation Scheme
The aforementioned method is used to analyze the Cambrian subsalt dolomite of Well L1, obtain rock strength, Young’s modulus, triaxial stress, and reservoir quality index [image: image], and the reservoir quality according to the [image: image] calculation model and the natural fracture petrophysical data in Table 1. In Figure 5, from left to right, the formation name, GR, depth, resistivity, gas logging display, triaxial stresses, compressive strength, Poisson’s ratio, Young’s modulus, natural fractures, oil and gas interpretation, conclusion, and reservoir quality are represented in each track, respectively. Based on logging interpretation, the reservoirs in 7,904.5–8044, 8,195.3–8,260.5, and 8,606.7–8,777.8 m are gas reservoirs. Among the three sections, the mean values of the first and second sections are 0.63 and 0.42, respectively. Since no fracture is picked up in the third reservoir, the [image: image] value is 0. Therefore, the reservoir quality of the three reservoirs is divided into Class Ⅰ, Class Ⅱ, and Class Ⅲ, respectively.
[image: Figure 5]FIGURE 5 | Geomechanical interpretation and reservoir classification in Well L1. It can be seen that the logging interpretation of the reservoir of the third section (yellow filled rectangle) is a gas reservoir, but there are great differences in the geomechanical parameters. The first section is defined as Class I with lower in situ stress, five natural fractures, and higher [image: image] , the second section is Class II with higher stress, medium [image: image], and 11 natural fractures. The GR ray of the third section changes violently, and the lithology is mainly mudstone and argillaceous limestone, and the stress is high in general, but there is a lower stress section in the middle, but no natural fracture is picked up, which is defined as Class III.
Based on oil and gas expressions and logging interpretations, three sections are optimized for acid-fracturing reformation. For designing the acid-fracturing reformation scheme, it is necessary to predict the hole–bottom pressure additionally. The critical opening pressure of each natural fracture is calculated using the method described previously. In Figure 6, green dots represent opening natural fractures in the original state, white dots represent some under the current injection pressure, and black dots represent the others which are not stimulated (Zoback, 2007). Figure 6A shows the equivalent mud density of the natural fracture opening pressure in 7,904.5–8044 m, which is 1.61 SG, and Figure 6B shows the equivalent mud density of the natural fracture opening pressure about 8,195.3–8,260.5 m, which is 1.82 SG. Since there is no natural fracture in the third reservoir 8,606.7–8,777.8 m, the matrix hydraulic fracturing pressure is comprehensively affected by pore pressure, in situ stress, and rock mechanical parameters. The fracture initiation pressure equivalent mud density is simulated to 2.21 SG, shown in Figure 6C (Zoback 2007), indicating that the formation in this section is difficult to be fractured. Then, according to the rock mechanics and insitu stress parameters obtained from the wellbore, this study simulated the parameters such as pumping procedure, pumping rate, and acid solution consumption under the optimal capacity conditions and finally designed the acid-fracturing reformation scheme for three sections in Well L1 (Table 2). Generally, the stress shadow needs to be considered in the parameter design of acid-fracturing operation (Chun et al., 2009; Cai et al., 2017; Yu et al., 2017). Due to large reservoir space in the three sections and general construction, the influence of the stress shadow is small and will not be considered.
[image: Figure 6]FIGURE 6 | Modeling results showing the critical fracture opening pressure in Well L1. This figure is called stereographic (Zoback 2007). The opening pressure of reservoir Section 2 and reservoir Section 3 is simulated together. When the injection pressure is simulated to 1.61 sg, the natural fractures of the first section are activated (A). When the injection pressure is simulated to 1.82 sg, the natural fractures of the second section are activated (B), indicating that the natural fractures of the first section of the reservoir are easier to be stimulated, and the potential mechanical activity is better. There are no natural fractures in the third section in which the critical opening pressure of the matrix reservoir is simulated (C). The results are shown in Table 1.
TABLE 2 | Acid-fracturing reformation design in Well L1.
[image: Table 2]5.2 Analysis of Acid-Fracturing Results
The total fluid amount squeezed into the third section is 528 m3, with the pumping rate of 0.41∼3 m3/min and the pump pressure of 12.5∼122.9/115.4 MPa. When the pumping is stopped to measure the pressure drop, the tubing pressure decreased from 96.5 to 86.9MPa, Figure 7. For the second reservoir with hydrochloric acid, the parameters are as follows: acid concentration: 20%, viscosity: 30mPa/s, density: 1.10 SG, acid consumption: 450 m3, consumption of fracturing fluid: 460 m3, pump pressure: 33.6–122.1/111.5 MPa, casing pressure: 36.1–60.7/55.6 MPa, pumping rate of 0.3–6.12/4.54 m3/min, and total fluid amount squeezed into the formation is 1,116.4 m3. The first reservoir adopts the same acid system, with acid consumption of 350 m3, fracturing fluid consumption of 120 m3, pump pressure of 32.1–125/113.1 MPa, casing pressure of 37.2–60.2/55.84 MPa, pumping rate of 0.53–8.16/5.87 m3/min, and the total fluid amount is 660 m3.
[image: Figure 7]FIGURE 7 | Curve of the acid-fracturing stimulation in 8,606.7–8,777.8 m (Section 4), and the relationship between tubing pressure and pumping rate shows that acid-fracturing fluid is constantly squeezed into the formation due to high porosity, but there is no hydraulic fracture newly generated.
It can be determined from the acid-fracturing construction curve (Figure 7) that the third reservoir is far from reaching the designed construction scale, the formation has not been fractured, and the output has not been obtained in the later production. As mentioned previously, the total porosity and gas saturation of this formation are the highest among the three. However, due to the lack of natural fractures and low reservoir quality, high production is not obtained after acid-fracturing, expectantly. The second and first sections are basically constructed according to the design parameters. After the pump is stopped, the tubing pressure decreases from 73.6 to 53.5 MPa (Figure 8), which means a sharp pressure drop and fractured formation. In the later stage, the oil output is calculated by changing the nozzle. Oil extraction in the second and first sections is carried out together, and under a 6-mm nozzle, tubing pressure is kept at 13MPa and the average daily oil output is 90 m3 so as to obtain high-yield industrial oil and gas production.
[image: Figure 8]FIGURE 8 | Curve of the acid-fracturing stimulation in 8,203.00–8,260.00 m (Section 3), and the relationship between tubing pressure and pumping rate described in the blue rectangular box indicates that when the pumping rate is stable, the tubing pressure increases and then decreases, and when the pumping rate increases, the tubing pressure is lower, indicating that the formation is stimulated to generate new hydraulic fractures or the pre-existing natural fractures are activated.
Based on the analysis of the application results of Well L1, the combination of [image: image] values obtained by integrating the mechanical parameters and petrophysical parameters of natural fractures can distinguish the differences in the quality of the Cambrian subsalt dolomite reservoir. For the reservoirs that are determined into Class Ⅲ, the formation cannot be fractured under the current industrial conditions of acid-fracturing reformation; they can be abandoned in the selection of fracturing reformation sections. Due to the lack of microseismic monitoring during fracturing and repeated imaging logging data after fracturing, the fracture net patterns after acid-fracturing cannot be evaluated, which is the direction of study in the future.
6 CONCLUSION

1) Natural fractures can continuously develop in the Cambrian subsalt dolomite reservoir with a burial depth of more than 8,000 m in the northern uplift of the Tarim Basin. They are not unevenly distributed, showing the characteristics of segmental development. The strike of natural fractures intersects with the horizontal principal stress azimuth at a small angle.
2) The 1D geomechanics is established based on logging data to analyze mechanical characteristics of natural fractures and define and calculate the mechanical activity index FGAI of natural fractures, which is further used as a key indicator to determine the likelihood of the potential mechanical activity of natural fractures.
3) In combination with the length, hydraulic aperture, apparent porosity, and FGAI of natural fractures, a reservoir quality characterization parameter [image: image] for ultra-deep fractured reservoirs is established, consisting of four normalized parameters.
4) The practical application shows that the [image: image] can relatively and accurately distinguish the quality difference of the ultra-deep Cambrian subsalt dolomite reservoir. Sufficient consideration of reservoir quality classification during fracturing formation selection and construction parameter design will stimulate the high-quality reservoirs accurately and obtain a better performance.
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No. Depth (m) Azimuth () Strike () Dip angle () FralL (m) FraW (mm) FraP (%)

1 7,963.96 122.47 3247 84.37 1.870 2792 10.928
2 7,966.96 292.33 22.33 84.61 0.960 1.401 5.600
3 7,969.36 323.09 53.09 8296 0.940 1.376 2.638
4 7,971.86 314.15 44.15 83.15 0.310 0.453 1.560
5 7,974.19 92.64 264 70.38 0.929 1.348 2732
6 7,974.79 296.17 26.17 8373 0.945 1371 1.806
7 7,976.66 144.79 54.79 86.37 0.072 0.105 3.169
8 8,2217.15 320.56 50.56 81.14 0.945 1.430 1.910
9 8,218.59 309.03 39.03 82.05 0.934 1.413 0.548
10 8,220.32 321.84 51.84 7892 0.929 1.405 1.459
" 8,221.64 325.77 56.77 7755 0.967 1.464 1.651
12 8,222.46 310.31 40.31 79.26 0.970 1.468 0.209
13 8,223.86 326.97 56.97 80.32 0.496 0.750 0.501
14 8,234.56 296.3 263 81.79 0.963 1.421 0.116
15 8,247.75 347.55 77.55 80.87 0.943 1.390 0.251
16 8,253.66 167.69 77.69 8265 0.943 1.390 0.137
17 8,258.25 162.06 72.08 84.63 0.963 1.421 0.001

18 8,268.85 164.61 74.61 84.43 0.948 1.398 0.150
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microfracture
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Kerogen-hosted pore
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Organic matter edge
microfracture

Intra-asphalt pore

Shape

Round, oval, triangle, siit-
shaped or iiregular

Elongated o sit-shaped

Elongated o sit-shaped

Round, oval, triangle, siit-
shaped or irregular

Distribution and
origin
Organic matter interior; Kerogen
hydrocarbon generation

Organic matter interior; Kerogen
hydrocarbon generation

Organic matter and mineral edges; Organic
matter shrinkage

Asphalt interior; cracking and hydrocarbon
generation of asphalt

Size

Nano and micro
scale

Nano and micro
scale

Nano and micro
scale

Nano and micro
scale

Occurrence

Directional,
messy

Directional,
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No.

20
21

Serial
number

L67
L67
L67
L67
L67
L67
L67
L67
L67

XYS9
XYS9
XYS9
MAL-2
SHa-1
Lo1-1
193
Tpi-
La-1
Lb-1
Lot
WF-1

Depth
(m)

32443
32706
32743
3275.8
3299.6
3307.4
33102
3317.2
3347.4
3378.8
3379.9
3416.0
4,090.4
2,738.0
29513
2,884.0
1,586.2
2,480.0
2,483.0
24770
25700

Mineral composition (%)

Relative content of clay

minerals (%)

Total

clay

27
23
35
22
13
13
7
27
21
33
33
26
799
61.3
69.9
66.9
62.7
1.6
15.9
46.3
16.7

Quartz

17
15
18
14
9
8
9
17
13
24
29
16
164
26
28
278
37.3
62.1
69.7
365
518

Potash
feldspar

Plagioclase

22
23
39
21

Calcite

88
4.6
44
15.7

Siderite

FFSICNE RS

sz

o 0o

134
56
5
12.3

Dolomite  Pyrite

NODOWR SN ®EOOO

29
19
18
39
24

a~o~

c

IS

4
3
/
/
#

16
14
12
15
6

6
/
6

24
30
23
32
34
43
49
22
22
25
26
28
1
10
8
7
4
88
88
90
89

14
S

67
64
77
]
6
57
51
64
67
75
74
72
44
30
15
32
4

10

Interlayer
ratio
(%S)

15
15
15
20
20
15
16
15
15
15
15
15
10
5
10
10
10

Notes: No. 1-12 samples were collected from the Shahejie Formation; No. 13-17 samples were collected from the Napo Formation; No. 18-20 samples were collected from the Longmaxi

Formation; and No. 21 sample was collected from the Wufeng Formation; K-Kaolinite: C-Chlorite; I-Hiite; I/S- Imon mixed layers.
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Pore structure parameters (N adsorption)

Basin Formation Seral  Depth  TOC R, M Ty Orgamic g it T T e
number (M) (%) (%) (C)  matter (i) okies et
Bre (cc/d)  (nm)

Bohai Bay Shahejie Formation ~ Y117-1 3,386.5 0.65 0.542 23620 446 Iy 12.45 0.016 1.432

Basin L67 33136 480 0551 10750 443 I, 0.621 0005 2039

BS5-1 4,764.5 1.50 1.731 1867 577 Iy 6.106 0.007 1.432

Y120 35705 195 0685 43049 441 I 0537 0008 12554

Y117-2  3,347.0 4.44 0.524 72072 440 1 0.401 0.001 4.887

BS5-2 54547 147 3314 136 502 | 1589 0005 4887

Orient Basn ~ Napo Formation ~ MA1-2 40804 208 0754 9600 452 |y 0,667 0002 5199

SHa-1 27380 179 0922 9000 445 |, 0.461 0001 5199

L0111 29513 212 1087 15800 447 |, 0.627 0001 1,688

193 28840 169 0755 23100 447 I 0.167 0001 3169

TP1-1 15862 215 0646 14000 447 I, 4,660 0011 3.969

Longmaxi Lat 24800 399 308 008 600 | 15.007 0015 3607

Formation b1 24830 368 310 007 600 | 15813 0016 1,688

Lot 24770 341 302 006 600 | 18.085 0019 3794

Schuan Basin Ld1 24550 346 251/ / / 15259 0011 1432

Wueng Formation ~ WF-1 24560 373 326 005 600 | 15.240 0016 3794

Notss: Hi- Hydrogen index, Hi = So/TOC: Toer Peak tamperature.
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Well Name Coring depth Core length/m Fracture development Recognition (corresponding o/Non-corresponding x)
section/m

AC DEN CAL RS RD sp GR
at 5741.1-65741.4 03 Yes o ° o ° o x o
a1 5,745.6-5,746 04 Yes o ° o ° o o °
at 5,747.3-57477 04 Yes o ° o ° o x °
a1 5,749-5,749.3 03 Yes o o o x x x x
at 5,763.7-5,754 03 Yes o o o x x x o
a1 5,754.5-5,754.8 03 Yes o o o x x x o
at 5,756.1-5,756.4 03 Yes o ° o ° ° o °
a1 5,757.8-5,758.2 04 Yes o o o x x o o
Qt 5,759.7-5,760 03 Yes o ° o ° o o °
at 5,763.8-5,764.1 03 Yes o o o x x x x
Q101 5,757.8-5,758.1 03 Yes o ° ° ° o o x
Q101 5,760.6-5,761.1 05 Yes o ° o ° o o °

Table 1 shows that the commonly used fracture sensitivity curves AC, DEN, and CAL are consistent n the identification of fracture development section in the core section. The other four
kindls of curves show a relatively low recogriition rate for the fracture development section.
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Well name

7104
2102
21022
101
2101-2
Z1-1
Z103
724
Z10
2901

Depth/m

6,748-6,930
6,737-6,950
6,623-6,778
6,913-7,150
6,801-7,108
7,008.5-7,210
7,202-7,438
7,150-7,567
7,197-7,479
7,734.5-7,946

Measured
fracture density/numberm™"

0.60
0.38
0.47
0.42
022
047
0.09
025
0.10
0.14

Predicted
fracture density/number.m~'

0.50
0.41
0.43
0.36
0.25
0.40
0.08
0.22
0.12
0.12

Error analysis (%)

83.33
92.11
91.50
85.71
86.36
85.11
88.89
88.00
77.80
85.71
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Characteristic
parameters/fracture
stages

Formation period and
mechanical environment

Maximum paleotectonic
stress

Fracture quantity
Fracture strike

Fracture dip

Mechanical type

Effective aperture

Filing degree
Effectiveness and
contribution to production

capacity

Stage 1

Near northern-southern extension and short-
term weak compression uplift during late
Cretaceous to sedimentary period of Neogene
Jidike formation

36.2-59.9 MPa

Little quantity

Nearly ~N-S-trending and ~E-W-trending
High angle and vertical

Shear and expansion

Narrow

High

Low

Stage 2

Near northern-southern compression during
sedimentary period of Neogene Kangcun
formation to early Kuga formation

74.8 MPa

Medium quantity
Nearly ~N-S-trending
High angle and vertical
Shear

Medium

Medium

Medium

Stage 3

Strongly compressed from northern to
southern during late Neogene Kuga
formation sedimentary period - quaternary
Xiyu formation sedimentary period (ate
Himalaya)

80.9 MPa

Much quantity
Nearly ~N-S-trending and ~E-W-trending
High angle and vertical

Shear and expansion

Wide

Low-none

High
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Fracture scale Seismic properties

Primary-secondary faults Detect using post-stack coherence and curvature attributes.
Large-scale fractures Post-stack coherence and curvature atiributes cannot be detected, and likelihood attributes are used.
Medium-smal scale fractures Post-stack coherence, curvature and likelihood attributes cannot be detected, and pre-stack AVAZ attributes are used,
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Natural fractures

Induced
fractures

Fracture Types

Small Faults
Effective fractures

Haltfiled fractures

Completely-filed fractures

Fractures associated with stress-
releasing

Fractures associated with heavy mud

Features

Single Dark Sine Curve, with Aperture of Hundreds of Microns

Multiple dark sine curves (low-resistivity) in groups, various occurrence, network-like, with aperture of tens to
hundreds of microns

Sine curves with alternated light and dark, with aperture of tens to hundreds of microns

Bright sine curves (high-resistivity), with aperture of tens to hundreds of microns.
Incomplete sine curves, in en echelon arrangement, identical occurrence

Dark double curves, in symmetrical pattern, with length of centimeters to meters
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Facies Color

Facies_1

Facies_2

Facies_3

Facies_4

AC CNL GR DEN RD
(US/FT) W) (API) (a/emd) (OHMM)
68.0-85.9 0.11-0.18 54.4-84.4 235-2.51 20.7-110.9
76.4 0.14 62.3 242 86.3
71.0-84.4 0.12-0.20 71.6-94.3 2.36-2.46 11.1-28.2
775 0.16 84.7 2.40 231
65.6-80.8 0.12-0.21 84.3-108.3 2.35-2.54 12.1-52.8
743 017 925 248 30.5
62.3-78.9 0.10-0.16 78.9-97.7 253-2.68 16.8-120.2
701 0.12 80.1 255 91.6

Pore
structures

torll

Iror

lor it

lor IV

Petrophysical

Corrosion

Argilaceous

Transition

Calcarenite
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Pore structure type |

Color representation

Thin
section of
core cast

Mercury
penetration

Thin section characteristics

of core casting
Total secondary porosity 3
Total holes (%) 12
Proportion of secondary pores (%) 2
Interstiial ~ Heterobase  Argilaceous 6
filer (%) Argilaceous 0
doud
Cement Calcite Occasionally
composition  Dolomite 1
Quartz Gommon
enlargement
Note x
Gore casting siice comespondence Secondary solution pore
Diagenetic type discrimination .
Characteristics of pore mercury injection &
curve 1

Pore radius distribution frequency

i
Porosity (%) >20
Permeabilty (mdc) >10
Displacement pressure (mpe) <02
Maximum mercury saturation (%) >80
Maximum throat radius (um) >5

Mean throat radius (Lm) >1

0.5
5
14,67
15
0

Occasionally
2
x

Ferroan calcite

b weliz 5725 | mn

Mica deformed by

subaseussy

compaction

15-20
1-10
0.2-05
60-80
2-5
0.25-1

5 suusassing

05
05
Common

Ankerite
No obvious characteristics
or transition

£
i
10-15
0.1-1
0.5-1
50-60
0.7-2
0.1-0.25

4 walod Sui587m

0.5
35
714

17
Individual

x
Carbonate cementation

W

i

<10
<01
>1
<50
<07
<01
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Experimental sequence First  Second
(group)

Parameter combination GR/  GR/
RD  ACRD

Logging channel sequence in Figure 10 8 9

Whether the reservoir classified by cluster is obviously different fromthe  x v

non-reservoir (qualitative)

Whether the layer interfaces of cluster division and manual division are  x x

consistent (quantitative)

Third

GR/AC/
CNL/DEN
10

x

Fourth

GR/AC/CNL/
DEN/RD

1

x

Fifth

GR/AC/CNL/
DEN/RD/RO
12

v

Sixth

GR/AC/CNL/
DEN/RO
13

v
v
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Number Ac oNL DEN GR RD RS PORE PERM  Flowing pressure  Differential pressure  Total output
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6956-9219 013023 233253 57067881  47.85-17128  G2.11-8126  1214-1781  040-5398 05 1236 106
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7430 012 244 8598 2041 13.97 13.66 366
© 74107648 011013 239243  8688-10875 33264702  2003-0955  11.84-1544  0.17-089 2 56 325
7500 0.12 240 9154 3863 2402 14.71 068
® 50197119  004-0.18  248-256  7062-9631  40.93-17584  43.16-17251  866-1358 004061 3409 134 083
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Lithology

Limey mudstone
Mudstone

Sity mudstone
Dolomitic mudstone
All mudstone

TOC (%)

0.16-13.86/3.73 (36)
0.21-11.83/3.96 (60)

0.44-10.12/3.604 (45)

0.77-7.09/3.30 (15)

0.16-13.86/3.75 (155)

Chloroform
bitumen “A” (%)

0.005-2.78/0.5297 (16)

0.0067-3.8583/0.4511 (23)
0.0281-3.2024/05412 (21)
0.1122-1.0604/0.2737 (8)
0.005-3.8583/0.4765 (68)

Sy + S, (mg/g)

0.05-152.76/17.62 (35)
0.18-76.21/16.27 (60)
0.42-56.82/14.51 (45)
0.97-33.26/12.48 (15)

0.05-152.76/15.70 (155)
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Clay type
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Parameter

Horizontal minimum in situ stress/MPa
Fracturing fluid displacement m®min
Elastic modulus/GPa

Perforation number

Perforation diameter/mm

Rock tensie strength/MPa

Friction coefficient

Value

30.68

3.34

45.02
16

8.99
06

Parameter

Fracture height/m
Fracturing fluid viscosity/mPa s
Poisson's ratio

Fracturing fluid density g/cm®
Wellbore diameter/m
Cohesion/MPa

Approaching angle/”

Value

30.48

02
12
0.1
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Parameter

Horizontal minimum in situ stress/MPa
Fracture height/m

Poisson’s ratio

Fracturing fuid viscosity/mPa s
Porosity/%

Value

48.97
100
0.26
10

Parameter

Horizontal maximum in situ stress/MPa
Elastic modulus/GPa

Fracture toughness/MPa m®®
Fracturing fluid displacement mmin
Permeability/mD

Value

54.19
513

10
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