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Gas shales from the Wufeng-Longmaxi Formation in Anchang syncline in northern Guizhou area of Sichuan Basin are stable in distribution and can be classified as type I shale gas reservoir with great resource potential. The exploration and development of shale gas in Anchang syncline have achieved great progress. However, the enrichment rule and accumulation pattern of shale gas in Anchang syncline are still not clear at the present. Gas pressure in the Wufeng-Longmaxi Formations shales in Anchang syncline is normal. The maximum tested gas production in the field ranges from 18,000 to 58,000 m3/d. However, gas production of shale wells varies greatly even in the same platform. In order to understand the shale gas enrichment and accumulation and improve the effective development of shale gas in this area, comparative analyses on the geological characteristics and preservation conditions of gas reservoirs in several typical wells were carried out from the perspective of geology, petrophysics, geophysics, and well logging. Results show that shale gas in Anchang syncline has the characteristics of accumulating in both deep central position and gently wings. Tectonic preservation condition is the key factor to high gas production in Anchang area. The hydrological conditions, syncline structure, fault distribution, and cap rock quality comprehensively control the gas pressure and gas bearing capacity of shale reservoir. According to these factors, an accumulation model of shales with normal gas pressure is established: syncline controls the distribution of gas reservoir; fault controls the boundary of the reservoir; preservation conditions controls gas capacity. The results are benefit for the rolling exploration and development of shale gas in Anchang area, and are important for the development of normal pressure shale gas in northern Guizhou area.
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1 INTRODUCTION
With the growing demand for energy, unconventional oil and gas have gradually become the hotspots of fossil energy development (Jarvie et al., 2007; Hao et al., 2013; Rezaee, 2015; Xu et al., 2019). In recent years, shale gas exploration and development have achieved great progress in China. Specifically, shale gas from the Sichuan basin and its peripheral areas have stepped into the stage of commercial development (i.e., Fuling block, Changning-Weiyuan block, and Zhaotong blocks). At the same time, the geology theory and engineering technology of shale gas are gradually becoming mature. According to the exploration and development practice of shale gas in Jiaoshiba area, many researchers have summarized and proposed the dual-element enrichment rule of marine shale gas: the developed high-quality shale in deep water shelf is the basis of hydrocarbon generation, and the good preservation condition is the key to reservoir formation and production of shale gas (Guo, 2013; Guo and Zhang, 2014; Jin et al., 2016). He et al. (2019) analyzed the main controlling factors for the enrichment and high yield of atmospheric shale gas in the complicated tectonic region in southeast Chongqing, and believed that shale gas enrichment was controlled by various factors such as the preservation conditions of sedimentary facies and in situ stress field (Xiao et al., 2015). Based on the exploration practice of shale gas in the Wufeng-Longmaxi Formation in Sichuan Basin and its surrounding areas, many researchers argued that the distribution and enrichment of shale gas reservoirs with normal pressure were obviously controlled by the tectonic movements (Xu et al., 2020a, 2020b; Fang and He, 2016; Zheng et al., 2019; Huang et al., 2017; Zumberge et al., 2012; Bai et al., 2013. These observations effectively support the rapid development of marine shale gas in China.
The lower Silurian Longmaxi shale in Sichuan Basin is dominated by overpressure or ultra-high pressure shale gas reservoirs, while the vast areas outside the Sichuan Basin are dominated by normal pressure shale gas reservoirs. Compared with the overpressure shale gas which has entered the commercial development stage, the distribution area of normal pressure shale gas is wider than the overpressure shales. Thus, the exploration and development potential of normal pressure shale gas is huge in China. Marine shales of Wufeng-Longmaxi Formation, which have the greatest exploration and development potential in south China, are characterized by normal gas pressure in most areas. Many shale gas reservoirs in North America are also atmospheric, such as the Antrim shale, Fayetteville shale, and Barnett non-core shale plays (Curtis, 2002; Zagorski et al., 2012; Aguilera, 2016). However, the formation mechanism and effective development model of normal pressure shale gas reservoirs remain unclear.
Based on the data of geological data, seismic, drilling, and gas content tests in Anchang syncline, this paper analyzed the geological characteristics of Anchang syncline shale gas reservoir and compared them among different typical wells. It is found that the hydrologic conditions, synclinal structure, fault distribution, and quality of cap rock comprehensively control the pressure distribution and gas content of shale reservoir. The shale gas distribution has the typical characteristics of gas accumulating in gentle wings and enriching in central parts. An accumulation model of shale gas is proposed: synclines control the reservoir area, faults control the edge of reservoir, and preservation controls the gas content. It is beneficial for the effective exploration and development of shale gas in this area and other vast syncline areas in northern Guizhou of China.
2 GEOLOGICAL BACKGROUND
The Anchang syncline at Zheng’an County, Zunyi City, northern Guizhou Province, is tectonically located in the southern section of Wuling-Western Hunan-Hubei fold belt. The research area of Anchang syncline is about 154.63 km2 (Figure 1). Under the multi-stage tectonic compression movements during the late Yanshanian and Himalayan periods, the present “narrow and steep” synclinal structure with complicated by faults was formed in Anchang area. The long axis is very long and the short axis is relatively short in Anchang syncline. The overall structure of Anchang syncline is gentle in the south and west, and is steep in the north and east. After the transformation of Anchang syncline by the overall tectonic movements, small faults are extremely developed in Anchang syncline. Two groups of faults are mainly developed in the NNE and NNW, and the vast majority of faults are not directly linked to the surface.
[image: Figure 1]FIGURE 1 | Geological structure of Anchang syncline.
The main shale gas exploration and development zones in Anchang syncline are Ordovician Wufeng Formation and Silurian Longmaxi Formation. The Wufeng-Longmaxi Formation in Anchang syncline was deposited in the transitional facies between deep water shelf and shallow water shelf. A set of black carbonaceous shales and silty carbonaceous shales with a small amount of thin black siliceous shale are developed in this area. Based on the lithologic and electrical characteristics, the Longmaxi Formation of Anchang syncline can be further divided into Long1 member and Long2 member with a total of five members. The total thickness of Longmaxi Formation is about 29–50 m. The first to the fourth layers are the main target layers with a thickness of 16.9–23.7 m. In plane, the Longmaxi Formation shale in Anchang syncline gradually thickens from south to north.
According to the core observation, there are few structural fractures in this area (Figure 2). The horizontal fractures parallel to the bedding are developed, and most of them are filled with calcite. Among them, fractures are most developed in well Anye C, followed by well Anye B. Fractures are less developed in wells Anye A, Anye E, and Anye D. The measured gas pressure coefficient of Wufeng Formation-Longmaxi Formation in Anchang Syncline is around 0.99. The measured maximum horizontal principal stress is 45–81 MPa, while the minimum horizontal principal stress is 36–64 MPa. The stress difference between these two directions is 9–19 MPa, and the difference coefficient of horizontal stress is about 24.5–35.5%.
[image: Figure 2]FIGURE 2 | Well locations and main fracture distributions in Anchang syncline.
3 PETROPHYSICS PROPERTIES OF SHALES
3.1 Minerals and TOC Content
Taking Well Anye A as an example (Figure 3), the mineral components of Wufeng-Longmaxi Formation shale in Anchang syncline are mainly quartz and clay minerals. Quartz content is between 22 and 71% with an average of 54.6%. The average content of carbonate rocks is about 13.6%. The total clay mineral content ranges from 8 to 33%. The total clay mineral content is relatively low, and the average content is less than 20%. The main clay minerals are I/S mixed clays, which accounts for 61.2% of the total clay minerals. On the whole, gas shales in Wufeng-Longmaxi Formation in Anchang syncline have high content of brittle minerals and low content of clay minerals. The average content of brittle minerals (content, carbonate rocks) is more than 65% (Table 1).
[image: Figure 3]FIGURE 3 | Comprehensive column of well Anye A drilled through the Ordovician Wufeng Formation and Silurian Longmaxi Formation.
TABLE 1 | Petrological and mineralogical characteristics of Wufeng-Longmaxi Formation in Sichuan Basin.
[image: Table 1]The kerogen type of Wufeng-Longmaxi shales in Anchang syncline is mainly type I. The thermal maturity of these shales (Ro) is 2.17% on the average, and it is overmatured to produce dry gas. The total organic carbon (TOC) content of shales is between 3.73 and 4.17%, with an average of 3.98%. The distribution of TOC content is very stable. TOC content of Wufeng-Longmaxi shales decreases slightly from the North to South. Well Anye C in the north of syncline has the highest TOC content, followed by well Anye D in the core of syncline. The lowest TOC content of Wufeng-Longmaxi shales is in well Anye F in the south of syncline. Overall, TOC content of Wufeng-Longmaxi Formation shales in Anchang syncline is close to that of marine Longmaxi Formation shale in Sichuan Basin (Dai et al., 2014; Yang et al., 2019).
3.2 Pore Structure Characterization
Porosity of gas shales in Anchang syncline is between 3.27 and 3.78%, with an average of 3.43%. Average porosity value of shales from well Anye F is the lowest, while that from well Anye D is the highest. Furthermore, porosity of shales from the core of Anchang syncline is slightly higher than that from the wings of the syncline.
Low-temperature liquid nitrogen adsorption isotherms of representative Wufeng-Longmaxi samples in Anchang syncline are illustrated in Figure 4. The BET specific surface derived from adsorption isotherms is between 4.58 and 30.42 m2/g, with an average of 19.39 m2/g. The total pore volume averages 0.03 cm3/g and the average pore size is 4.39 nm. In general, the BET specific surface area of the Wufeng-Longmaxi Formation shales in the Anchang synclinal is roughly similar to that of the over-pressured Longmaxi Formation shale in the Jiaoshiba area in the Sichuan Basin, while the total pore volume is smaller than the latter (Yang et al., 2019; Xu et al., 2020c). Pore size distributions of representative shales derived from nitrogen adsorption are mainly micropores and fine mesopores (Figure 5). Capillary curves using mercury injection of shale samples have the characteristic of two segments or three segments (Figure 6), and the pore size distributions derived from capillary curves are bimodal. One peak is around 10 nm, while another peak is about 1,000 nm (Figure 7). This indicates that pore structure of gas shales in this area is variable and irregular, under the influence of atmospheric pressure.
[image: Figure 4]FIGURE 4 | Low-pressure nitrogen adsorption-desorption isotherms of representative shale samples from well Anye A well platform.
[image: Figure 5]FIGURE 5 | Pore size distribution of representative shale samples from well Anye A well platform derived from nitrogen adsorption isotherms.
[image: Figure 6]FIGURE 6 | Capillary pressure curves of representative shale samples from well Anye A well platform.
[image: Figure 7]FIGURE 7 | Pore size distribution of representative shale samples from well Anye A well platform derived from capillary pressure curves.
3.3 Gas Content
The measured gas content in the field shows that the total gas content of Wufeng Formation and Long1 member of Anchang syncline is between 3.24 and 4.88 m3/t, with an average of 3.60 m3/t. Well Anye E has the lowest gas content of 3.24 m3/t. Wells Anye A and Anye F have the highest gas content, reaching 3.88 m3/t. The total gas content of Wufeng-Longmaxi Formation shales decreases gradually from bottom formation to top formation. What is more, the total gas content of Wufeng Formation shales is high in the top section and low in bottom section.
Based on the minerals, reservoir physical properties, gas content, and geochemical parameters, shales from the 1st–3rd layers in the first member of Longmaxi Formation are classified as type I. Shales from the fourth layers of Wufeng-Longmaxi Formation are type II, while shales from the fifth layers of the Longmaxi Formation are type III. Compared with the surrounding shale gas blocks, the geological conditions of the shale gas reservoirs in the Wufeng-Longmaxi Formation in Anchang area are superior and have the material basis for the formation of large-scaled shale gas reservoirs.
4 PRESERVATION CONDITIONS OF SHALE GAS RESERVOIR IN ANCHANG SYNCLINE
The accumulation and enrichment of shale gas is a very complicated geological process. The preservation conditions of shale gas are different from those of conventional natural gas. Here, the preservation conditions of shale gas are analyzed from several different aspects: such as tectonic movements, volcanic activity, and hydrogeological conditions.
4.1 Hydrogeological Conditions
Regional hydrodynamics plays an important role in shale gas preservation. When the hydrodynamic force is strong, shale gas will be displaced and the gas reservoir will be destroyed (Yang et al., 2021a). Shale gas can accumulate only when the hydrodynamic force is weak. The chemical property of groundwater is an important index to reflect the hydrodynamic force. The influence of formation water salinity on shale gas preservation conditions is as follows: the higher the salinity, the stronger the formation sealing and the better the preservation conditions (Vidic et al., 2013). The influence of formation water type on shale gas preservation conditions is as follows: the higher the atmospheric water content, the worse the water type and the preservation conditions.
The infiltration depth of paleo-atmospheric water increases from the northwest to southeast in Anchang block, which reflects the uplift amplitude and fault development. These also affect the preservation conditions of shale gas. The mineralization degree of Dengying Formation at 2,410 m drilled by well FS1 in the adjacent area is 3.981 g/L, which belongs to NaHCO3 water type (Zhang et al., 2020). The mineralization degree of well DY1 is less than 3 g/L and belongs to Na2SO4 water type, but there is still fresh water in the cap rocks of the overlying and underlie formations. Shale gas wells drilling through Longmaxi Formation in Pengshui area (PY) are CaCl2 water type, and the Puzi syncline is CaCl2-MgCl2 water type. According to the typical geochemical indexes of shale gas wells drilled in southeast Chongqing, the groundwater in the surrounding areas of Anchang syncline is of medium salinity and less affected by surface hydrodynamic forces (Table 2). That means that these shale formations have good preservation conditions. Furthermore, considering the large faults and residual synclinal structures developed in southeast Chongqing and the formation water characteristics of Wufeng-Longmaxi Formation, we can summarize the effect of hydrogeological conditions on shale gas preservations: the closer to the core area of Anchang syncline, the weaker influence by the infiltrating of atmospheric water, and the better the preservation conditions for shale gas.
TABLE 2 | Statistics of average ion content and salinity of formation water of Wufeng-Longmaxi Formation in Sichuan Basin.
[image: Table 2]4.2 Tectonic Preservation Conditions
Tectonic transformation plays an important role in shale gas preservation, including the tectonic uplift and denudation, stratigraphic occurrence, and burial depth (Xu et al., 2020a; 2020b). The weaker tectonic transformation, the longer uplifting time of the gas reservoir; the more completely developed formation, the farther distance from the opening fault, and the farther the distance from the target emerging area; and the deeper the target layer, the better the shale gas preservation conditions.
The Anchang syncline in northern Guizhou province underwent intense transformation of multi-stage tectonic movements and formed a complex “narrow-steep” syncline structure on the whole. The tectonic faults show the characteristics of being long in the long axis and being short in the short axis. There are mainly three groups of faults: NE (northeast), NNE, and NW (northwest) directions in the area. What is more, the faults in the eastern wing are more developed than the west wing of Anchang syncline. There are total 65 faults according to the seismic interpretation results. Among them, 48 faults have narrow fault spacing of being less than 50 m. Fault system plays a key role in the preservation of shale gas in Anchang syncline. First, the reverse fault located in the up-dip direction of the syncline structure can function as lateral shielding, which prevents gas migration and escape along the up-dip direction of the plane, and preserves shale gas in the favorable area (Figure 8). The seismic prediction results show that there are developed speckle curvatures in the west wing of the syncline. Thus, it is speculated that a large number of fractures are formed, which can effectively improve the storage property and facilitate the high gas production. In contrast, the tensional normal faults developed in the up-dip direction have destructive effects on shale gas preservation. Field tests shows that well Anye D obtained a high initial gas production rate of 53,000 m3/day, while well Anye C did not produce any gas at the initial stage of gas test (Figure 2). Secondly, the open faults have adverse effects on gas reservoirs, which mainly occur in the east wing of Anchang syncline. Well Anye E, located in the east wing of Anchang syncline, is close to large faults, and the tested gas production is low. Third, in the area far away from normal faults and open faults, faults have positive effects on gas reservoir preservation. The results show that the fault distance in Anchang syncline is negatively correlated with gas content, maximum tested gas production rate, and average daily gas production. These indicate that the local reverse faults are conducive to high gas content and gas production. According to the test results of drilled shale gas wells at present, the influence degree of faults on the shale gas reservoir in Anchang syncline is as follows: well Anye A > well Anye B > well Anye D > well Anye E > well Anye C.
[image: Figure 8]FIGURE 8 | Predicted fractures at the bottom of Wufeng-Longmaxi Formation in well Anye A.
4.2.1 Paleo-Uplift and Stratigraphic Depth
The continuous uplift of the study area since the Indosinian period leads to that a large area of the Triassic strata became outcrop. At the same time, the overlying strata and regional cap rocks above the gas-bearing shales were thinned or denuded, resulting to the destruction of the gas reservoirs (Liu et al., 2020). On one hand, the buried depth of the target layer becomes shallow during the uplift process; on the other hand, with the decreasing of the overburden pressure, the porosity and permeability of the target formation will increase because of decreasing stress sensitivity (Yang et al., 2021b). Consequently, the sealing ability of the overburden layer will reduce. The development practice of normal pressure shale gas in Nanchuan shows that the farther away from the outcrops (>3000 m), the deeper the burial, and the better the preservation conditions of shale gas (Guo, 2013). The eastern wing of the Anchang syncline is close to the stratigraphic denudation area, while the western wing is relatively far away from the denudation area. The distance from the denudation area of shale gas wells in Anchang syncline is listed as: well Anye A < well Anye E < well Anye D < well Anye B < well Anye C (Figure 2). In other words, well Anye C is the farthest from the denudation area, followed by well Anye B. Both well Anye E and well Anye A are close to the denudation areas, which have relatively weak preservation conditions for shale gas reservoirs.
4.2.2 Dip Angle and Distance From the Outcrop Area
The tectonic evolution history shows that the uplift time of Anchang area is earlier than Fuling area (Jiaoshiba shale gas field), and the denudation thickness of the studied area is about 2,000–3,000 m, which is similar to that of Pengshui and Fuling area (Xu et al., 2020b). Thus, the amount of escaped shale gas in these areas would be similar. Numerical experiments show that the seepage ability of shales vertical or parallel to the bedding in Anchang area increases significantly at the depth of 1,500–2,000 m (Zhang et al., 2018). At the same time, the seepage ability also increases significantly with the increasing dip angle of the formation. The larger the dip angle of formation, the higher the gas seepage ability, and the weaker the gas reservoir preservation condition (Zhang et al., 2018). Shale gas seepage ability at the dip angle of 30° is about six times of that at the dip angle of 5. What is more, the closer to the outcropping area, the lower the formation pressure, the worse the shale gas preservation conditions, and the lower gas production. The depth of the Longmaxi formation drilled in Anchang area is between 2,500 m and 3,000 m. The depth of the target formation is moderate, and the distance from the outcrop area is generally 3–5 km. However, the dip angle of the middle wing of Anchang syncline is 25°–45°, and that of the west wing is 25–35°. Consequently, shale gas preservation conditions of the five well platforms in Anchang area can be ranked as follows: well Anye D > well Anye A > well Anye B > well Anye E > well Anye C, based on the burial depth, formation dip angle, and the distance from the outcrop area.
4.3 Sealing Ability of Cap Rock and Barrier Layer Rock
Shale gas systems can be self-sealing. Previous research results show that the interbedding of mudstone, dolomite, and shales is a combined lithology conducive to shale gas preservation (Jarvie et al., 2007). For the area with frequent tectonic movements and high tectonic intensity, the effect of cap rock on shale gas reservoir cannot be ignored (Xu et al., 2020a).
There are mainly two strata with cap rocks developed above the Wufeng Formation-Longmaxi Formation in the study area: Silurian Xintan Formation and Silurian Shiniulan Formation. A set of clastic rocks deposited in the Xintan Formation with a thickness of more than 80 m during the period of high level system tracts and transgressions system tracts. These clastic rocks are mainly composed of grey-green shale and silty mudstone. Imaging log about these rocks shows that the high conductivity fractures are not developed in the rocks of Xintan Formation, but there are many high resistivity fractures and horizontal bedding. The breakthrough pressure of rocks in Xintan Formation is about 5.9 MPa, indicating good sealing conditions in general (Zhang et al., 2018; Xie et al., 2019). The porosity of the limestones in the Silurian Shiniulan Formation is between 0.3 and 3.9%, and the permeability ranges from 0.001 to 2.1mD. At the same time, the pore size and pore throat radius of the limestones in Shiniulan Formation are even lower than those of shales. What is more, the limestone in the roof and floor of the target layer in the study area has high fracturing pressure, which can be used as the cap of shale gas and form effective barriers for the extension of fractures (Gale et al., 2014). Consequently, the cap conditions of shales in Anchang area are as follows: Anye C well platform > Anye E well platform > Anye A well platform > Anye D well platform > Anye B well platform.
4.4 Microscopic Fluid Movements
Shale gas has the characteristics of self-generation and self-reservoir. Unlike the accumulation of conventional natural gas, shale gas accumulation does not require secondary migration. Both migration and accumulation of shale gas occur within the shale strata (Curtis, 2002; Osborn et al., 2011). There are roughly three fluid evolution stages in the process of shale gas accumulation. The first stage is the formation, adsorption, or dissolution of natural gas in the early diagenesis. Secondly, shale gas reservoirs with mainly free gas are formed with the increasing temperature and pressure during the middle and late diagenesis. Third, with the increasing tectonic movements and the generation of more natural gas in the later period, some natural gas escaped (Curtis, 2002; Liu et al., 2021). Anchang area is a typical synclinal structure with normal pressure out of Sichuan basin, and shale gas migration firstly occurs in the process of accumulation. The lateral migration of shale gas from the generation stratum to the shallow buried stratum is influenced by the tectonic uplift, denudation, as well as groundwater activities (Hammond et al., 2020; Bondu et al., 2021). The difference of burial depth and pore fluid pressure in different parts of Anchang syncline may reflect the difference of shale gas lateral migration. This differential migration of gas leads to the shale gas loss, but also contributes to the accumulation of shale gas in the core area of syncline. The superior cap rock conditions and the favorable microscopic properties of the reservoir guarantee the higher gas abundance of the reservoir.
5 DISCUSSION
5.1 Accumulation Pattern of Shale Gas in Anchang Area
Anchang area has unique geological background, superior reservoir quality, and good shale gas formation conditions and materials foundation, which lays a foundation for the rich accumulation of shale gas. The accumulation conditions in the later stage determine the enrichment pattern of shale gas sweet spots in Anchang area. There are mainly three aspects related to the enrichment pattern of shale gas in Anchang area (Figure 9):
1) The enrichment of shale gas in Anchang syncline is controlled by sedimentary facies and preservation conditions. The study area was deposited in shallow water shelf to deep water shelf sedimentary environment. Under the unique geological background of shallow burial and residual transformation, Wufeng-Longmaxi shales in Anchang syncline have excellent organic matter parameters (mainly type I organic matter, high TOC content, moderate Ro), well developed pores, high gas content and high content of brittle minerals.
2) The preservation conditions of shale gas are extremely complex. The tectonic conditions (uplift and fault), volcanic activities, sealing properties, groundwater activities, and microscopic properties of the reservoir comprehensively control the migration, accumulation, and preservation of shale gas. The target layer was deposited in the process of ascending current, which promoted the enrichment of organic matter. During the multiple tectonic movements, there are weak uplifts in the early stage, stable settlement for a long time, and strong reconstruction in the late stage in Anchang syncline, which causes the strata uplift and extrusion rupture, and shale gas loss partly. The activity of groundwater leads to shale gas loss on one hand, but also facilitates the accumulation of shale gas in the core part of Anchang syncline. The superior cap rock and the favorable microscopic properties of the reservoir ensure the high gas content of the reservoir in Anchang area.
3) The syncline structure, fault distribution, lithology, and hydrologic conditions comprehensively control the pressure distribution and gas content of shale reservoir. These form a special accumulation model of “syncline controlling reservoir area, fault controlling the edge, preservation controlling gas content”. The distribution of shale gas in Anchang syncline has the typical characteristics: shale gas stores in deep position, moderately accumulates in the wings, and enriches in core area.
[image: Figure 9]FIGURE 9 | The differential enrichment model of shale gas in upper Ordovician-Lower Silurian Wufeng-Longmaxi Formation in Anchang syncline.
5.2 Identification of Sweet Spot and Drilling Results
The enrichment of shale gas reservoir is limited by the preservation conditions in the plane. By the combination of shale gas production practice in the adjacent regions, buried depth, dip angle, and the distance from the denudation, an evaluation standard for the preservation conditions of atmospheric shale gas in Anchang block is systematically established: 1) the core area is the priority for shale gas development, and then the gentle wing. The steep slope should be treated with great deliberation. 2) The thrust faults, especially the thrust fault with small dip, own a shielding effect, which is conducive to shale gas accumulation. 3) The groundwater stagnation zone, which is far away from the outcrop area, is the most favorable target area. The distance from the outcrop area should be larger than 1.5 km. The far distance from the outcrop, the better preservation condition. 4) Micro-fractures are conducive to improve shale gas accumulation.
According to the proposed evaluation criteria of shale gas preservation conditions, a total area of 58.71 km2 is selected as the optimal favorable area in Anchang area. Based on the evaluation results of the above favorable areas and the principles of favorable preservation conditions, a third round of geological design and implementation of horizontal wells were carried out. From the perspective of gas tests, the tested results of the third round of horizontal well considering the sweet spot were significantly improved, compared with the first two rounds. The average daily production increased from 14200 m3/day to 26200 m3/day per well. The self-gusher capacity of the gas test well increases obviously, which proves the effectiveness of the proposed enrichment rule and the accumulation model.
6 CONCLUSION
This study investigates the enrichment and accumulation of normal pressure shale gas in Anchang syncline outside of Sichuan Basin. A comprehensive analysis is conducted according to the geological information, organic chemistry data, petrophysical data, and mineral compositions. The geological characteristics of shales in Anchang syncline are also compared to the adjacent region in Sichuan Basin. Consequently, an accumulation pattern of shale gas reservoir with normal gas pressure is proposed. The main conclusions can be drawn:
1) Plenty of carbonaceous shales in Wufeng-Longmaxi Formation of Anchang syncline in northern Guizhou province were deposited in the transitional environment between deep water shelf and shallow water shelf. This shale gas reservoir has excellent static quality, but is strongly transformed by multi-stage tectonic movements. There is an asymmetric compressional syncline structure in Anchang area, and thus, many small faults and micro-tectonics develop in this area. The stratigraphic dip angle in Anchang syncline varies a lot. The gas-bearing characteristic of different tectonic units also differs greatly.
2) The enrichment of shale gas reservoirs in Wufeng-Longmaxi Formation of Anchang syncline are mainly determined by the sedimentary facies and the structural preservation conditions. Among which, the preservation conditions are critical to the enrichment and high yield of shale gas. Through the analysis of tectonic characteristics of typical well platforms, paleo-tectonic uplift and denudation, hydrogeological conditions, and other factors, the enrichment rule and accumulation model of shale gas in this area are established. Based on this, the favorable shale gas sweet spots are delineated, which effectively guide the rolling deployment of horizontal wells in this area.
3) The research results about the enrichment rules of shale gas mainly focus on the geological information. It is partly drawn according to the experience of neighboring areas, and without considering the influence of engineering technology factors. The efficient development of shale gas requires the combination of geological knowledge and engineering technology. Further research is suggested to combine the geological analysis and engineering technology. These researches may include a detailed analysis of hydrogeological conditions, inversion study of reservoir parameters based on drainage characteristics, geological and engineering suitability study of small-diameter proppant to control fracture diversion, and enhanced drainage. Through these systematic investigations, the development effects of shale gas with normal pressure will be considerably improved.
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