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The classification method of karst formations is widely used in engineering and environmental geology but is seldom used in petroleum geology. In this study, the classification method of karst formations is applied to the sealing study of shale gas roof and floor carbonate rocks, and the influence on shale gas accumulation and drilling is discussed. The Paleozoic black shale in southern China is primarily formed by marine and transitional faces, and the intergrowth between shale and carbonate rocks is a basic geological feature of the Paleozoic strata in southern China. Carbonate karst is an unavoidable problem in shale gas exploration in southern China. Around the black shale target layer, in the Upper Paleozoic trait region, the study starts from the development strength of karst strata, through geological profile survey, spring flow statistics, test, and other methods and means; the shale and the carbonate rock contacted with it are taken as a whole to explore the impact of karst strata on shale gas drilling. The Upper Paleozoic karst strata in the study area were divided into two kinds, four types, and six subtypes. It was determined that the limestone continuous karst strata of the Sidazhai Formation and the second member of the Nandan Formation are the sensitive layers of shale gas drilling, whereas the first number of Nandan and Wuzhishan formations are shale reservoir-forming packers. In addition, a method for evaluating the karst sensitivity of shale gas exploration is summarized. The karst avoidance, karst-sensitive, and karst-insensitive areas for shale gas exploration were divided. Combined with the surface and underground conditions and the basic geological conditions of shale gas not being significantly different, shale gas drilling should avoid the fold core and fault zones.
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INTRODUCTION
Shale gas is an unconventional oil and gas resource and a hotspot in global energy research (Liss 2014; Jia et al., 2016; Ma et al., 2018; Ma and Xie, 2018; Sarkar et al., 2018; Zhang et al., 2020a). It has low porosity and permeability and contains coexisting free gas and adsorbed gas (Wang et al., 2016; Zhang et al., 2022b). Shale gas exploration and development are currently being carried out by advanced technology in the United States and Canada (Soeder 2018; Ladevèze et al., 2019; Li et al., 2020; Fahad et al., 2021); although the research, exploration, and development of shale gas in China have started not long time ago, a significant progress has been made in the shale exploration technology (Jiang et al., 2012; Zou et al., 2015, Zou et al., 2016; Fang 2019; Liang et al., 2020; Du et al., 2021; Gao et al., 2021; Zhang, et al., 2022a). Studies on shale gas have focused on the Sichuan Basin (Liu and Wang, 2016; Li et al., 2017; Liu et al., 2017; Zeng et al., 2018), and relatively little research has been conducted in southern Guizhou. With further research, scholars believe that the Jiusi, Liangshan, and Longtan Formations are the three main targets for shale gas formations in southern Guizhou (Tang et al., 2014; Zhang et al., 2016). The shale of the Huohong and Dawuba Formations of the Upper Paleozoic has high organic matter content and wide distribution, which is a shale gas target with great exploration potential in the southern Guizhou area (Miao 2018; Yuan et al., 2018).
In karst areas, drilling risks are high, and karst geological problems are prominent. In recent years, drilling and construction problems, such as cavitation, leakage, mud overflow, and other phenomena and even shut-in and abandoned wells have occurred several times. The Paleozoic strata in southern China are mainly formed by marine and transitional facies, and the mutual development between shale and carbonate rocks is the basic geological feature of the Paleozoic strata in southern China (Ma et al., 2011; Dan et al., 2013). Carbonate karst is an unavoidable problem for shale gas exploration in southern China, and karst poses a significant challenge for drilling in southern China. The classification method of karst formations is widely used as an important measure to study carbonate karst in engineering and environmental geology but less in petroleum geology. Karst formations focus on the thickness ratio and continuous thickness of rock strata and their combinations to reflect the karst development intensity and water-bearing and permeability characteristics of carbonate rocks. This is different from chronostratigraphy and biostratigraphy. It is also different from the general rock stratigraphic units of the Comprehensive Group of Projects on the Prediction, Utilization, and Management of Karst Groundwater Resources and Karst Water in the Dashui Mining Area in North China (1991). The combination types formed by carbonate rocks of different lithologies form the basis of the karst types. According to the statistics of the combination characteristics, thickness ratio, and continuous thickness of rock strata of different composition and structure types, the type of karst formations adopts the three-level classification method, and the first level of karst formations is divided by group statistics. The second class of karst formations is divided by segments: classification of the tertiary “subtype” of karst formations in lithological sections (Dan et al., 2015). Previous studies have classified the carbonate karst formations in the Halahatang region of Xinjiang (Dan et al., 2015).
The sedimentary environment of the black shale in southern Guizhou is relatively deep, and shale gas accumulation is closely related to carbonate rocks. Therefore, it plays an important role in selecting shale gas accumulation, drilling location, and drilling prevention measures to clarify the degree of development and spatial distribution of the top and bottom carbonate karst formations in the study area in contact with the shale gas target strata. Previous studies on shale gas in southern Guizhou mainly focused on the search and evaluation of shale gas target formations, and few studies analyzed the shale gas target formation and carbonate rocks in contact with it as a whole. To understand the influence of karst development in shale gas exploration, this study focused on field profiles, sample tests and analyses, spring surveys, and comprehensive surface and underground conditions (geophysical interpretation). For this study, we considered the target layer of shale gas in southern Guizhou and the carbonate rocks in contact with it as a whole, and the Upper Paleozoic carbonate rocks are divided according to the idea of karst formation. The karst development of carbonate rocks in the shale gas cap and floor was evaluated, and its influence on shale gas accumulation and drilling was discussed.
GEOLOGICAL BACKGROUND
The southern Guizhou Depression is located southeast of Guizhou and tectonically on the southwest margin of the Yangtze continental block. It is a residual ocean basin formed after multi-stage basin-forming sea–land conversion and is triangular in-plane (Xu et al., 2010; Zhang 2010) (Figure 1). It is adjacent to the Jiangnan uplift in the east, central Guizhou uplift in the northwest, Luodian Fault Depression in the southwest, and Guizhong Depression in the southeast. The southern Guizhou Depression experienced multi-stage tectonic movement, and the Caledonian stage was a relatively stable developmental stage of the Yangtze platform, which deposited a set of platform facies carbonate rocks. The Hercynian period is the development stage of the fault depression and the main forming stage of the southern Guizhou Depression. The Indosinian period was a period of depression development, while the Indosinian Movement ended the marine sedimentary history in the region (Mao et al., 1999; Wu 2003). The southern Guizhou Depression is based on the late Proterozoic metamorphic rock series, the sedimentary cover is Sinian–Triassic, and the surface outcrops change from old to new from east to west.
[image: Figure 1]FIGURE 1 | Structural outline map, field profile, and spring survey map of the Qiannan area.
ANALYTICAL METHOD
Based on the field shale-karst geological survey and the test and analysis of samples, this study analyzed the geological characteristics of shale strata, such as lithology, organic carbon content, and vitrinite reflectance, and divided karst formations into kinds, types, and subtypes. Combined with the statistics of the number of fractures and caves in the field, the number of spring points, the flow rate of spring points, the development characteristics of karst formations in the study area, and the shale-related carbonate rocks are described in detail, and the karst-sensitive strata and favorable intervals are divided. An evaluation method for karst sensitivity in shale gas exploration is proposed based on surface and underground conditions (geophysical interpretation). In case there is an insignificant difference in the basic geological conditions of shale gas, the avoidance zone for the deployment of shale gas drilling is proposed in the study area.
We conducted a systematic field study of the Upper Paleozoic section in the southern Guizhou area and observed three field sections (Chuangjing, Fengting, and Linna of Luodian), 21 spring points, and 19 large karst caves in detail, as well as one drilling core (Well ZY1). On this basis, systematic sampling was conducted, and 36 shale samples were selected, including 15 from the first member of the Huohong Formation, seven from the third member of the Huohong Formation, eight from the Dawuba Formation, and six from the upper part of the first member of the Nandan Formation of the Upper Carboniferous. A total of 36 shale samples were tested and analyzed for organic carbon content and vitrinite reflection. The samples selected include eight limestone samples, two lenticular limestones of the Wuzhishan Formation, two flinty limestones of the first member of the Nandan Formation, three limestone conglomerates of the second member of the Nandan Formation, and one micritic limestone of the Sidazhai Formation. Eight limestone samples were identified using thin-section identification and pore permeability tests. The experimental data in this study were obtained from the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation at the Chengdu University of Technology. The laboratory was established in 1990 with the approval of the National Planning Commission of China and the National Education Commission of China and passed the evaluation of the National Laboratory with good results in 2000, 2005, and 2010.
RESULTS
Analysis Results of Shale Samples
The samples collected were mainly black shale from the Upper Paleozoic. According to the field investigation, black shale mainly developed in the first member of the Middle and Lower Devonian Huohong formations (D1-2h1), the third member of the Huohong Formation (D1-2h3), the Lower Carboniferous Dawuba Formation (C1-2dw), and the upper part of the first member of the Upper Carboniferous Nandan Formation (CPn1) (Figure 2). The first (D1-2h1) and third members (D1-2h3) of the Huohong Formation are a set of semi-bathyal or platform sedimentary facies mainly composed of gray-black claystone, limestone, and marl, containing slub stones and planktonic ostracod fossils. The formation thicknesses of D1-2h1 and D1-2h3 were 165–196 m and 72–85 m, respectively. The second member (D1-2h2) of the Huohong Formation is thick quartz sandstone with a thickness of 60–90 m. The lithology of the Dawuba Formation (C1-2dw) is black shale, yellow-brown shale, sand shale, and calcareous shale with thin siliceous rock, sandstone, siliceous shale, and iron-bearing nodules, often with limestone and argillaceous limestone in the upper part, with thicknesses of 378–411 m. The first member of the Nandan Formation (CPn1) is a platform basin to slope facies, which is integrated into the thin–medium thick siliceous layer of the Dawuba Formation. The lithology is mainly flinty limestone mixed with shale and siliceous rock, of which shale primarily exists in the upper part, and limestone mainly exists in the lower part with a thickness of 21–274 m. The second member of the Nandan Formation (CPn2) is mainly composed of medium-thick micritic limestone and bioclastic micritic limestone, with almost no shale or siliceous rocks, and the stratum thickness is 283–559 m (Table 1).
[image: Figure 2]FIGURE 2 | Lithologic characteristics of shale in different layers.(A) Carbonaceous shale of the Devonian Huohong Formation (Chuangjing profile in Luodian). (B) Carbonaceous shale containing slub stone of the Devonian Huohong Formation (Chuangjing profile in Luodian). (C) Siliceous shale and carbonaceous shale of the Dawuba Formation (Chuangjing profile in Luodian). (D) Limestone intercalated with carbonaceous shale of the Nandan Formation (Fengting profile in Luodian). (E) Carbonaceous shale of the Devonian Huohong Formation (Chuangjing profile in Luodian). (F) Shale of the Huohong Formation, development of fracture in the limestone interlayer (Chuangjing profile in Luodian).
TABLE 1 | Stratigraphic division table of Upper Paleozoic in the Qiannan area.
[image: Table 1]The total organic carbon content (TOC) can reflect the amount of organic matter in shale, which is usually used to measure the abundance of organic matter and is also a key parameter for evaluating the hydrocarbon generation capacity of shale (Zhao et al., 2021). Vitinite reflectance (Ro) is often used as an effective indicator to determine the degree of thermal evolution in source rock reservoirs. According to the classification standard for the maturity stage of black shale in South China, Ro<0.5% is immature, 0.5%–1.3% is mature, 1.3%–2.0% is highly mature, and 2.0%–3.0% is early over-mature. It is also observed that 3.0%–4.0% is in the late over-mature stage, whereas Ro over 4.0% is in the metamorphic stage (Zhang, et al., 2020b; Zhao et al., 2021). According to measured organic geochemical data, the organic carbon content of shale in southern Guizhou is between 0.2% and 4.5%, and the organic carbon content is relatively high in general. The maximum organic carbon content of 4.5% occurs in the first member of the Huohong Formation (Figure 3). The organic carbon content of the samples measured in the first section of the Huohong Formation was 1.04%, that of the third section of the Huohong Formation was 1.48%, that of the Dawuba Formation was 1.52%, and that of the first section of the Nandan Formation was 2.51%. According to the vitrinite reflectance (Ro) test data of the shale, the lowest value was 3.0%, which occurred in the first member of the Huohong Formation, and the highest value was 5.1%, which occurred in the first member of the Huohong Formation and the first member of the Nandan Formation. Overall, the Ro of the shale in each group ranged from 3.0% to 5.1%, which is in the stage of over maturity and metamorphism, with little difference among the groups (Figure 4).
[image: Figure 3]FIGURE 3 | Distribution map of the shale organic carbon content in different horizons in the Qiannan area.
[image: Figure 4]FIGURE 4 | Distribution map of vitrinite reflectance (Ro) in different layers of shale in the Qiannan area.
Classification of Karst Formations
The shale-related carbonate rocks in the study area mainly include marl of the Wuzhishan Formation (D3wz), limestone of CPn2, and flinty limestone of the Sidazhai Formation (P1-2s). Considering these three sections as the key research layers, the karst formations in the study area can be divided into two kinds (homogeneous pure carbonate rock and heterogeneous carbonate rock), four types (the carbonate continuous type, clastic rock and carbonate rock interbed type, clastic rock intercalated with carbonate rock type, and carbonate rock intercalated with clastic rock type), and six subtypes (micrite, crystalline grain limestone subtype, the chert limestone subtype, the argillaceous band limestone subtype, the shale and limestone interbed type, shale intercalated with limestone subtype, and limestone intercalated with shale subtype) (Table 2).
TABLE 2 | Classification table of carbonate karst formation types in the Qiannan area.
[image: Table 2]Based on previous research results (Dan et al., 2015), combined with the lithology, thickness ratio, continuous thickness, and combination form of the study area, the karst formations of the Upper Paleozoic carbonate rocks in southern Guizhou are classified. The strong karst formations are carbonate continuous-grain stone subtypes, and the strata are the second member of the Nandan Formation. The medium-strong karst formations belong to the carbonate continuous-flinty limestone subtype, and the strata belong to the Sidazhai Formation. Weak-medium karst formations are carbonate intercalated with clastic rock, marl, and limestone intercalated with mudstone, and the strata are the lower part of the first member of the Nandan and Wuzhishan formations. The weakly karstified formations are clastic rock interbedded carbonate type-shale interbedded limestone subtype and clastic rock interbedded carbonate type-shale interbedded limestone subtype, and the strata are the first member of the Huohong Formation and the lower part of the first member of the Nandan Formation (Figures 5, 6).
[image: Figure 5]FIGURE 5 | Karst formation division of the Linna section of Luodian, Qiannan area.
[image: Figure 6]FIGURE 6 | Karst formation division of the Fengting section of Luodian, Qiannan area.
Development Characteristics of Karst Formations
Karst-Fracture Characteristics
According to field investigations, thin section identification, and drilling core observations, there are no obvious dissolution pores in the argillaceous limestone section of the Wuzhishan Formation or the interbedded section of flint limestone and shale in the lower part of CPn1, and fractures and interbedded surfaces are the main storage spaces. Karst caves and fractures are well-developed in the middle thick limestone continuous section of CPn2, but the dissolution pores are locally developed, and their distribution is extremely uneven. The continuous intervals of middle-layered limestone in the Sidazhai Formation are mainly composed of fractures and karst caves (Figure 7). The number of karst caves reflects the karst intensity of different strata on one side. In this study, the number of karst caves with widths greater than 40 cm was used in the field profile. We could have considered small karst caves with a width of less than 40 cm to be modern karst caves formed by near-surface carbonate rock strata being dissolved in a short duration, which is not representative; therefore, the number was not counted. The data show that the karst caves in CPn2 are the most developed, followed by those in P1-2s, and the karst intensity is relatively strong. There were no large karst caves in D3wz or CPn1, and the degree of karst development was relatively weak (Figure 8).
[image: Figure 7]FIGURE 7 | Reservoir space types of different karst formations. (A) Karst caves are developed in CPn2 (Fengting section in Luodian). (B) Marl of the Wuzhishan Formation. Reservoir space is the interlayer gap and fracture (Fengting section in Luodian). (C) Karst caves are developed in CPn2 (Luotuo section in Luodian). (D) Karst caves are developed in CPn2 (Mengjiang Bridge in Luodian). (E) Limestone with solution pores of CPn2 (Fengting section in Luodian). (F) Limestone with solution pores of the Sidazhai Formation (Fengting section in Luodian). (G) Limestone of CPn2, fracture growing (Fengting section in Luodian). (H) Limestone of CPn2, fracture growing (Fengting section in Luodian). (I) ZY1 limestone of CPn2, fracture growing (well ZY1); (J). Marl of the Wuzhishan Formation, fracture growing (well ZY1))
[image: Figure 8]FIGURE 8 | Statistics on the number of karst caves and spring points and the average flow of spring in the different formations of Devonian Permian in the Qiannan area.
Spring Point and Flow Characteristics
The number of spring points and amount of discharge in different strata can also reflect the degree of development of karst fractures and underground rivers in the interior of the corresponding strata and the occurrence degree of groundwater. The investigation of 21 spring points on the surface of the study area shows that the spring points are exposed in several strata but mainly in the Sidazhai Formation (Figure 8). The number of spring points was 12, which is significantly higher than that of the other strata. The Nandan and Wuzhishan Formations are less exposed. There are also a few spring points exposed in the Huohong and Dawuba Formations of the shale. According to the statistics of the spring flow, the average flow rates of D1-2h2, D3wz, and CPn2 are less than 1 L/s. The average flow rate of CPn1 was generally 4.7 L/s. The number of spring points in the Dawuba Formation is small, but the flow rate is high, reaching 21.21 L/s. The average flow rate of the Sidazhai Formation was the largest, reaching 29.31 L/s. However, the flow rate of the spring points in this stratum was significantly different, with the lowest of 1.11 L/s and the highest of 65.21 L/s. Overall, the Sidazhai Formation has a strong degree of karst development and abundant formation water; CPn1 and CPn2 have general karst development and underdevelopment of formation water; the Wuzhishan Formation suffers from weak karstification and underdevelopment of groundwater (Figure 8).
Physical Characteristics
The physical properties of limestone are closely related to lithology, which is the basis of other factors affecting the physical properties of limestone. The outcropping sample test showed that the average porosity and maximum permeability of the lenticular limestone in the Wuzhishan Formation (D3wz) were 1.50% and 0.0014 × 10−3 μm2, respectively, and the average porosity and maximum permeability of the flinty limestone in the interbedded section between flinty limestone and shale in the Nandan Formation were 1.62% and 0.0015 × 10−3 μm2, respectively. The limestone conglomerate porosity of CPn2 was greater than 2.0%, with an average porosity of 2.09%. The minimum, maximum, and average permeabilities were 0.0005 × 10−3 μm2, 0.0033 × 10−3 μm2, and 0.0018 × 10−3 μm2, respectively. The permeability of CPn2 varies significantly. The average porosity of the middle-layered micritic limestone in the Sidazhai Formation (P1-2s) was 1.33%, and the permeability was as low as 0.0011 × 10−3 μm2 (Figures 9, 10). Overall, the physical properties of the CPn2 limestone conglomerates were better than those of the D3wz lenticular limestone, CPn1 chert limestone, and P1-2s micritic limestone.
[image: Figure 9]FIGURE 9 | Porosity difference of limestone in different strata of Upper Paleozoic in the Qiannan area.
[image: Figure 10]FIGURE 10 | Permeability difference of limestone in different strata of Upper Paleozoic in the Qiannan area.
Division of Karst Sensitive Layer and Favorable Interlayer
The study area was mainly deep-water and semi-deep water environments from the Devonian to Permian. The lenticular limestone of D3wz and Devonian and the flinty limestone of CPn1 and Upper Carboniferous have a stable regional distribution with a thickness of 50–100 m and poor physical properties of the main rock matrix. The average porosity of the lenticular limestone of the Wuzhishan Formation was 1.5%, and the maximum permeability was 0.00144 × 10−3 μm2. The average porosity and permeability of the CPn1 flinty limestone were 1.629% and 0.0015 × 10−3 μm2, respectively; the layer between the surface and fracture was the storage space. The water distribution was weak, and the ancient water system was relatively undeveloped. Groundwater discharges into the deep part of the lower stream river through interlayers or fault runoff. No karst caves were found in the two layers, and there were fewer springs and a lower average flow. The spring point survey in the Wuzhishan Formation discovered a spring where the average flow rate is 0.8 L/s, and three spring points found in the CPn1 had an average flow rate of 4.7 L/s. The surface does not form a typical karst landform. Therefore, the comprehensive study indicates that the lenticular limestone of D3wz and the flinty limestone of the CPn1 of Upper Carboniferous are weak-medium karst formations.
There is a layer of 20–50 m argillaceous limestone in the middle of the Upper Carboniferous–Lower Permian (including CPn2 and P1-2s), and the rest are continuous middle-thick limestone. The total thickness of the limestone is greater than 800 m, and the hydrodynamic conditions are good, especially by dissolution and erosion. The paleo-drainage system is developed, and the water-bearing capacity is strong; therefore, it is a regional aquifer. In the Upper Carboniferous–Lower Permian carbonate distribution area on the surface, karst peak clusters were formed on the landform, with large surface height differences and relatively high physical properties of the bedrock. For example, the average porosity of CPn2 was 2.09%, and the average permeability was 0.0018 × 10–3 μm2. The karst is well-developed. There were 15 karst caves with widths larger than 40 cm in the CPn2 field profile and four karst caves with widths larger than 40 cm in the P1-2s field profile. In addition, there were 12 spring points in P1-2s, and the average flow rate could reach 29.3 L/s. Therefore, a comprehensive analysis showed that CPn2 and P1-2s are medium-strong karst strata. However, lithological differences existed between CPn2 and P1-2s. The lithology is the basis of karst development. The higher the purity of carbonate rock (i.e., the higher the content of calcite (CaCO3)), the better is the karst development, the larger is the karst space formed, and the stronger is the water-rich capacity (Huang 2012). Inhomogeneous carbonate rocks contain insoluble minerals, such as argillaceous, siliceous, and carbonaceous minerals that fill karst fractures, making it difficult for groundwater to pass through and weak karst development (Karst Research Group, Institute of Geology, Chinese Academy of Sciences 1979). Predecessors in the Ordovician rocks of the Tarim Basin for the dissolution test showed that when the noncarbonate composition (approximately equal acid insoluble content) is below 10% and had no significant effect on karstification, the relative dissolution rate was slightly higher than that of pure calcite high at 1.01–1.06. When the noncarbonate composition increased, karstification was abate, and the analysis of rock soluble was as follows: pure granular limestone > dolomitic limestone > dolomite > marl. The relative dissolution of different rocks forms the basis for the classification of the relative karst strength of different layers (Dan et al., 2015). CPn2 is mainly composed of medium-thick powder crystal granular limestone and is partially intercalated with medium-thick micritic limestone. The Sidazhai Formation continuously distributes medium-thick flinty limestone, which is less soluble than the CPn2 powder crystal granular limestone, and the number of karst caves is not as good as that of CPn2.
Comprehensive analysis showed that the lenticular limestone of D3wz and flinty limestone of CPn1 are weak-medium karst formations, which are favorable barrier layers for shale gas exploration. The powder crystal granular limestone of CPn2 and the flinty limestone of P1-2s are high karst formations and sensitive strata for shale gas exploration, which are prone to karst geological problems and are not conducive to shale gas drilling.
DISCUSSION
Influence of Karst on Shale Gas Accumulation
The southern Guizhou area is a high- and steep-fold area with a large dip angle and well-developed faults. In the field investigation of the carbonate shale formation, it was found that there is interbedded siliceous limestone in the upper part of the shale of the Dawuba Formation and marl in the lower part of the Wuzhishan Formation. The shale of the Devonian Huohong Formation is directly overlain by the siliceous rock of the Liujiang Formation and the lenticular limestone of the Wuzhishan Formation, forming several sets of vertically interbedded marl and shale, with a good gas containment system.
Owing to the structural damage, the formation was severely transversely damaged by faults and folds. Therefore, it is necessary to identify areas with relatively weak structural failure and effective isolation of shale by marl. Through detailed field observations (Figure 11), it was found that in the extrusion background, the stress was largest in the fold core, forming more kneading and fractures. In this high-stress background, marl and shale will produce a large number of fractures; therefore, shale gas will be dispersed under this condition. However, the wing situation was different. The structural stress on the wing was relatively weak, and the fractures were less developed. Generally, the micro-fractures in the shale will not pass through the marl, which can form a good isolation system, and the probability of leakage occurring when drilling in karst aquifers is correspondingly smaller. In conclusion, for the southern Guizhou region, the fold core is proposed to be the avoidance area for shale gas drilling, and the fold wing is the potential enrichment area for shale gas (Figure 12).
[image: Figure 11]FIGURE 11 | Effectiveness of marl sealing in different structural parts. (A) Strongly folded marl destruction in the core of anticline, sealing failure. (B) Fractures in wing shale are interrupted in limestone and filled with calcite, sealing effective.
[image: Figure 12]FIGURE 12 | Carbonate controlled shale accumulation model under complex tectonic background in the Qiannan area.
Influence of Karst Formations on Drilling and Fracturing of Shale Gas Wells
Paleozoic carbonate rocks are well developed in China. Large sets of carbonate rocks developed laterally at the top and bottom of the shale, and carbonate interlayers were also present in the local shale layers. Overall, the ratio of the thickness of Paleozoic carbonate to shale is greater than 3:1 in southern China. However, the development of large carbonate rocks causes several problems during shale gas drilling. For example, when drilling a well ZY1 in Ziyun County, Guizhou province, to a depth of 374 m, drilling fluid appeared in a natural cave approximately 150 m away from the wellhead center, and leakage occurred when drilling 451 m deep. This is because the Permian Sidazhai Formation in the well is a medium-strong karst layer group, rich in groundwater, belonging to the confined water layer, and the upper clastic rocks of the Permian Wujiaping Formation, 337 m–372 m, are waterproof layers of the confined water layer. When drilling through the waterproof layer, the drilling fluid rises and communicates with the surface water through the underground leakage section (50 m deep), causing surface pollution. In view of the karst accident in the ZY1 well, the follow-up treatment measures of drilling through the water layer and sealing the water layer with casing were carried out. It was found that the overflow was obviously stopped after sealing the water layer, which reduced the risk of the next construction. Therefore, when selecting the well location, it is necessary to analyze the development degree of the karst layer group in the drilling area in advance and avoid medium-strong karst formations as far as possible. In addition, it is necessary to analyze the development, distribution, and tectonic stress environment of karst aquifers to take countermeasures in advance when drilling.
Fracturing is an important technical step in establishing efficient and economic developments of shale gas (Yu et al., 2022). Different types of carbonate karst formations exhibit different fracturing responses to the shale. When carbonate and shale with good physical properties are mutually developed, if the fracturing and completion method of late shale is not properly chosen, the water in the aquifer may enter the shale gas layer, resulting in an increase in water production and a decrease in gas production in shale gas wells. However, the fracturing fluid may escape from the overlying porous carbonate aquifer and pollute the groundwater. For example, CPn2 and P1-2s above the upper shale of CPn1 belong to the strong karst formations. When fracturing the upper shale of CPn1, energy is easily lost, and the fracturing fluid can easily enter the confined water layer of the second member of the Nandan and Sidazhai Formations, causing pollution. Carbonate rock strata with poor physical properties, poor porosity, and permeability (such as marl interlayers) act as fracturing barriers in fracturing so that hydraulic fracturing cracks stop under the marl barrier, resulting in high shale gas exploitation efficiency (Dan et al., 2018). For example, the shale of the Huohong Formation is covered by a weak karst layer of the Wuzhishan Formation, and the energy generated by hydraulic fracturing can be preserved in the target shale gas layer, which is beneficial for producing complex artificial fracture networks and improving shale gas production.
Evaluation of Karst Sensitivity in Shale Gas Exploration
In recent years, many karst geological problems have appeared during shale gas drilling in southern China. For example, in 2013, Sinopec drilled karst caves at a depth of 15 m in the DY1 HF well of the Dingshan structure, and repeated leakages led to more than 22 days of pipe construction. In 2015, when drilling an HD1 well to a depth of 800 m in a shale gas well around the Yangtze River in Guangxi, the China Geological Survey encountered a large amount of mud leakage, and drilling could not be conducted. The wellhead was then moved 5 m away, and 800 m was drilled again. In 2017, in the shale gas risk exploration well ZY1 in Ziyun County, Guizhou province, karst problems occurred on the surface and deep, resulting in well leakage. To avoid construction problems such as drilling emptying, leakage, mud overflow, shut-in, and waste wells, karst sensitivity evaluation of shale gas exploration should be conducted before shale gas drilling construction.
In actual exploration and development, whether on the surface or underground, drilling success is directly related to the degree of karst development. Therefore, in the evaluation of the karst sensitivity of shale gas exploration, the degree of difficulty in shale gas exploration and development should be evaluated by combining the surface and underground conditions. The surface conditions include the surface lithology and karst formation characteristics, topography and geomorphology, well site water supply conditions, and karst pipeline development. Underground conditions include karst aquifer development, fold location, distance from the fault zone, hydrodynamic conditions, and karst geophysical exploration (Table 3).
TABLE 3 | Division table of karst sensitivity evaluation for shale gas exploration.
[image: Table 3]According to the aforementioned evaluation indices, the karst sensitivity of shale gas exploration in the study area was evaluated, which was divided into karst avoidance, karst-sensitive, and karst-insensitive areas (Figure 13). The avoidance area was mainly distributed near the fault and widely distributed throughout the entire area. It was distributed in the northern, central, and southern parts of the study area. Since the exposed surface strata are the middle-strong karst strata of CPn2 and P1-2s, a karst landform is developed, and the fracture karst caves are widely distributed. The karst-sensitive area has a large distribution in the entire area. The surface-exposed stratum is the moderate karst stratum of CPn1, and its dissolution strength is weak. It is mainly dominated by cracks and is at a certain distance from the fault zone. The karst-insensitive area is mainly distributed near Gongli village and Narao village in the northern region, sporadically distributed in the south, and far away from the fault zone as a whole. The surface is a clastic rock hilly landform with minimal undulation and abundant surface water.
[image: Figure 13]FIGURE 13 | Karst sensitivity evaluation of shale gas exploration in Qiannan area (Note: Surface faults were drawn based on regional geological maps, and underground faults were drawn based on seismic data interpretation).
Surface faults were drawn based on regional geological maps, and underground faults were drawn based on seismic data interpretation.
CONCLUSION
In this study, we discovered that it is feasible to apply the classification method of karst formation to the sealing study of carbonate rocks in the roof and floor contact with shale and further explore the influence on shale gas accumulation and drilling, which is worthy of popularization and application in the field of oil and gas geology. The main target layers of black shale in southern Guizhou are D1-2h1 and D1-2h3 of the Middle-Lower Devonian, the C1-2dw of Lower Carboniferous, and the upper part of CPn1 of the Upper Carboniferous. The carbonate rocks related to the shale target layer mainly include the D3wz marlite of the Upper Devonian, CPn2 limestone of the Upper Carboniferous–Lower Permian, and P1-2s flinty limestone of the Middle-Lower Permian.
The carbonate karst formation in the Qiannan area can be divided into two types, four types, and six subtypes. Among them, CPn2 and P1-2s were mainly developed in the medium-thick layer and medium-bedded limestone. Corrosion cracks and corrosion holes and karst springs were developed. These are medium-strong karst formations and shale gas drilling-sensitive layers. The lenticular limestone of D3wz and the flinty limestone of CPn1 had poor matrix physical properties, and no karst caves were found in the survey. There were a few springs, and the average flow rate was low. These are the weak-middle karst formations and shale gas reservoir isolation layers.
The shale gas exploration avoidance area in southern Guizhou is mainly distributed near the fault, and the exposed strata are CPn2 and P1-2s; the surface-exposed strata in the sensitive area are weakly medium karst formations in CPn1, and there is a certain distance from the fault zone. The karst-insensitive area is mainly scattered in the northern part of the study area and is far away from the fault zone as a whole.
Based on our results, we recommend that to avoid karst drilling accidents, shale gas drilling should avoid fold cores and fault zones under the condition that the basic geological conditions of shale gas are not significantly different, considering the surface and underground conditions.
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