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Jura-type folds in eastern Sichuan Basin have created unique multi-type karst water circulation patterns. Understanding the karst water circulation features is helpful to the protection and management of water resources in this area. In this study, a typical Jura-type fold Mingyueshan in eastern Sichuan, Southwestern China is taken as an example. The geological conditions, natural geographical factors, and environmental isotopes data (δ2H, δ18O, δ3H) are analyzed, the GIS method was used to construct the groundwater flow system. The results reveal the karst water circulation patterns under the control of multiple drainage base levels. Finally, it comes to the conclusion that the north, middle and south sections of Mingyueshan present three water circulation patterns: unidirectional shallow circulation system, bidirectional shallow circulation system and unidirectional shallow-deep nested circulation system, respectively. These results are essentially qualitative, some numerical simulations of groundwater flow can be considered in future work, which will help to determine the groundwater flow system quantitatively. The research results can provide reference for the studies of karst aquifers in eastern Sichuan Jura-type folds area and other areas with similar characteristics.
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1 INTRODUCTION
Karst is widely distributed all over the world, which cover 7%–12% of the Earth’s land surface, meanwhile, karst aquifers contain rich fresh water resources (Ford and Williams, 2007; Lorette et al., 2018; Liu et al., 2021). Therefore, it is essential to accurately grasp the groundwater circulation characteristics in karst area. The groundwater flow theory creatively proposed by Tóth (1962) and Tóth (1963) gives better description of the law of regional groundwater circulation, which does not completely depend on the geological factors, and it is also controlled by the natural geographical factors (Tóth, 2009; Liang et al., 2012; Liang et al., 2022). Different groundwater flow systems have different flow mechanics characteristics, there are great differences in water chemistry and isotopes. Although the strong spatial heterogeneity of karst aquifers causes challenges for research, existing studies have shown that hydrogen and oxygen isotopes can perform well in complex karst water systems (Kattan, 1997; Vasic et al., 2019; Gil-Marquez et al., 2019; Torresan et al., 2020; Deng et al., 2022; Ma et al., 2022), which provides a theoretical basis for application of hydrogen and oxygen environmental isotopes to reveal karst water flow systems.
The Jura-type folds, also known as the detachment folds, which evaporates incompetent Triassic and develops a serial of parallel “comb-like and trough-like” folds (Laubscher, 1977; Wang et al., 2012). Typical examples are the Jura Mountains of the Swiss, the foreland region of the Appalachian Orogenic Belt, the foreland region of the Cordillera Orogenic Belt (Rich, 1934; Davis, 1980; Suppe, 1983). A serial of NNE–SSW trending “comb-like and trough-like” fold belts in eastern Sichuan Basin are caused by multi-layer detachment, belonging to typical Jura-type folds (Wang et al., 2010; Wang et al., 2022). The concrete manifestation is that the soluble rock is exposed in the core of the high-steep anticline and the east and west limbs are clamped by the relative water-isolated sandstone and mudstone. Under this special tectonic condition, the near east-west (EW) direction gullies, or transverse gullies briefly, largely control the groundwater discharge and circulation in karst mountainous areas. Neotectonic movement caused regional crustal uplift, resulting in continuous downward cutting of the hydrological network and the development of transverse rivers with different cutting depths and lengths. According to the degree of transverse gullies cutting through the soluble rock strata, they can be divided into three types: fully-cut, partly-cut, and uncut gully. Typical Jura-type folds in eastern Sichuan Basin such as Wentangxia, Huayinshan, Tongluoshan, Mingyueshan, and Jiajiaoshan show a variety of gully cutting and groundwater drainage types. Up till to now, there are many studies on karst aquifers in the Jura-type folds area of the eastern Sichuan Basin. However, existing studies mainly focus on the physicochemical properties, occurrence condition or quality evaluation of karst water (Pu et al., 2014; Xiao et al., 2018; Chen et al., 2020; Zhang et al., 2022), few researches pay attention to karst water cycle pattern in this area. To be more specific, how multiple drainage base levels and their combinations affect and control the karst water circulation in this area remains a question worth exploring.
In this study, theoretical controlling factors of karst water flow, the GIS method and environmental isotopes data were analyzed to reveal the karst water circulation patterns under the control of different drainage base levels in Mingyueshan. Finally, the different karst water circulation patterns in the north, middle and south sections of the Mingyueshan was summarized. This work is beneficial to the management of water resources and the safety of underground engineering in the study area, provides reference for the study of karst aquifers with similar characteristics in eastern Sichuan Jura-type folds area and other area.
2 STUDY AREA
2.1 Physical geography conditions
The Mingyueshan, located on the Chongqing Municipality, lies between latitudes 29°28′–31°01′ N and longitudes 106°45′–107°56′ E. It is a 210-km typical eastern Sichuan Jura-type fold with narrow axis and asymmetrical limbs. The Yulin river and the Mingyue river pass through the south and north of the long anticline, respectively (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Map of study area. (B) Altitude DEM rendering map of study area. (C) Overview map of the study area indicating water samples.
The study area is controlled by the semitropical climate, with distinct seasons. The average temperature is 16°C–18°C throughout the year. The rainfall is abundant and there is an obvious vertical zonation of rainfall, in which the average annual rainfall in the basin and river valley is about 998 mm, while the rainfall in the mountain area exceeds 1,100 mm (Yang et al., 2019). The river systems in the study area are well developed with a dendritic distribution.
2.2 Geological conditions
The Eastern Sichuan fold-thrust belt (ESFTB) is situated in the eastern margin of the middle and upper Yangtze blocks in the South China Craton (Charvet, 2013; Lu et al., 2014). It had experienced Yanshan and Himalayas movement, then developed a serial of NNE–SSW trending asymmetric high-steep folds, one of which is Mingyueshan anticline. The Mingyueshan anticline is located in the southwest area of ESFTB, which is a narrow and long structural belt and subjected to the combined action of west-east compression and bottom-up uplift during the tectonic deformation. Therefore, the structural features and two limbs of the north, middle and south parts are presented differently (Figure 2).
[image: Figure 2]FIGURE 2 | (A) Structural trace of Mingyueshan anticline. (B) Two limbs morphology shown in sections a–a′, b–b′, and c–c′.
The northern part of Mingyueshan was affected by the southward thrust and nappe of the South Dabashan mountains tectonic belt in the north of Mingyueshan, leading to the south-east bending of Mingyueshan fold belt and its continued northward expansion. The influence of the southward thrust and nappe of the South Dabashan mountains was getting more intense (Wen and Li, 2020). As a result, the limbs of the northern anticline are roughly symmetrical (Figure 2A and section a–a′). In the middle part, the lithology phase transition occurred in part of the area, the difference of lithology led to the concentration of stress and displacement, appearance of multiple rotation axis segments. The rock strata in the west limb of the middle part were inclined gently, while the rock strata in the east limb were steep (Figure 2B and section b–b′). In the southern part, affected by the thickness of the weak layer (detachment layer), the tectonic stress and displacement were more likely to transfer to the west along the detachment layer, resulting in the uplift of the anticlinal core. The difference in detachment layer thickness led to a significant difference in the transfer of tectonic deformation from east to west in the study area. The two limbs of the south part were roughly symmetrical (Figure 2C and section c–c′).
The soluble rocks in the anticline are only exposed in the core area, while the east and west limbs are clamped by the water-isolated sandstone and mudstone of the Upper Triassic Xujiahe Formation (T3xj) (Chen et al., 2016; Szczygieł et al., 2018). The soluble rocks in the northern part are mainly limestone and dolomite in the Middle Triassic Leikoupo (T2l) and the Lower Triassic Jialingjiang Formations (T1j), with a small amount of gypsum dissolved breccia. The middle part has the same soluble rock lithology as the north part, which consists of limestone and dolomite. In addition to Leikoupo and Jialingjiang Formation, there are argillaceous limestone of the Upper Permian Changxing Formation (P2c) and the Lower Triassic Feixianguan Formation (T1f) in the anticline core of the southern soluble rocks (Figure 2). The carbonated rocks composition such as CaO, MgO and AIR (acid-insoluble residue) of water-bearing formation and two caves in the Mingyueshan area is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Carbonated rocks composition of water-bearing formation and two karst caves.
3 METHODS
3.1 Tóth’s groundwater flow system built by the GIS
Tóth (1962) and Tóth (1963) obtained the groundwater flow system in a basin of undulating topographic surface by analytical solution. Tóth’s study showed the nested groundwater systems of local, intermediate, and regional flow systems, discussed the geological force of groundwater flow (Tóth, 1999). In general, groundwater circulation is not entirely dependent on geological factors, but also controlled by natural geographical factors such as topographic potential energy and drainage system (Tóth, 2009; Liang et al., 2012; Liang et al., 2022). The difference of topographic potential energy is the main driving force of groundwater movement. Recharge areas with high terrain accumulate potential energy with recharge, while discharge area with low-lying terrain is difficult to accumulate potential energy. Therefore, topography usually controls the spatial distribution of topographic potential energy.
During the intermittent uplift of crust, the karst water circulation is closely related to the evolution of karst topography (Hill and Polyak, 2010). On the one hand, the evolution of karst topography is a process that changes with time, the alternate water cycle conditions control the evolution of karst topography. On the other hand, topographical control over hydrology can be manifested in a short period of time. The diversity and difference of karst landforms lead to different hydrological functions of karst systems, groundwater shows regional and local drainage characteristics. In order to obtain the relationship between karst topography and hydrological system clearly in the study area, transverse gully cut points and karst depressions were extracted automatically using digital elevation model (DEM) and geographic information system (GIS) data (Pavel et al., 2016; Wu et al., 2016; Meng et al., 2018).
3.2 Environmental isotopes
3.2.1 Water sampling
Water sampling campaigns were conducted in the study area during the period of 27th August to 2nd September 2018 (sampling sites are shown in Figure 1). A total of 33 groups of samples were collected from the north, middle and south parts of Mingyueshan for environmental isotope testing, among which 28 groups from all sampling sites were tested for δ2H and δ18O isotope, and the rest, five groups were tested for δ3H isotope, marked as from S01, S02, S05, S08 and S24 sites. Sampling bottles were rinsed with sample water at least five times before collection. The water samples collected in the field being sealed in 500 mL polyethylene bottles and stored in a low-temperature environment above zero. The samples were sent to the Institute of Karst Geology, Chinese Academy of Geological Sciences for isotope testing within 7 days after collection. δ2H and δ18O were tested by MAT253 stable isotope mass spectrometer, tritium was tested by Qnantulus1220 ultra-low local liquid scintillation spectrometer.
3.2.2 δ3H dating
Environmental isotope tritium is a radioactive isotope of hydrogen with a half-life of 12.43a (Lucas and Unterweger 2000). Generally, the tritium content in groundwater is only affected by the decay rule, does not exchange with rock medium. Therefore, it is often used as the tracer signal of precipitation input to study the dating of groundwater (Solomon and Sudicky 1991; Kaufman et al., 2003; Gleeson et al., 2016; Cauquoin et al., 2017). Relevant studies show that the annual variation curve of tritium concentration in global atmospheric precipitation has similar morphological characteristics, there is correlation between the data (Taylor 1966; Koster et al., 1989; Michel 1989). Therefore, the application of factor analysis method to the analysis of the average annual tritium concentration in atmospheric precipitation has a longer time and larger space applicability (Doney et al., 1992; Zhang et al., 2011). The MGMTP (Yang and Ye 2018) model of factor analysis was used to recover the annual average tritium concentration of atmospheric precipitation in the study area from 1953 to 2018.
Groundwater in Chongqing area is mainly replenished by atmospheric rainfall. The tritium values of atmospheric precipitation in the study area from 1953 to 2017 are taken as the input function, the piston flow model (PFM) of a single input-output system is calculated and selected to establish the relationship between the groundwater output age and the tritium output concentration. The PFM assumes that groundwater flow in an ideal aquifer is similar to piston motion, i.e. equal-scale mixing model, which means that the recharge is punctual and all tracer concentrations arrive as a unique peak without mixing between flow lines (Nir, 1964; Silva and Cota, 2021). Therefore, the retention age of groundwater can be deduced by measuring the tritium value of the samples.
[image: image]
where, [image: image] is the time series of isotope output; [image: image] is the transmission time of isotope, i.e., the age. [image: image] is isotope input time series. [image: image] is the tritium output function of groundwater system. [image: image] is the tritium input function of groundwater system. [image: image] is the tritium decay constant, equals to 0.055764.
4 RESULTS AND DISCUSSIONS
4.1 Karst hydro-geomorphology
Transverse gully cut points and karst depressions were extracted (Figure 4) and the elevation and development density of transverse gullies were calculated (Table 1) in each part of Mingyueshan. From north to south, the number of transverse gullies cut points increase, the depth of karst depression changes from shallow to deep, the development density and range of karst depressions also increase. In the area close to the fully-cut gully, groundwater circulation gradually adapts to the downward cutting of the fully-cut gully, the surface basically has no gully development, then the partly-cut gully loses the drainage ability. The terrain landform of the study area is obviously controlled by the geological structure and lithologic characteristic, the groundwater migrates mainly along the tectonic line from north to south to the Yulin river (the primary tributary of the Yangtze river), the lowest drainage base level. The dynamic conditions of groundwater are mainly controlled by the Yulin river which fully cuts through the anticline karst formation, the gullies, which partly cut into the anticline karst rock.
[image: Figure 4]FIGURE 4 | Distribution of surface gullies development and karst depressions in Mingyueshan.
TABLE 1 | Statistics of EW gullies elevation and density in Mingyueshan.
[image: Table 1]The depth of groundwater circulation is largely determined by the relative height of recharge and discharge zones (Stringfield et al., 1979). Under the unique background of the Jura-type folds in eastern Sichuan, the east-west direction transverse gullies that cut into anticline soluble rock play an essential role in discharging nearby karst water, the cutting length and depth determine the ability and control range of discharging groundwater. According to the degree to which the transverse river cuts through the soluble rock strata, it is divided into three types: fully-cut, partly-cut, and uncut gully. Their ability of discharging groundwater also ranks from strong to weak. The fully-cut and partly-cut gullies correspond to the deep and shallow circulation of groundwater respectively. A multilevel groundwater circulation system is formed under the control of combination of drainage base level with different cutting forms. At the dip end of the northern anticline, the Mingyue river valley, with an elevation of 420 m, was developed in the non-solvable rocks of the Xujiahe Formation and did not cut into the karst rocks of the anticline, therefore the Mingyue river valley should not be considered as an effective drainage area for karst water. Yanjing gully and Zhafang gully are the gullies that partly cut into the soluble rock, with the elevations of 488 m and 472 m respectively. Yulin river fully cut into the soluble rock with 185 m elevation and it is the regional drainage base level in the study area. Yanjin gully, Zhafang gully and Yulin river formed the local drainage base level of the water in the Mingyueshan and controlled the local karst landform features and groundwater circulation conditions. According to the spatial location of these drainage base levels, the anticline was divided into north, middle and south sections. The groundwater circulation characteristics of each section will be analyzed later.
4.2 δ2H and δ18O isotope analysis
The stable isotope values of the southern group samples are −46.40‰ to −40.70‰ for δ2H, and −7.59‰ to −6.48‰ for δ18O. The isotope values of the middle group varied between −50.40‰ and −47.70‰-for δ2H, from −7.92‰ to −7.69‰ for δ18O. The δ2H values of the northern group ranges from −58.10‰ to −49.20‰, δ18O ranges from −8.910‰ to −7.730‰ (Table 2). A binary scatter plots of δ2H and δ18O were drawn from 28 sets of isotopic data of water samples in the north, middle and south parts of the Mingyueshan (Figure 5). The samples are between the global meteoric water line (GMWL: δ2H = 8.14 × δ18O + 10.9; Craig 1961) and the local meteoric water line (LMWL: δ2H =7.85 × δ18O + 14.12; Wen 2017), indicating that there is a close relationship between the recharge source of the samples and atmospheric precipitation. It also reflects that the region is inland far from the steam source and at a high altitude, which is consistent with the actual situation in the study area.
TABLE 2 | δ2H and δ18O isotope information of water samples.
[image: Table 2][image: Figure 5]FIGURE 5 | Isotopes δ2H and δ18O binary graph.
In general, the terrain of Mingyue Mountain decreases from north to south, the average elevation of water samples in the northern and middle sections is generally higher than the southern section. The stable isotope is affected by the altitude, the southern section of Mingyueshan shows obvious subdivision compared with the northern and middle sections: the water samples in the south section are concentrated in the upper right of the scatter diagram, are distributed obviously denser in heavy isotopes δ18O and δ2H than those in the middle and north sections. The slope of stable isotope linear curves of the middle and northern group is parallel to that of LMWL and GMWL, which reflects wet climate and weak evaporation in the study area. However, the slope of isotope linear curve of the southern group is significantly less than that of LMWL and GMWL, showing positive δ18O deviation, which results from the water-rock interaction. The content of δ2H in rocks is very low, which is not enough to significantly affect the δ2H value in water, while the rocks are more enriched in δ18O than water (Pu, 2013). The long-term retention of karst water in the aquifer leads to the enhancement of water-rock interaction in the system, δ18O in the rock will transfer to the water, resulting in δ18O enrichment in the southern group. It is inferred that the south section groundwater has larger exchange capacity of material components than middle and north sections, and the groundwater circulation in the southern section is deeper than middle and north sections.
4.3 Groundwater residence time
3H input concentration in precipitation curved graph and 3H output concentration curved graph from the PEM in study area were established (Figure 6). S01, S02 and S05 are all in the north section of the anticline. The tritium values of S02 and S05 springs are ranging from 5.58 to 6.1Tu. It is estimated that the groundwater runoff time is roughly 15–20 years and the formation time lies from year 1998 to 2003. S01 is a hot water hole involved in deep circulation and has a low 3H abundance less than 2. It should have been formed before the nuclear explosion in 1953 and has a long groundwater detention time. S08 is an ascending spring in the middle section of the anticline, the measured tritium value is 7.97Tu, which is presumed to have been formed around year 2007 and the groundwater circulation path is short and shallow. S24 is an outcropping spring in the south section of the anticline with 13.01TU tritium value, the groundwater retention age is relatively long, about 50 years. It is speculated that the groundwater of S24 migrates through the deep circulation system and is discharged to the inner spring mouth in the negative terrain. The estimation of the age of tritium retention in groundwater can provide a reliable basis for the classification of groundwater circulation patterns in Mingyueshan.
[image: Figure 6]FIGURE 6 | 3H input concentration in precipitation and 3H output concentration curves.
4.4 Karst water circulation patterns
The north section is from Mingyue river to Yanjin gully, about 46 km long, with few transverse gullies, undeveloped surface water systems and shallow karst depressions. The main karst landforms on the surface are ridge-shallow troughs. The scale of karst development is weak, in which karst troughs of west limb are not obvious, while karst troughs of the east limb are more apparent. In the north section, due to the large area of non-soluble rock strata exposed by the overturning of the anticline, the penetrating valley of Mingyue river does not cut into the soluble rocks, as a result it does not act as an effective drainage area for the inland water of the anticline. Retention time of S02 and S05 spring are short, accompanied with weak water-rock reaction, corresponding to shallow circulation. While the sampling depth of S01 hot water borehole is deep, the groundwater 3H dating is old and the retention time is long. It is speculated that the overall flow of groundwater in this section is from north to south, the shallow groundwater is discharged through the deep transverse gullies of Yanjing gully, the deep groundwater migrates to the Yulin river. Under the control of the depth and drainage capacity of the deep transverse gullies, there are almost no other transverse gullies development in a certain range near this area. The groundwater in this section is mainly controlled by a single deep transverse gully, which is a unidirectional shallow circulation pattern (Figure 7).
[image: Figure 7]FIGURE 7 | Karst water circulation pattern in north section of Mingyueshan.
The middle section is from Yanjin gully to Zhafang gully, about 70 km long. The karst landforms developed in this section are ridge-single troughs. The soluble rock strata of Leikoupo and Jialingjiang Formation formed valleys after dissolution, while the non-carbonate rocks on both limbs formed monocline ridge. The structural stress in the middle section is not distributed evenly, resulting in asymmetry between the two limbs of the anticline. To be more concrete, the Xujiahe Formation in the west limb stands up and goes inverted, with steepness occurring in parts of the area. The dip angle of east limb formation is gentle, forming a single plane structure. In this area, the outcrop of Xujiahe Formation is thin, which is vulnerable to the trace-back erosion of cross-cut gullies and cut into the core of the anticline. Rainfall is mainly discharged by lateral runoff from the west limb to the east limb gullies through slope flows, forming deep circulating karst water within a certain depth range below the drainage base level, and leading to longitudinal runoff to the Yulin river. Far away from the control area of fully cut valley, the non-soluble rock strata formation holding karst layer groups are cut open by transverse gullies, as the main drainage channel of groundwater in karst trough valleys. With the continuous tractive erosion of groundwater, the groundwater between adjacent gullies and valleys continuously attacks and merges with each other, leading to the increasing difference in the depth and shallow degree of the transverse gully development. In the development of a series of shallow transverse gullies, a deep cutting gully with a large control range appeared, which controls the discharge of groundwater in the trough valley together with the shallow transverse gullies. Isotope sampling data from the middle section indicate weak water-rock interaction and a short groundwater retention age. The groundwater in the middle section is jointly controlled by the two partly cut transverse gullies Yanjing gully and Zhafang gully, forming a bidirectional shallow circulation pattern (Figure 8).
[image: Figure 8]FIGURE 8 | Karst water circulation pattern in middle section of Mingyueshan.
The south section is from Zhafang gully to Yulin river, with a length about 54 km. The karst landforms, mainly ridge-double troughs and transverse gullies and valleys, are developed along both limbs of the anticline. The karst depressions are distributed roughly in a beaded shape, the bottom elevation of the depressions decreases from north to south. In this section, the rainfall in the trough valleys is discharged to the syncline area through the cross-cutting gullies on both sides. Meanwhile, due to the development of the surface karst negative terrain in this section, the atmospheric rainfall is rapidly introduced into the underground through the negative terrain, and is discharged along the east-west trough valleys of the anticline to the southern side of the Yulin river. Impacted by the tectonic stress extrusion in the south section, the Feixianguan Formation and Changxing Formation exposed in the core, controlled by the non-soluble rocks of the Feixianguan Formation, the hydraulic connection between the east and west limbs of the anticline is hindered, with a manifestation that the shallow groundwater is mainly discharged through partly cut transverse gullies. In a certain range away from the fully cut valley, where groundwater circulation has not adapted to the valley down-cutting, the valley has a weak influence on the transverse valleys, resulting in the strong development of transverse gullies and valleys and forming shallow depth of groundwater level. Groundwater, is discharged through the shallow transverse gullies, with a small amount of groundwater circulating deeply through the deep dissolution gap. For areas close to the Yulin river, under the control of crustal uplift, fully cut river valley continues to cut down, which controls the groundwater circulation to the deep, leading to a deep depth of groundwater level. When groundwater circulation is adapted to the down-cutting of fully cut valleys, there is basically no gully development on the surface, transverse gullies and valleys will lose the discharge ability. The stable isotopes of the water samples data in the southern section far away from the Yulin River basically fall on the LMWL, indicating that the groundwater is excreted by temporary runoff and belongs to shallow circulation. The stable isotopes of the water samples to the south showed a trend of δ18O enrichment, the 3H dating also showed that the groundwater retention time was long, which was a deep circulation area. It’s inferred that the fully-cut Yulin river valley and partly-cut Zhangfang gully together constitute a multilevel discharge base level of karst water, thus forming a unidirectional shallow-deep nested circulation system jointly controlled by fully cut river valley and partly cut gully (Figure 9).
[image: Figure 9]FIGURE 9 | Karst water circulation pattern in south section of Mingyueshan.
Under the special conditions of the east Sichuan Basin, where a series of NNE–SSW trending Jura-type folds developed, we considered that the near east-west (EW) direction gullies determine the drainage of karst water largely. In this study, according to the degree of transverse gullies cutting through the soluble rock strata, it can be divided into three types: fully-cut, partly-cut, and uncut gully. Based on geomorphic and environmental isotopes analysis, the karst water circulation under the control of multiple drainage base levels and their combinations is discussed in typical Jura-type fold Mingyueshan. However, these discussions are essentially qualitative, some numerical simulations of groundwater flow can be considered in future work. The combination of numerical simulation and field data helps to determine the groundwater flow system quantitatively.
5 CONCLUSION
Under the special tectonic conditions of the Jura-type folds in eastern Sichuan, the down-cutting degree and depth of the near EW gully cutting into soluble rocks determine the drainage capacity of groundwater in the anticline area. According to the morphology of transverse gullies which cut into the soluble rocks in anticline area, transverse gullies can be divided into three types: fully-cut, partly-cut, and uncut. The transverse gullies with different combinations control the shallow circulation and deep circulation of karst water. In this study, the geological and natural geographical factors that control the karst water circulation in the Mingyueshan area were analyzed from the geographical three-dimensional perspective. The groundwater flow system was built by GIS, the direct evidence of the karst water circulation was obtained by the environmental isotopes (δ2H, δ18O, δ3H) methods. Based on the above, the karst water circulation patterns under the control of different drainage base levels were explored. It is concluded that the north section of Mingyueshan is a unidirectional shallow circulation pattern controlled by a partly-cut gully. The middle section is a bidirectional shallow circulation pattern controlled by two partly-cut gullies. The karst water circulation in the south section is controlled by a fully-cut gully and a partly-cut gully and forms a unidirectional shallow-deep nested circulation system pattern.
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