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Abstract

:

One-third of the Earth in China is formed by Karst topography, which exposes different Karst landforms in three topography grades from southeast to northwest, corresponding to below several hundred meters for the first grade, one to two thousand meters for the second grade, and more than 4000 m for the in Qinghai-Tibet Plateau. Through the hydrochemical and D-18O stable isotopes of 64 water samples collected along two railway lines and the topography fractal characteristics of three typical Karst areas in different topography grades, the changes in Karst development degree, changes in groundwater activities, and the influence of tunnel excavation effects on groundwater environment were analyzed. The results indicated that: (1) the Karst development degree and the influence of Karst tunnel excavation on the groundwater environment are somehow similar in the first and second grades, while there are significant differences between the slopes area from second to third grade and the third grade area. (2) In detail, the relatively weaker Karst development degree and flow seeping in the second grade relatively weaken the influences of tunnel excavation, including the distribution pattern of water resources, the groundwater flow field, and water circulation, while the tunnel elevation has little room to rise. (3) There are many large faults in the north-southward direction in the third topography grade, and the transportation lines in the eastern-western direction will inevitably encounter them. In the intersection area, the tunnel excavation has great effects on the groundwater environment. (4) The lighter hydrogen and oxygen isotopes are enriched in Karst water from the first grade to the third grade, indicating that the recharge source of Karst water presents obvious elevation effect.
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1. Introduction


Karst covers approximately one-third of the Earth in China. As the altitude rises, different Karst landforms are exposed [1]. Topography altitudes are divided into three grades from southeast to northwest in China. The areas of the first grade have an altitude of about several hundred meters and are mostly distributed in the southeast area such as Guangxi Province and Yun-Gui Plateau situates. The areas of the second grade have an altitude of one to two thousand meters. The highest-level area is located in Qinghai-Tibet Plateau situates, which are more than 4000 m high. The distribution of the three grades is shown in Figure 1 [2,3]. In southern China, there are four typical types of Karst landform compositions, including peak-cluster with depression (the funnel), peak-forest with depression, isolate peak (residual hillock) with Karst plain, and Karst hill with depression. The first three types show landform diversity from Guangxi Province to Yun-Gui Plateau [4,5]. Shallow dish with Hillock becomes the main Karst landform composition in the central area of Yun-Gui Plateau [1]. There are two different viewpoints about Karst landforms in Qinghai-Tibet. Some researchers consider the palaeo Karst of Qinghai-Tibet as the covered Karst. They believe most of the landforms have already been destroyed with topographical uplift, and current Karst features include some stone pinnacles and rock walls [6,7,8,9]. While others consider that the recognizable Karst features in Qinghai-Tibet Plateau are small caves and corrosion fissures formed by physical weathering under the condition of Quaternary periglacial climate [10,11]. Both opinions acknowledge that there are few typical Karst landforms in this area.



The huge altitude difference between these three grades becomes an insurmountable barrier for transportation [12]. As a result, tunnel excavation has become a common need for efficient transportation in the forms of expressways and railways in the Karst plateau and mountain areas [13,14], and consequently, there are a large number of tunnels in southwest China [12]. The depths of tunnels are generally tens of meters to hundreds of meters, and some in the world even exceed 1000 m [15]. The depth of the diversion tunnel of Jinping Hydropower Station in China is 2525 m, which has been designed and is to be constructed [16]. In addition, the railway from Sichuan to Lasa situates on the Qinghai-Tibet Plateau, and the design depth of some Karst tunnels is greater than 2000 m. By the end of 2018, there are 3896 tunnels with a total length of 4300 km in carbonate area [12]. The most significant hydrogeological impact of the tunnel excavation in an aquifer is the drainage effect [17]. If the tunnel is located below the regional groundwater level, springs or underground rivers may be drained, and the groundwater level will drop significantly, which can lead to hydrogeological and environmental impacts on groundwater-dependent ecosystems [18].



Karst environments are characterized by unique landforms related to dissolution and dominant subsurface drainage, which can affect the groundwater flow characteristics [19]. In another word, the most significant hydrogeological impacts, such as barrier and drain effects in an aquifer, are influenced by the Karst development degree and the characteristics of groundwater flow [19]. The barrier effect causes the water table to rise in the upper reaches and the water table to drop in the down reaches [20,21]. The drain effect can extract groundwater, reduce the groundwater table, and cause some environmental and geotechnical consequences [22,23,24]. In this study, we investigated three typical hydrogeology systems along two railways, as shown in Figure 1b,c. The three hydrogeology systems cross the Karst area and are distributed in three topography grades. The geochemistry, isotope characteristics, and geomorphology analysis methods were used to analyze the relationship between Karst landforms and the characteristics of ground flow, including the characteristics of groundwater, hydraulic connection, and hydrodynamic conditions. Then we discussed the changes in Karst development degree, the activities of groundwater, and the effects of tunnel excavation on the groundwater environment in different hydrogeology grades. The results can suggest a better tunnel layout to avoid or reduce the impact of tunnel excavation.




2. Methods


2.1. Hydrochemistry and Isotope Analyses


In August 2011 and August 2018, a series of samples, consisting of some springs, surface water, underground river water, and two warm springs, were collected in the areas where railway lines pass. The locations of samples are shown in Figure 1b. Three typical tunnels, i.e., Pingguo Tunnel, Dongfeng Tunnel, and Batang tunnel, are located in the three topography grades with different Karst landforms. The samples were collected in the strata, including Silurian, Devonian, Carboniferous, Permian System, and Triassic.



All indoor analyses were rapidly performed in the aqueous chemistry facility operated by the Chengdu University of Technology. Anions and cations were analyzed using DIONEX (ICS-1100) and ICP-OES (ICAP6300), respectively. The stable isotopic composition of hydrogen and oxygen was determined by the Isotopic Laboratory of the China Geological Survey. The standard deviation of the isotopic analyses (MAT 253 stable isotope ratio mass spectrometer) is ±0.2‰ for δ18O and ±2‰ for δD.




2.2. Fractal Characteristics of the Karst Landforms


The morphological parameter statistics and fractal characteristics were used to study the Karst development degrees, including morphological parameter statistics of Karst peak, as well as the fractal dimension of Karst depression and contour. The Karst development progress can be divided into three periods, i.e., juvenile stage, maturity stage, and old stage, corresponding to different Karst morphological features, namely, peak–cluster, peak–forest, and isolate peak, as shown in Figure 2 [25,26]. The shape of the curve of N(δ) versus δ can be used to study the Karst development stage. Based on the different height standards (δ), the number of peaks (N(δ)) exceeding the height standard can be counted, and the curve of N(δ) versus δ can be constructed.



The number of Karst peaks (N(δ)) based on the height standard (δ) for different Karst development stages; N1, N2, and N3 represent the number of Karst peaks for the juvenile stage, maturity stage, and old stage, respectively; δ1, δ2, and δ3 represent the height standards of Karst peaks for Juvenile stage, maturity stage, and old stage, respectively.



Relationship curves between the number of Karst peaks of the height standard (δ) for different Karst development stages are represented.



The morphology of Karst depression and contour is divided into three grades (Figure 3 and Figure 4) [25]. The smoother the depression boundary, the stronger the Karst development. The smoother the contour, the weaker the Karst development. Based on the morphology datum, the perimeter and area of Karst depressions can be measured, and Equation (1) can be used to obtain the fractal dimension of Karst depressions.


  D = 2   LogL ( δ )   LogA ( δ )    



(1)




where D is the fractal dimension, δ is the length standard, L(δ) is the perimeter of the depression based on the different length standards, and A(δ) is the area of depression based on the square area δ2. According to the range of D values from 1 to 2, the Karst development can be divided into three stages. The strongest stage has the smallest value of D, and the weakest stage has the largest value of D.



Based on the different length standards (δ), the numbers of segmentations (N(δ)) can be determined, and the fractal dimension is defined as the gradient of line relationship between lnN(δ) and δ. The higher the gradient, the more complex the topography, and the stronger the Karst development.





3. Description of the Study Site


The study was carried out along the area of three typical railway tunnels within two railway lines (Figure 1b,c). Line ①, Yun-Gui railway, is located from the lowest to the second topography grade, and Line ②, Western Sichuan traffic corridor, is located in the slope zone between the second and highest topography grades. The geological characteristics of these three railway tunnels are summarized as follows:



Pingguo Tunnel in railway line ① passes a zone with a typical landscape of peak-cluster and depression (Figure 5a), and the elevation of this area ranges from ~100 to 800 m. The rivers flow around the Karst mountains, following the direction of strata extension. The Devonian and Carboniferous strata are located in the eastern area, and the Permian stratum is located in the western area and is cut by the Youjiang River. The total thickness of Devonian and Carboniferous strata is about 500~1600 m. Limestone dominates and is interbedded with dolomite, which is the main lithology in this area. Some springs with a large volume of water appear near the banks of the river, and there are two Karst tunnels with several ponors lying above. Faults are relatively limited in the region, and their extension direction is consistent with the strata, thus making them a potential groundwater runoff channel.



Dongfeng Tunnel in railway line ① passes the zone with shallow depressions and dwarf hills (Figure 5b), and the elevation of this area is about 1500~2600 m. This area is mainly covered by the early Paleozoic Cambrian and Devonian strata, whose lithology is dolomite and impure limestone. Groundwater is buried more deeply in the middle area. Some springs with a volume of 1.2 to 10 L/s appear where rivers cut the rocks at the boundary of this system. The groundwater in this area discharges more dispersedly. The northeast striking regional fault forms a lower terrain, and the lithological variations become the confining boundary, and most of the groundwater discharges nearby.



The tunnel lithology information is shown in Figure 6. Batang Tunnel crosses the plateau canyon landscape (Figure 5c), and the altitude difference can reach 2500 m. In this area, some big glacially eroded depressions and sharp peaks appear, and some long and wide dissolution fissures are also found in rocks. However, Karst caves and holes are rare. Paleozoic strata of crystalline limestone and marble are the main strata here. Two big fracture systems extend from north to south in this area, which has strong water-bearing characteristics. A large regional fault forms multiple parallel branches in the area, as well as most the groundwater transport along the fault. When the rivers and valleys cut the fracture system, some springs with big water flow are found. About 70% of the Karst phenomenon, including springs with a volume of 5 to 500 L/s and small Karst caves, are located at the fault or close to it.




4. Results


4.1. Chemical and Isotope Characteristics of Groundwater


The saturation index of calcium carbonate (SI-CaCO3) of 64 samples is shown in Figure 7. The value of SI-CaCO3 ranges from −2.448 to 0.7429. The SI-CaCO3 of the surface river and underground river are lowest in zone ⑤. Both surface and subsurface rivers are unsaturated, and SI-CaCO3 of the underground river is higher than that of the surface river. SI-CaCO3 of groundwater samples decreases from southeast to northwest and can be divided into four zones. The SI-CaCO3 of zone ① is greater than zero, indicating that the Karst groundwater in the south area can be saturated. The SI-CaCO3 of zones ②, ③, and ④ are less than zero, indicating the Karst groundwater samples in this area, especially the groundwater samples from the northwest area, are unsaturated. The lowest SI of this area is about −0.75, which is higher than the SI-CaCO3 of rivers.



The relationship between δ18O and δD is plotted in Figure 8, which also shows the global meteoric water line with    δ D  = 8  δ  18   O + 10   [27], the Southwestern China meteoric line with    δ D  = 1.96  δ  18   O + 9.53   [28], and the meteoric water line in the middle-lower region of the Yarlung Zangbu River with δD = 7.54δ18O + 15.92 [29]. The trend line of all samples is also plotted in this figure, which is    δ D  = 7.704  δ  18   O + 3.95  , and the value of R2 is 0.96.



Most of the samples are located near the globe meteoric water line, and even two warm springs of No. 37 and No. 38, δ18O values do not show positive shifts, and the δ18O well responds to elevation change. The elevation effect of δ18O (Equation (2)) [30] can infer the supply altitude of groundwater. The distribution of δ18O vs. δD is clearly in three zones.


     H *  −  H 0    100 ×  (   δ  18    O *  −  δ  18    O 0   )    = − 0.27 ‰  



(2)




where H* and H0 represent the altitude of the analysis sample and standard sample, respectively; δ18O* and δ18O0 come from the analysis sample and standard sample, respectively.



The elevation difference between the supply area and the appearing area is shown in Figure 9. From the figure, the elevation difference increases from the southeast to the northwest. The southeast area locates in the lowest topography grade, and the elevation ranges from 194 m to 419 m, with a difference of smaller than 500 m. The northwest area locates in the highest topography grade, and the largest elevation difference can reach 2213 m. The middle area locates in the second topography grade with an elevation gap of up to 704 m, and about half of the springs’ elevations are more than 500 m.



ΔH is the difference between supply and appearing elevations of groundwater, and H is the appearing elevation of groundwater.




4.2. The Equilibrium of Ca2+


	(1)

	
Pingguo System







Pingguo Tunnel is located in the northwest area of Pingguo Province county, as shown in Figure 5(a-1). This area lies in the lowest topography grade area of China. The insoluble stratum and rivers are considered boundaries of the hydrogeological system through which the tunnel passes. The area of this system is about 141 km2. According to the water-bearing characteristics of groundwater, this area can be divided into two regions, i.e., the southeastern region with strong groundwater bearing characteristics and the northwestern region with weak groundwater bearing characteristics. The typical Karst landscapes in this area include peak forests, isolated peaks, and depressions. Two underground rivers are lying in the south area, with several geological windows connected with them. The water samples in this area include some springs and groundwater from the geological windows, as shown in Figure 5(a-1).



This area is divided into three subsystems of groundwater, as shown in Figure 5(a-1). The saturation index of calcium carbonate has the same trend as that of the concentration of Ca2+. In the sub-hydrogeology system, No. 5 and No. 7 are spring water, and No. 3, No. 4, and No. 6 are underground water collected through the geological windows. The concentration of Ca2+ in the samples is in the order of No. 3 < No. 4 < No. 5 < No. 6 < No. 7, while the SI-CaCO3 is in the order of No. 2 < No. 3 < No. 4 < No. 7 < No. 6. These trends indicate that the flow direction is from the northwestern region to the southeastern region, as shown in Figure 5(a-1). It supports the subsystems division of geology. The layout of the two tunnels is shown in Figure 10a. The north layout crosses the subsystem, while the south layout does not cross the subsystem.



	(2)

	
Dongfeng System







Dongfeng Tunnel is located in the west area of Mile County in Yunnan Province, as shown in Figure 5(b-1). This area lies in the second topography grade area of China. The insoluble rock and topography watershed are considered the boundaries of the hydrogeological system through which the tunnel passes. The area of this system is about 739.5 km2. The groundwater-bearing characteristics are used to divide this area into three parts, and the strata of Carboniferous and Devonian are divided into two zones. The deeply buried groundwater is in the middle zone of this water-bearing stratum, while shallowly buried groundwater is in the surrounding zone. The stratum of Permian has strong groundwater-bearing characteristics and lies in the east area near the strata of Carboniferous and Devonian. The water samples in this area include 14 springs including two warm springs, and most of them appear in the stratum of Permian, and the boundary between the Permian stratum and Quaternary is shown in Figure 5(b-1).



In this hydrogeological system, the saturation index of Calcium carbonate is all below zero, ranging from −0.6168 to −0.0558. In every subsystem, the SI and the concentration of Ca2+ do not have obvious differences, and both are lower than those of the hydrogeology system of the Pingguo System.



	(3)

	
Batang System







Batang Tunnel is located in the western area of Batang County, close to the boundary between Sichuan Province and Tibet, as shown in Figure 5c. This area lies in the slope zone from the second to first topography grade area. The insoluble rock and rivers are considered the boundaries of the groundwater system, through which the tunnel passes. The area of this system is about 1521.2 km2. The groundwater-bearing characteristics can be divided into three grades. The strata of Carboniferous and Devonian have the strongest groundwater-bearing characteristics, followed by the Silurian stratum, and the stratum of Permian has the weakest characteristics. Thirteen water samples were collected in this area, including springs and surface water. Most of the samples were from the strata of Carboniferous and Devonian along the faults, and some samples were collected from the boundary area between the stratum of Permian and the insoluble rock, as shown in Figure 5c.



In this hydrogeological system, the saturation index of calcium carbonate is below zero, ranging from −1.3161 to −0.2733. This hydrogeological system has a significantly lower saturation index than the hydrogeology system of the Dongfeng System. The SI-CaCO3 in subsystem Ⅱ-2 has the trend of No. 57 < No. 56 < No. 53 < No. 52. In contrast, in subsystem Ⅱ-1, the SI-CaCO3 has the trend of No. 62 < No. 61 < No. 60 < No. 59. In these subsystems, the concentration of calcite trended opposite to SI-CaCO3.




4.3. Fractal Characteristics of Typical Karst Areas


In this study, the topography data of SRTMDE.M 90M were used to count the area and circumference of the polygon connecting the Karst peaks and saddle zones around Karst depressions. There are 99 Karst depressions in the Pingguo hydrogeological system, among which 66 are in the southeastern area, and 33 are in the northeastern area. δ and δ2 were used to measure the circumference and area, and the relationship between lnL(δ) and lnA(δ2) is shown in Figure 11a. The gradients of the line of lnL(δ) and lnA(δ2) are the fractal dimensions. The total fractal dimension, the southeastern fractal dimension, and the northwestern fractal dimension are 1.3818, 1.4122, and 1.3561, respectively, and the determination coefficients are 0.8499, 0.8847, and 0.8016, respectively.



There are 63 Karst depressions in the Dongfeng hydrogeological system, among which 36 are in the groundwater deeply buried area, and 27 are in the groundwater shallowly buried area. δ and δ2 were used to measure the circumference and area, and the relationship between lnL(δ) and lnA(δ2) is shown in Figure 11b. The total fractal dimension, the fractal dimension in the deeply buried area, and the fractal dimension in the shallowly buried area are 1.4628, 1.43412, and 1.5159, respectively, and the determination coefficients are 0.903, 0.9185, and 0.902, respectively.



The relationships between ln(δ) and ln(N(δ)) in these three typical study areas are shown in Figure 12. The values of δ are 50 m, 100 m, 300 m, 500 m, 1000 m, 3000 m, 5000 m, and 7000 m. Additionally, N(δ) comes from all elevation lines in the study area. According to the fractal dimension in subsystems, the gradients of the straight line are 1.501 and 1.394 in the south area and north area, respectively, in the Pingguo System. In the Dongfeng System, the gradients are 1.126 and 1.123 in shallowly and deeply buried areas, respectively. In the Batang system, the gradients are 1.063, 1.083, and 1.101 in different strata.





5. Discussions


5.1. Karst Development Characteristics


Typical Karst landforms in the Pingguo System are peak forests, depressions, and isolated hills [4,5]. In the Karst tunnel shown in Figure 5(a-1), there are a few springs with considerable volume, a Karst well, and geological windows. In the area of 141 km2, there are 99 depression polygons and more than 870 Karst peaks, as shown in Figure 5(a-2). More than two-thirds of them are located in the southeast area where the Karst tunnel passes through. The density of peaks and depressions, and the underground river conduits’ appearance, all show strong Karst development. In addition, the results indicated that the topography environment has a more significant influence on the Karst development in this area than the strata [31]. The typical landform in Dongfeng System is shallow plate depressions and hillocks. In the area of 739.5 km2, there are 63 depressions and more than 597 peaks, as shown in Figure 5(b-2). In this area, the density of peaks and depressions is lower than Pingguo System. There are more springs in this area than in Pingguo System. A larger number of springs with small volumes indicate that the groundwater doesn’t intensively excrete. Based on the density of the Karst depressions and peaks and the occurrence of springs in this area, it can be inferred that the Karst development is weaker than that in the Pingguo System. The elevation of the Batang system ranges from 2800 m to 5200 m, the average temperature is about 5 °C, and more than half of the area is higher than the snow line. Currently, there are few Karst depressions in the carbonate area and only a few big valleys distributed in the high elevation area, probably formed by glacier erosion [11,32,33,34]. There are many springs in this area, and the volume of springs ranges from 0.1 L/s to 500 L/s. All springs emerge from the fracture and faults. The real number of the springs is bigger than shown in Table 1 because most areas are challenging to test. Since no typical Karst landforms emerge, it can be inferred that the Karst development is weak in this area, maybe because it is a Karst in a phase of greater youth.



The fractal characteristics can be used to study the Karst development [25,35,36,37], and the relationship between the number of peaks and the elevation is used to evaluate the Karst development stage [25,35]. As shown in Figure 12, the relationship in the Pingguo area is similar to the type (2) curve in Figure 2b, which has a slow decreasing trend. However, the relationship in the Dongfeng area is similar to the type (3) curve, with a gentle incline first, then a steep incline, and finally a gentle incline. As shown in Figure 2a,b, curve (3) shows that there are a large number of Karst peaks, and the mountain and the foundation are integrated. Curve (2) shows that the peak bodies are independent, and the basement is integrated. The result shows that Pingguo system is more evolved than Dongfeng system, and the Karst development of the Pingguo System is stronger than that of the Dongfeng System.



The gradient of the relationship line between lnL(δ) and logA(δ) represents the fractal dimension of Karst depressions [25,35]. The fractal dimension of the Pingguo System is lower than that of the Dongfeng System, as shown in Figure 11. The smaller the fractal dimension, the stronger the Karst development. The fractal dimension in the southeast area is lower than that in the northwest area, which corresponds to the groundwater activity that most springs with big volumes appear in the northwest area (Figure 5(a-1)). In the Dongfeng System, the fractal dimension in the area with shallowly buried groundwater is lower than that in the area with deeply buried groundwater, probably because the springs emerge in the shallowly buried area where the groundwater flow converges. Since it is not a typical Karst depression, the fractal dimension of the Batang system was not obtained.



Considering all the elevation lines with an elevation difference of 50 m shown in Figure 10, the relationship between lnδ and lnN(δ) was determined, as shown in Figure 13. The gradient of trend lines is considered as the fractal dimensions of elevation lines. The gradients of different systems are in the order of Pingguo System > Dongfeng System > Batang system. For the Pingguo System and Dongfeng System, the Karst landform is Karst depressions, peak-cluster, Karst holes, and groundwater rivers, and the contours are influenced by Karst actions. The bigger the gradient of trend lines, the more complex the contours, and the stronger the Karst development. Therefore, the Karst development in the Pingguo System is stronger than that in the Dongfeng System. In the Batang system, the obvious Karst landforms are Karst depressions, while Karst holes do not appear. Thus, the Karst action has a weak impact on topography, and the gradient of the trend line is the smallest. The strong glaciation and wind erosion in the high elevation area will cause complex contours, but their effects on the contours are weaker than the Karst action.




5.2. Difference in the Groundwater Environment in Three Topography Stages


The saturation index of calcium carbonate and concentration of Ca2+ can be used to analyze the seeping conditions [38,39,40]. The SI-CaCO3 of all groundwater samples (Table 1) are higher than that of surface water samples (in Figure 7), suggesting the water–rock reaction during the groundwater flow. In a closed environment, CO2 in groundwater cannot be replenished in time, and saturation is often not reached in this condition. The SI-CaCO3 of springs shows a reducing trend from southeast to northwest, as shown in Figure 5(a-1) and Figure 7. In the Pingguo System, a few springs can achieve the calcite saturation phase. It means that this area has a relatively open condition, which is caused by enough CO2 supply through many Karst depressions, geological windows, and Karst wells. Along the Yun-Gui railway from east to west, the springs appear from the first stage of topography to the second stage. Near the first stage, a small number of springs in the Pingguo System reach calcite saturation, but in the area further from the first stage, most springs cannot reach saturation, as shown in Figure 7. This phenomenon might be caused by the lower air temperature and less rainfall in the second topography stage area [31,41]. Adapting to this environment, Karst landform becomes shallow plate depressions and hillocks [42,43], the Karst development is weaker, and groundwater is often buried relatively deep in the supply area, as shown in Figure 5(b-1). It means that the environment for groundwater flow is relatively closed, and the supply of CO2 is insufficient. When springs appear in the slope area from the second to the third topography stage, all springs do not reach saturation shown in Figure 7, and the SI-CaCO3 of No.62 is reduced to −0.9495. In this area, typical Karst landforms, such as Karst depressions and big Karst holes, are not found. Many springs with considerable capacity appear from the slope area instead of the bottom of the valley. In this area, groundwater flows are controlled by large faults and dense cracks. Especially, along the large faults, the groundwater can flow for a long way in a relatively closed environment.



The distribution of δD versus δ 18O is influenced by the topographical uplift. The δD and δ 18O decrease from southeast to northwest, and concentrate into three zones, as shown in Figure 8, which correspond to the three topography stages. All samples are located near the trend line, which is similar to the southwestern China meteoric line, and the R2 can reach 0.96. This suggests that there is no “18O shift” in these samples, and the elevation effect of δD versus δ 18O can be used to infer the supply elevation of groundwater wells [30]. The elevation difference indicates the hydrodynamics of groundwater. Additionally, the major ions and water molecule isotopes could be used to investigate the hydrodynamic function of Karst aquifer system [44,45]. Overall, the trend of ΔH is in the following order: the third stage > the second stage > the first stage, which shows that the higher topography area may provide stronger hydrodynamics and extend the groundwater flow path. The value of ΔH increases weakly from the first stage to the second stage and is concentrated in these two regions with respect to the third stage area. The ΔH values in the third stage range from ~500 m to 2500 m. This is caused by the length and the width of fractures and faults, and the large faults control the big volume springs with long flow paths.




5.3. Influence of Tunnels on the Groundwater Environment


Tunnels’ influence on the groundwater environment is related to not only the Karst development and the characteristics of groundwater flow, but also the tunnel layout [12,18,46]. In addition, the impacts of tunnel excavation on the groundwater include the distribution pattern of water resources, the groundwater flow field, water circulation, groundwater hydrogeochemistry, and water environment [22,47,48]. All these effects occur when the elevation of the tunnel is lower than the groundwater level.



In the first stage topography area, such as Pingguo System, according to the analysis from Section 5.1 and Section 5.2, it can be inferred that the Karst is strongly developed and groundwater flows rapidly in this area. It means that the tunnel construction crossing through this area can influence the environment easily and strongly, but different tunnel layouts lead to different influences on the groundwater environment. In Figure 5(a-1), there are two types of tunnel layouts with similar tunnel elevations. The northern layout passes through the hydrogeologic unit I, while the southern layout passes through the hydrogeologic unit II. The presence of springs, the Karst landforms, and the SI-CaCO3 all imply that there is a quicker flow, a more groundwater-bearing stratum, and a lower groundwater level. Whether the north or south layout is used, some portion of the tunnel will be below the groundwater level. During the tunnel construction period, tunnel drainage destroys the aquifer structure, and the groundwater will excrete into the tunnel. As a result, the groundwater level will drop and the springs and the groundwater of geological wells maybe disappear, or the volume of springs may decrease in the hydrogeological unit. All these influences are weaker in the hydrogeological unit Ⅱ. In the second-stage topographical area, Karst development, groundwater flow condition, and groundwater-bearing are weaker. All these conditions might cause the vadose zone thinner than the first grade, so tunnels are usually below the groundwater level, and their construction will lower the groundwater level more strongly. If the tunnel does not pass through the discharge area as shown in Figure 5, the spring volume will decrease to some extent but will not dry up. If the tunnel passes through an area covered with the Quaternary aquifer, the Karst collapse will be caused by a drop in the ground level.



In the first grade, the relief of the terrains is relatively small, and the Karst groundwater level is deep and gentle. When the tunnel passes through in the form of shallow burial, the length of the section below groundwater level is limited, and the influence on the Karst water environment is weak, which may lead to the reduction of the flow of some spring points. In the deep-buried tunnel form, the tunnel may be located below the groundwater level for a long distance and reveal the main Karst pipeline, causing the reduction of the groundwater level in a large area and even dry off the springs or underground rivers. The north line of Pingguo Tunnel is parallel to the main runoff direction of s5, s7 springs. Since part of the tunnel is lower than the groundwater level, the flow rate of the springs may be sharply reduced. While the south plan does not cross the runoff area of spring s5, s7, it mainly affects the discharge of the spring s2 by passing through the runoff area of s2. Due to the high Karst development in this area, the groundwater level fluctuates gently. The influence of tunnel drainage on groundwater environment can be effectively reduced or even eliminated by raising the tunnel elevation or avoiding the main runoff channel of groundwater.



In the second grade, the topography fluctuates significantly, and the depth of the groundwater level fluctuates somewhat with the topography. Dongfeng Tunnel is completely below the groundwater level when it passes through, and its distribution direction is basically consistent with the direction of groundwater migration, which will have an impact on spring points within unit II and unit III. If the tunnel direction cannot be changed, the change in tunnel elevation could only change the influence degree of groundwater environment.



In the third grade, the topographic relief is huge and the buried depth of the groundwater level is relatively shallow, but changes with the topographic relief significantly, tunnel construction might be facing a huge head pressure. When the tunnel passes through the slope area from the second to the third stage, as shown in Figure 5c, the typical Karst landforms are not present in the Batang system. The groundwater is bearing in rocks’ fractures, and the springs with giant volumes are generally controlled by the large fracture and can flow a long distance. The intense topographical uplift in this area is caused by the collide between the Indian Ocean plate and Eurasian plate, which caused a large number of north–south fractures [49]. If the railway line goes from the second to the third terrain phase, there is no way to avoid this type of fracture. In this area, the groundwater level is high due to the presence of fracture-bearing strata, and tunnels are often located below the groundwater level. The tunnel construction can cause the groundwater level to decrease. Especially, in the area the big fracture passes through, the influence can extend several kilometers [50]. In contrast, in other areas without big faults, the groundwater level and the spring volume only have a weak decrease. Figure 5c shows different layouts with similar elevations in the Batang system, one near the boundary of the river and one in the watershed area. Both cannot avoid meeting with big faults. However, the south layout with a big depth is located in the groundwater recharge area, where the finite depth of fracture development makes weak seeping in deep depth and the influence of the tunnel on the groundwater environment is weak. Relatively speaking, the north layout with a small depth is located in the outlet area of groundwater, where the big fault area has been a strong bearing area for groundwater, and the range of groundwater level is reduced, especially for the fault extending orientation.



Figure 14 shows the relationship between the tunnels’ elevation and groundwater level in three topography grades, and it can be inferred that: in the first grade, groundwater level is low and gentle, while the topographic elevation difference is within 500 m, the water level difference might be less than 100 m, makes it effective to control the tunnel groundwater environment influence by changing the elevation of tunnel. In the second grade, groundwater level changes with the relief variation of the terrain, while the topographic elevation difference ranging from 1000 to 2000 m, and the water level difference could reach hundreds meters, making it hard to control the influence only by changing the tunnel elevation. In the third grade, the huge topographic relief with more than 2000 m of altitude difference also brings a huge water level gap with more than 1000 m. Under such conditions, the variation of tunnel elevation can only extremely limited reduce the impact on groundwater environment





6. Conclusions


From the chemical, isotopic, and topography data discussed in this article, Karst development, Karst landforms, and groundwater activities are obviously different in the three topography grade areas of China. The influence of Karst tunnel excavation on the groundwater environment is similar to some extent, and some small differences are present as the terrain rises from the southeast to the northwest area, as shown in Figure 15. In addition, the tunnel layout is a notable factor that may cause detailed differences in impacts.



With the topographical decrease from the second to the first topography area, the Karst development becomes stronger and more complex to some extent. The Karst density and morphology, groundwater confluence, and excretion also suggest that the water-bearing of strata and the flow seeping are stronger in the lower topography. However, if the tunnel elevation is lower than the groundwater level, the influence of groundwater on the environment, including the distribution pattern of water resources, the groundwater flow field, and water circulation, is similar, as shown in Figure 14a,b. In detail, if the tunnel passes through the area near the excretion area of groundwater, depending on the development of Karst, there is a possibility that springs will dry up in the lower topography, and the impact of a drop in the groundwater level might be more significant in this area. Rising the tunnel elevation and avoiding some special sub-hydrogeology systems can effectively reduce the influence. In addition, the relatively weaker Karst development and flow seeping make the vadose zone thinner, and there is less room to raise the tunnel elevation in the second topography area.



The topography of the slope area is obviously different from the second grade to the third grade, and there are also obvious differences in the area of the third grade. Typical Karst landforms do not appear in most carbonate rocks area. The groundwater bearing and flow are controlled by the concentrated fracture and giant faults. Based on the huge altitude difference in this area, most tunnels must be below the groundwater level. The strong topography uplift in this area is caused by the collide between the Indian Ocean plate and the Eurasian plate, which leads to a large number of north–south orientation fractures that are not avoidable for transportation routes from east to west. Tunnel excavation encounters giant faults in this area, causing the range of groundwater level to decrease for several miles along the faults extending direction and also diminishing springs controlled by the giant faults. If the tunnel layout is located near the watershed, the deeply buried environment closes the faults, and water hardly seeps into the tunnel, effectively reducing the influence.
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Figure 1. (a) Distribution map of provinces in China and Study area. (b) Three altitude grades of topography in the study area ranging from 200 m to over 5000 m. (c) Water sample location and tunnel distribution. 
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Figure 2. (a) Relationship between the number of Karst peaks and Karst development stages. (b) Relationship between the height standards and Karst development stages. 






Figure 2. (a) Relationship between the number of Karst peaks and Karst development stages. (b) Relationship between the height standards and Karst development stages.



[image: Water 15 00207 g002]







[image: Water 15 00207 g003 550] 





Figure 3. The morphology of Karst depressions for different Karst stages 1, 2, and 3 represent three Karst development stages from strong to weak degree. 
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Figure 4. The morphology of contour for different Karst stages 1, 2, and 3 represent three Karst development stages from strong to weak degree. 
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Figure 5. The typical hydrogeological system for three topography grades and tunnel layout. (a-1). Layout of the Pingguo tunnel and the hydrogeology systems located in the first topography area; (a-2). The polygon distribution jointing the Karst peaks around Karst depressions. (b-1). Layout of the Dongfeng tunnel and the hydrogeology systems in the second topography area; (c). Layout of the Batang tunnel and the hydrogeologic system in the third topography area. (a-2,b-2) are used to obtain the fractal dimension representing the Karst development degree. 
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Figure 6. Lithology and water-bearing characteristics of study areas traversed by three typical railroad tunnels. 
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Figure 7. SI-  CaCO 3   of calcium carbonate in samples. ① SI ranges from 0 to 0.25; ② SI ranges from −0.25 to 0; ③ SI ranges from −0.5 to−0.25; ④ SI ranges from −0.5 to −0.75. 
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Figure 8. Relationship between δ18O (V−SMOW, permill) and δ2H (V−SMOW, permill). 
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Figure 9. Elevation difference between supply area and appearing area of water samples. 
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Figure 10. The altitude distribution and the contours in three typical study areas (the data come from the SRTMDEM 90M given by Geospatial Data Cloud, and these data are used to obtain the fractal Dimensions). (a-1,a-2) are for Pingguo System, which is divided into the strong groundwater bearing area and mild groundwater bearing area. (b-1,b-2) are for Dongfeng System, which is divided into deeply buried groundwater and shallowly buried groundwater. (c-1,c-2) are for Batang system, which is divided into a strong water-bearing stratum (C + D), a moderate water-bearing stratum (S), and the weak water-bearing stratum (P1-2). 
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Figure 11. Fractal relationship between area and circumference of polygon connecting the Karst peaks and saddle zones around Karst depressions (shown in Figure 5(a-2,b-2)). (a) Pingguo System; (b) Dongfeng System. 
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Figure 12. (a) Relationship between the height standards and Karst development stages (From Figure 2b). (b) Karst development phrase of the Pingguo System and Dongfeng System. 
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Figure 13. Relationship between lnδ and ln(N(δ)). (a) Dongfeng System; (b) Batang system; (c) Pingguo System. 
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Figure 14. Relationship between tunnel, terrain and groundwater level in three grades. (a) Third grade; (b) second grade; (c) first grade. 
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Figure 15. Influence pattern of tunnel excavation on groundwater environment of three topography stages in China. 
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Table 1. Chemical and isotopic compositions of water samples in the study area where railways pass.
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Sample

No.

	
Sample

Type a–e

	
Sampling Site f

	
TDS

(mg/L)

	
pH

	
T

(°C)

	
Na+

	
K+

	
Mg2+

	
Ca2+

	
Cl−

	
SO42−

	
HCO3−

	
Charge

Balance (%)

	
δ18O

(‰)

	
δ2H

(‰)

	
Exposed

Altitude (m)

	
Supply

Altitude (m)

	
Volume

(L/s)

	
Hydrochemical

Type




	
(mg/L)






	
1

	
S1

	
Pingguo Tunnel

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
−7.60

	
−50.6

	
112

	
531

	
-

	
−




	
2

	
S2

	
606

	
6.5

	
23.1

	
16.2

	
1.45

	
4.86

	
140

	
17.02

	
128.72

	
298

	
0.73

	
−7.60

	
−50.6

	
112

	
531

	
-

	
HCO3·SO4-Ca




	
3

	
Grw3

	
362

	
7.1

	
21.2

	
12.0

	
1.22

	
7.78

	
71.3

	
11.34

	
28.82

	
229

	
0.94

	
−7.74

	
−64.5

	
118

	
477

	
-

	
HCO3-Ca




	
4

	
Grw4

	
388

	
7.2

	
21.0

	
12.3

	
0.85

	
3.89

	
81.8

	
9.98

	
17.6

	
262

	
0.28

	
−7.81

	
−49.9

	
243

	
437

	
-

	
HCO3-Ca




	
5

	
S5

	
394

	
7.2

	
22.3

	
10.2

	
1.04

	
2.43

	
88.2

	
11.34

	
19.21

	
262

	
0.71

	
−7.67

	
−49.2

	
154

	
506

	
-

	
HCO3-Ca




	
6

	
Grw6

	
412

	
7.1

	
20.5

	
5.92

	
0.39

	
1.46

	
97.8

	
11.8

	
13.45

	
281

	
0.62

	
−7.32

	
−53.6

	
317

	
553

	
-

	
HCO3-Ca




	
7

	
Gr7

	
416

	
7.2

	
22.3

	
6.35

	
0.74

	
4.86

	
96.2

	
9.93

	
19.21

	
279

	
2.35

	
−7.53

	
−49.1

	
154

	
506

	
-

	
HCO3-Ca.Mg




	
8

	
S8

	
Xiaozai

Tunnel

	
374

	
6.9

	
22.0

	
3.21

	
0.22

	
14.59

	
84.3

	
15.6

	
1.92

	
254

	
9.04

	
−9.95

	
−76.9

	
1208

	
1492

	
-

	
HCO3-Ca




	
9

	
S9

	
306

	
7.1

	
22.0

	
3.35

	
0.31

	
9.73

	
72.6

	
11.3

	
28.8

	
179

	
8.69

	
−9.68

	
−72.6

	
1200

	
1388

	
-

	
HCO3-Ca




	
10

	
S10

	
356

	
7.3

	
20.4

	
25.3

	
2.73

	
4.86

	
71.4

	
8.51

	
1.92

	
241

	
9.81

	
−10.3

	
−78.7

	
1265

	
1630

	
-

	
HCO3-Ca.Na




	
11

	
R11

	
134

	
7.3

	
21.3

	
5.24

	
0.72

	
3.95

	
28.9

	
8.93

	
17.3

	
68.7

	
7.49

	
−9.52

	
−69.6

	
1264

	
1327

	
-

	
HCO3-Ca




	
12

	
Gr12

	
Changqinpo

Tunnel

	
463

	
7.1

	
20.5

	
32.1

	
2.11

	
7.3

	
80.2

	
7.09

	
44.2

	
290

	
1.51

	
−8.57

	
−70

	
1100

	
1154

	
637

	
HCO3-Ca.Na




	
13

	
S13

	
652

	
7.0

	
22.1

	
55.2

	
4.39

	
15.56

	
97.8

	
9.93

	
88.4

	
381

	
1.92

	
−10.6

	
−68.8

	
1302

	
1831

	
11.3

	
HCO3.SO4-Ca.Na




	
14

	
S14

	
984
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Notes: a. S is the sample from springs; b. Grw is the groundwater sample obtained through the geological window; c. Gr is the groundwater sample from ground river; d. R is the water sample from surface river; e. Ws is the spring sample from warm spring; f. Water samples are classified based on nearby railway tunnels.
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