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Abstract

:

As the main scavenge port of groundwater in the karst water system, most of the karst springs affected by human activities experienced discharge attenuation phenomenon in the north of China. Whilst artificial replenishment measures have been taken to keep water spewing, the results are not ideal in many karst springs. This is mainly because of poor understanding about the recharging water sources. This paper used the Jinan Spring region as an example to discuss about different spring water supply sources. Based on a wide range of methods (e.g., dynamic observation of spring water level, real-time monitoring of water temperature and electrical conductivity (EC), tracer test, and frequency analysis), this study obtained several findings. First, the maximum karst-fractured water proportion that Cambrian Zhangxia Formation contribute to the Zhenzhu Spring is 57–59%, and the Heihu Spring only recharges 25–31%. Second, the proportion of fracture-karst water to the Heihu Spring from the Fengshan Formation to the Sanshanzi Formation of the Ordovician is 69–75%, while the proportion of the Tanxi spring is 15–17%. Third, the Baotu Spring and Heihu Spring mainly receive karst-fractured water from the Cambrian Zhangxia Formation and fracture-karst water from the Cambrian Fengshan Formation to the Ordovician Sanshanzi Formation. The supply sources of the Zhenzhu Spring and Tanxi Spring are more diverse, including karst-fractured water of the Cambrian Zhangxia Formation and fracture-karst water of the Cambrian Fengshan Formation to the Ordovician Sanshanzi Formation, as well as a small amount of pore water and fissure water, artificial recharge water supply. Fourth, the frequency analysis of spring water temperature indicated that the Zhenzhu Spring and Tanxi Spring are mainly in deep circulation, while the Baotu Spring and Heihu Spring are predominantly in shallow circulation. The differences in the sources of the four largest spring groups suggest that the karst water movement in Jinan has heterogeneous characteristics. The determination of the mixing ratio of the sources of spring water supplies provides a scientific basis for the protection of spring water, and the implementation of artificial recharge projects.
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1. Introduction


Karst areas are widely distributed worldwide with various forms which are valuable tourism resources [1]. They often develop underground karst holes and karst fissures, which create a concentrated drainage area of karst water-bearing system; and form large karst springs and water resources [2]. However, these karst areas are also considered as vulnerable area of geological environment. Specifically, the highly anisotropic and heterogeity of karst development makes it difficult to control when hydrogeological problems occur in these karst areas [3].



Detailed description about groundwater circulation conditions is always a challenge in the research of karst water system. To calculate the replenishment of karst water system, numerous methods can be employed, such as the hydrogeological condition analysis method [4,5,6], hydrochemical method [7,8,9], isotope method [10,11,12,13], and the consequences have been acquired by utilizing the comprehensive analysis of methods mentioned above [14,15]. On the macroscopic scale, groundwater recharge sources mainly include the atmospheric precipitation, surface water, condensed water, and etc. For the small-scale local aquifers, there may be lateral runoff recharge, vertical leakage recharge, and artificial recharge [16]. The atmospheric precipitation infiltration is complex process, because the total annual precipitation, precipitation characteristics, lithology and thickness of the aerated zone, topography, and vegetation influence the amount of groundwater recharge from precipitation infiltration [17]. Aiming at the impact of the dynamic changes of the surface environment, Daniel Bittner [18] and Chloé Ollivier [19] proposed a new semi-distributed model to discuss the impact of heterogeneity at different degrees on aquifer flow and proved this method has wide adoptability, but it did not refer to the recharge ratio of different karst aquifers. For the karst water-containing media, the infiltration mechanism is more complex. There are piston type infiltration and short circuit type infiltration. Typical karst carbonate aquifers contain a series of funnels, sinkholes and shafts leading to the groundwater surface, as well as impervious areas with poor permeability. Thus, it is difficult to accurately obtain the precipitation infiltration coefficient. The underground runoff is often calculated using the Darcy formula. Unfortunately, the karst aquifers have great heterogeneity, including large-scale karst channels, very small cracks and even pores. Due to the coexistence of laminar and turbulent flows [20], the uniform hydraulic connections and local hydraulic connections are poor [21]. Therefore, it is difficult to accurately calculate the cross-sectional flow of karst aquifers using the Darcy formula. In addition, isotopes are constrained by distance scales, pollutants released by human activities and hydrogeochemistry. Hence, the calculation of recharge sources for the karst water systems containing multiple aquifers is also limited.



Whilst the medium field and hydrodynamic field of a karst water system are highly complex, a typical karst water system has the characteristics of a concentrated drainage area (e.g., spring water). Therefore, some easy-to-obtain indicators (e.g., spring water flow, water temperature, EC, and pH) analysis can reveal the hydrogeological issues (such as the supply source of karst water system). For example, conducted the short-term scale (i.e., hourly and daily scale) of trace experiments and introduced transfer function approach to describe the transport of fluorescent dye solutes [22], through long-term monitoring of the chemical characteristics of spring water, revealed the origin of spring water and showed inversely how the law of karst water system changes [23], the conductivity frequency distribution (CFD) method is used to determine the composition of the source of spring water supply [24], stage of karst development [25,26], and etc. [27,28]. The frequency of spring water temperature analysis method is used to analyze the depth of groundwater circulation and others.



Karst areas are widely distributed in the north of China. In Shandong and Shanxi provinces, most of the karst areas contain concentrated discharge zones of spring water. Specifically, the Baotu Spring in Jinan is a typical representative of big karst springs in the north of China. Briefly, Jinan is a well-known "spring city". Since the 1970s, a large number of groundwater in the spring area have been exploited due to human activities, resulting in the interruption of spring water flow. To restore the continuous gusher of famous springs, artificial replenishment has been performed successively in the recharge area of the spring group since 2003 [29]. Nevertheless, the spring water in the withered water period is still threatened by the flow. For example, the largest daily replenishment source was up to 4.0 × 105 m3/day in 2018. On June 18, 2019, the Heihu Spring broke off, and the water level of the Baotu Spring and Heihu Spring was 27.46 m and 27.39 m, respectively. This indicates that the existing artificial replenishment activities failed to stop the falling spring water level. In this sense, studying the source and proportion of spring replenishment is important for precisely identify the source location.



Based on previous studies, combined the spring water level and spring discharge data, we explore the contribution rates of different aquifers to spring water in accordance to the tracer tests, EC, and water temperature frequency distribution methods. We also determine the recharge sources and proportions of different aquifers. This study should provide a scientific basis for the implementation of artificial replenishment measures in Jinan and protection of other springs.




2. Study Area


The Jinan spring area is located in the inland mid-latitude zone which is characterized by the temperate monsoon climate. The average annual rainfall is 645 mm. The atmospheric precipitation is the main source of spring water supply [30]. The terrain is high in the south and low in the north, with a relative height difference of 30–650 m and a total area of 1114 km2. The Jinan spring area is based on the Archean Eonothem Taishan Group (Art), overlying the Cambrian and Ordovician strata, and the strata inclines to the north, forming a monoclinic structure (Figure 1). The exposed and semi-exposed Ordovician limestone and the limestone of the Fengshan Formation of the Cambrian are the direct recharge zones of the karst water system, with an area of 318.7 km2; while the southern exposed Cambrian Zhangxia Formation limestone is an indirect supply area, with an area of 201.61 km2. In the Cambrian, the relative confining bed of the Changshan Formation and Gushan Formation blocked the hydraulic connection between the karst water in the upper fissure and the karst water in the lower fissure. The groundwater tends to migrate northward along the stratum. It meets the Yanshanian intrusive rocks in the north to form four major spring groups. There are 118 dew springs in the range of 2.6 km2, of which there are 32 springs in the Baotu Spring Group and 43 in the Zhenzhu Spring Group. There are 29 springs in the Wulongtan Spring Group, and 14 springs in the Heihu Spring Group. Under natural conditions, spring water is the main drainage form of the karst water system. In 1972–2003, spring water was intermittently cut off due to excessive exploitation of groundwater. Since 2003, measures such as the artificial replenishment and closure of groundwater sources have been implemented [31]. Whilst these measures achieved a continuous gush of spring water, the spring water level has not been restored to its natural state in the 1960s.




3. Materials and Methods


3.1. Dynamic Monitoring of Spring Water Quality, Water Temperature, and Water Level


The water levels of the Heihu Spring and Baotu Spring are measured using wireless telemetering water level gauges with an accuracy of 1 mm and an observation frequency of once per day. These water levels have been continuously observed since 2003. Due to the large number of spring points, four single springs with relatively large flow rates, namely the Baotu Spring, Heihu Spring, Tanxi Spring and Zhenzhu Spring, were selected to monitor their real-time temperature, pH and EC. They represent the water quality dynamics of the four spring groups, namely the Baotu Spring Group, Heihu Spring Group, Wulongtan Spring Group and Zhenzhu Spring Group. Since 2013, field measurement has been conducted at a frequency of once per week. The measurement device is the Aqua TROLL 600 multi-parameter detector, with the electrical conductivity (EC) accuracy of ±0.1 µS·cm−1 and temperature observation accuracy of ±0.01 °C




3.2. Tracer Test


The tracer selected for the tracer test was ammonium molybdate (NH4) 6Mo7O24·4H2O. The peak amount of molybdenum ion concentration at the spring water receiving point was 15 ppb. This amount was estimated based on the characteristics of the flow field in the study area, and the formula for the amount of tracer [32]. The first tracer test was performed at Cuima Village (Figure 2). In that test, 250 kg of ammonium molybdate was dropped into the source hole with a depth of 201.8 m, and the water level was buried at a depth of 49.65 m. The release strata were the Cambrian Zhangxia Formation aquifer, with a total of eight spring water sampling sites and 29 karst water sampling sites of the Cambrian and Ordovician limestone. In the second tracer test, a reagent was placed in the Quanlu River Channel, and ammonium molybdate was injected into the channel sinkhole so that it entered the Cambrian Zhangxia Formation limestone aquifer. In that test, 44 Cambrian Zhangxia aquifer sampling wells were arranged. There are 18 Ordovician aquifer sampling wells and seven spring sampling points for a total of 5216 tests. The third tracer placement point was the Xingji River. The exposed stratum in the channel was the Cambrian Fengshan Formation limestone, with 17 karst water monitoring points and 10 spring water monitoring points.



For each tracer test, we dissolved all ammonium molybdate in water before putting it in, and started monitoring after the reagent was put in for eight hours. The monitoring frequency varied from one to five days depending on the groundwater flow direction. The Shimadzu atomic absorption spectrophotometer AA7000-graphite furnace method and ICPMS were used for the molybdenum ion test. Among these tests, the Xingji River tracer test determined the runoff characteristics of the recharge area; the Cuima tracer test and Quanlu tracer test revealed the hydraulic relationship between the Cambrian Zhangxia Formation karst water and the Ordovician karst water.




3.3. Frequency Decomposition Method


Regarding the research of spring water recharge, there are two methods which are capable of being adopted into frequency analysis. One is to establish the conceptual reservoir model and use Fourier spectra analysis to study the relationship between the spectral changes of natural tracers and different discharges within the model [33]. This method requires high requirements for hydrogeological conditions and data in the study area, therefore, compared with the above methods, we choose the simple method-the CFD.



For groundwater from a single recharge source, its conductivity and water temperature frequency should show a normal distribution, and the value should fluctuate within a certain range. In the north of China, there are the Ordovician carbonate strata with a thickness of thousands of meters. The lithological composition and karst fissures in different layers are unevenly developed. The degree of connectivity between the different areas and the atmosphere is very different. Due to various groundwater runoff pathways and different sizes of runoff channels, a variety of recharge sources have mixed the karst spring water. In a sense, the values of spring EC and water temperature of the karst spring water reflect the combined outcome due to the superposition of multiple supply sources. A Gaussian fitting function can be used to fit the frequency data, given by:


  y =  a 0  exp  [  −  1 2     (    x −  a 1     a 2     )   2   ]   



(1)




where x is the test data, y is the frequency data, a0 is the curve peak, a1 is the peak center value, and a2 is the peak width.



Through multiple iterative fitting, the peaks of the frequency curve (including the peaks hidden in the original curve) are obtained [24]. The EC of spring water and water temperature are affected by different factors. The EC of spring water is affected by the precipitation, surface water, formation lithology, length of migration pathways, leakage, hydrogeochemical process, artificial recharge and other factors. The temperature of spring water is influenced by the cycle depth, air temperature, artificial replenishment and groundwater mixing in different aquifers. Different influencing factors and degrees of influence would cause differences in the conductivity and water temperature of the four major springs. To this end, the wave crest analysis of frequency curve can distinguish the influence degree or contribution degree of different influencing factors to the spring water.





4. Results and discussion


4.1. Dynamic Characteristics of Spring Water


4.1.1. Characteristics of the Conductivity Duration Curves of the four spring groups


According to the statistics of the measured conductivity data of the four springs from January 2015 to December 2018 (Figure 3 and Table 1), the EC curve of the springs of the same spring group is stable, and the range is less than 100 µS·cm−1. There is a large difference in the conductivity of springs between different spring groups. In general, the relative EC of the four major spring groups in descending order is: Heihu Spring > Baotu Spring > Tanxi Spring > Zhenzhu Spring.




4.1.2. Characteristics of the Temperature Duration Curves of the Four Spring Groups


According to the monitoring data of the spring water temperature of the four major springs from September 2016 to September 2018 (Figure 4), the spring water temperature narrowly fluctuates between 16 and 19 °C. The relative temperature of the spring water follows this ascending order: Heihu Spring ≤ Baotu spring < Tanxi Spring < Zhenzhu Spring.



Theoretically, the temperature of groundwater in deep circulation is high and stable, while the temperature of the Zhenzhu Spring and Tanxi Spring is high, but the temperature range and the dispersion coefficient are lower than those of the Heihu Spring and Baotu Spring (Table 2). The highwater temperature range and dispersion coefficient of the Zhenzhu Spring and Tanxi Spring indicate that its supply source is different from the Baotu Spring and Heihu Spring.





4.2. Frequency Fitting Results


4.2.1. EC Frequency Fitting Results


EC fitting results of Baotu Spring and Heihu Spring


Based on the long-term monitoring data calculations, the CFDs of the Baotu Spring and Heihu Spring show two included peaks (Figure 5 and Figure 6, P is the peak area), and the two peak areas account for a certain proportion of the total area. Table 3 presents the CFD ratio of the Baotu Spring and Heihu Spring. The CFDs of the Baotu Spring reveals that P1 accounts for 31–54%, and P2 accounts for 45–69%. The CFDs of the Heihu Spring demonstrates that P1 accounts for 25–31%, and P2 accounts for 69–75%.




Fitting Results of the Zhenzhu Spring and Tanxi Spring


The CFDs of the Zhenzhu Spring and Tanxi Spring are both multimodal (Figure 7 and Figure 8). The ratios of the CFDs of the Tanxi Spring and Zhenzhu Spring reflect that in the CFDs of the Tanxi Spring (Table 4), P1, P2, P3, P4 account for 58–68%, 15–17%, 9–21%, and 6%, respectively. In the Zhenzhu spring CFDs, P1, P2, P3, P4 account for 57–59%, 22–25%, 13–14%, and 5–6%, respectively.





4.2.2. Characteristics of the Temperature Duration Curves of the Four Spring Groups


Based on the spring water temperature data of the four major spring groups in 2016–2018, the water temperature frequency distribution curve is plotted (Figure 9). The Baotu Spring and Heihu Spring both show three peaks, while the Tanxi Spring and Zhenzhu Spring show 4–5 peaks.





4.3. Mixing Ratio of the Sources of the Four Major Spring Groups


4.3.1. Tracer Test Reveals that Spring Water Is Recharged by the Ordovician Fractured Karst Water and Cambrian Karst Fractured Water


The Xingji River tracer test in the Ordovician limestone and the Cambrian limestone’s Cuima and Quanlu tracer tests show the following (Figure 10):




	(1)

	
The fault structure is an important channel for the hydraulic connection between the limestone aquifer in the Zhangxia Formation and the Ordovician karst water. The tracer dropped at Cuima village migrated northward in the Zhangxia limestone aquifer. The tracer was detected in a large area in the northern Ordovician limestone-igneous rock contact zone, and the fault zone has good water conductivity. For example, A6 at the monitoring point is farther from the tracer drop point than A5. However, it is close to the fault zone, and its initial peak arrival time is earlier than A6.




	(2)

	
The velocity of karst-fractured water in the Zhangxia Formation is smaller than that in the Ordovician. The apparent velocity in the detection area of the Cuima tracer test is 88–489 m/day, and the maximum velocity is along the fault zone. The groundwater flow velocity along the fault structure zone in Quanlu test area is 100–148 m/day, and the groundwater velocity away from the influence zone of the fault structure is 50–75.8 m/day. The Xingji River test is closely related to spring water, and the karst fissures developed in the Baotu Spring Group, Wulongtan Spring Group, and Zhenzhu Spring Group are well developed.









Tracer tests show that there is a hydraulic connection between the Ordovician Sanshanzi Formation karst water and Cambrian karst water. They supply water to the spring groups, and there is a large difference in connectivity and groundwater movement.




4.3.2. Spring Water Dynamics Reflect Differences in Supply Sources


In nature, the typical thickness of carbonate strata is more than hundreds of meters. For example, the thickness of the Ordovician limestone and Cambrian limestone in the study area is up to several kilometers. The permeability of carbonate rocks with fissure or karst fissure is generally anisotropic, and the permeability of the strata generally decreases with the buried depth, with the characteristics of upper strength and lower weakness [29]. The carbonate rocks deposited by stratification are different in vertical lithology, so the permeability of the strata is also different, which leads to the existence of a water-impermeable layer or a weakly permeable layer between the two rock layers. For example, the Gushan Formation and Changshan Formation in the study area do not have developed karst, but own certain water-repellent properties. These properties separate the upper Fengshan Formation from the lower Zhangxia Formation aquifer, and hinder the hydraulic connection between the deep Zhangxia water-bearing system and the shallow Ordovician-Fengshan Formation water-bearing system (Figure 11).



The karst observation of the cores near the four spring groups revealed that void types (e.g., pores, solution crack, fissures, and karst caves coexist in the karst aquifer) form the storage space and runoff channel of the karst water system in Jinan. The depth above 100 m is primarily the limestone of the Ordovician Sanshanzi Formation, with karst developed. The development rates of karst caves at the depths of 10–20 m, 30–40 m, 60–70 m, and 70–80 m reach 10.92%, 16.15%, 17.46%, and 17.31%, respectively. The buried depth of 100-200 m contains the limestone of Changshan Formation and Gushan Formation, and the fissure is not developed. The depth below 300 m is primarily the limestone of the Zhangxia Formation, with fissures developed. Recent drilling statistics suggested that the karst development rate of the Ordovician Sanshanzi Formation limestone aquifer was higher than 50%, and the deep Cambrian karst rate was lower than 20% [29]. Apparently, in the vertical direction, the karst development degree near the spring group gradually weakens with increasing depth. The shallow-buried Ordovician limestones have developed cracks and karsts, but the deep-buried Cambrian Zhangxia Formation has low karst development, mainly karst cracks. Therefore, during the wet season, shallow karst pipeline flows and karst cave flows can receive concentrated atmospheric precipitation replenishment quite quickly, and the spring water levels rise. According to the long-term records of the Baotu Spring and Heihu Spring (Figure 11), the spring water level shows the characteristics of rapid rise in the wet season and long-term decay in the dry season. When the water level of the Baotu Spring is lower than 28.67 m, it is lower than that of the Baotu Spring. When the water level of the Heihu Spring is around 28.67–28.81 m, the water level of the Heihu Spring and Baotu Spring differs by −0.01–0.01 m, and the elevations of the two are basically the same. When the water level of the Heihu Spring exceeds 28.81 m, it is higher than that of the Baotu Spring. Relative to the Baotu Spring, the shallow karst in the spring water recharge area of the Heihu Spring is more developed, and the rainfall infiltration is rapid.



The monthly spring flow curve (Figure 12) demonstrates that the spring flow of the Heihu Spring in the wet season rises and falls rapidly, indicating the development of shallow karst which can quickly receive atmospheric precipitation infiltration and discharge through the spring water. The instability coefficient of spring discharge of the Heihu Spring is the smallest, which belongs to the instability spring. Compared to the Heihu Spring and Baotu Spring, the change of the flow rate of the Zhenzhu Spring in the dry season is significantly lower, which belongs to the stable spring. This reflects the high proportion of karst water replenishment of the Zhangxia Formation from the deep circulation of the Zhenzhu Spring water. The slow release of water from the karst fissure flow and the solution crack matrix flow maintain the stability of the Zhenzhu Spring water. It can be seen that the flow dynamics of the four major spring groups reflect the differences in the sources of spring water supply.




4.3.3. Magmatic rock barrier changes groundwater runoff pathway near the spring group


The Yanshanian magmatic rock barrier is the main driver of the Formation of Jinan spring water. After the invasion of magmatic rock, it experienced a long period of erosion and gradually formed the ascending springs, such as the Baotu spring (Figure 13a) and Heihu spring (Figure 13b). The magmatic rock intrusion has developed secondary tectonic fissures in the contact zone of limestone and magmatic rocks and a certain area above it. Furthermore, the permeability of the local contact zone was enhanced which developed contact springs, such as the Zhenzhu Spring and Tanxi spring (Figure 14).



From the regional hydrogeological conditions, the Cambrian Fengshan Formation-Ordovician limestone is a unified aquifer, while the Changshan Formation-Gushan Formation has no karst development and has certain water permeability. The tracer tests confirm that the Cambrian Zhangxia Formation aquifers have a hydraulic connection with the spring water [26]. This indicates that the connection between the fault zone and the igneous rock contact zone enabled the spring group to be recharged by both the Ordovician Formation-Fengshan Formation aquifer and Zhangxia Formation aquifer.



In addition, the geological structure can affect the recharge conditions of the spring group. There is a tension fault cutting limestone aquifer in the southwest of the Baotu Spring (Figure 13a). The karst water of the Zhangxia Formation is mixed into the Ordovician aquifer along the fault zone. Since the igneous rocks (with a thickness of more than 150 m) cover the Ordovician limestone, the Baotu Spring has good compressive pressure. Nevertheless, the southeast of the Heihu Spring lacks magmatic rock block (Figure 13b), and there are more karst caves distributed in the borehole along the section line direction. The shallow karst in this direction is more developed and able to receive precipitation quickly.



From the stratigraphic structure near the spring group (Figure 14), the Heihu Spring and Baotu Spring are overlying conglomerates with thicknesses of 15 m and 8.5 m, respectively, and the Ordovician limestone below, without the Quaternary clay cover. However, diorite is absent from the Baotu Spring, the spring water is exposed through the skylight, and there is no recharge of pore water and fissure water. Most of the Ordovician karst water intercepted by the Baotu Spring and Heihu Spring flows from south to north.



The distribution of the Zhenzhu Spring and Tanxi Spring area is characterized by a relatively stable clay layer, with thickness of 6–9 m and local inclusion of consolidated conglomerate. The thickness of diorite is stable at 35–40 m. The Zhenzhu Spring and northern Tanxi Spring are blocked by huge diorite. The Ordovician and Cambrian karst water passes through the diorite structure fissures and emerges as a spring through the gravel layer and clay layer. Therefore, the Zhenzhu Spring and Tanxi Springs have the Ordovician Sanshanzi Formation karst water from the southern runoff and deep Zhangxia Formation karst water that surges along the contact zone between the diorite and limestone. Due to the pressure of the Ordovician and Cambrian karst water, the Ordovician and Cambrian karst water penetrates the diorite and quaternary loose layers, carries pore water and intrusive rock fissure water and drains through spring water. Since the quaternary loose layer and diorite weathering fissures are extremely poor in water yield property, there is less pore water and magmatic rock fissure water mixed with spring water. Hence, there are differences in the spring formation and supply sources of the four spring groups.




4.3.4. Mixing Ratio of Spring Water Supply Source


Large karst spring is the concentrated discharge outlet of karst water system. The change of conductivity in spring reflects the contribution rate of different recharge water sources in the system. The frequency distribution of conductivity depends on the source of the water, and different peaks reflect the contribution of different quality currents to karst water. Therefore, the CFD can distinguish the contribution of water from different sources to spring water. Since the method has been proposed, the research on karst water systems in Spain and France has applied it [4]. As mentioned earlier, the frequency decomposition method (Formula 1) can decompose the peaks contained in the diachronic curve in detail, and after the verification of the four annual data from 2015 to 2018, the number of peaks in the CFD curve is fixed, indicating that the types of spring replenishment sources are relative fixed. It should be noted that the source of recharge determined by frequency analysis of conductivity must be consistent with the characteristics of the stratum structure, aquifer type, water temperature and other characteristics



Spring Water Temperature Fitting Results Reveal Spring Water Replenishment Source


According to the spring water temperature monitoring data (Figure 4), extreme values of spring water temperature occurred in winter and summer, indicating that the karst water system is an open system. The temperature of the shallow circulation groundwater has increased due to the influence of atmospheric temperature, therefore, the water temperature frequency curve shows two peaks, i.e., high and low. The frequency of spring water temperature suggests that three peaks appeared in the frequency curve of spring water temperature of the Heihu Spring and Baotu Spring (Figure 9a,b). The peaks P1 and P3 of the Heihu Spring and Baotu Spring are explained as the recharge of spring water by shallow cyclic Ordovician karst water influenced by atmospheric temperature. The deep cycle is less affected by atmospheric temperature, the temperature of groundwater changes is small, and the frequency curve becomes a single peak. Therefore, P2 is the recharge of karst fissure water of the Zhangxia Formation in deep cycle.



Similar to the Heihu Spring and Baotu Spring, the peaks P1, P2, and P3 of the temperature frequency curve of the Zhenzhu Spring and Tanxi Spring represent the recharge of the Ordovician karst water to the spring water. Relative to the Heihu Spring and Baotu Spring, deep karst-fractured water provides higher supply to the Zhenzhu Spring and Tanxi Spring. To ensure the stable spring water flows in the dry season, artificial replenishment is carried in the dry season (from February to July) when the temperature is high. Artificial recharge water is significantly affected by temperature. The impact caused the temperature difference of spring water to rise during the source period and the degree of dispersion increased (Table 2). Therefore, the P4 and P5 peaks in the higher temperature zone represent the recharge of spring water by artificial recharge water, pore water and fissure water (Figure 9c,d). In view of the low contribution of pore water and fissure water to spring water in the dry season, the lowest temperature peaks cease to appear in the Zhenzhu Spring and Tanxi Spring.




The Recharge Source of the Baotu Spring and Heihu Spring


The frequency analysis of the EC of the Heihu Spring and Baotu Spring indicates that the positions of P1 and P2 in CFDs are relatively unchanged in the past years. This means that the spring water has been replenished by two water source components for many years and is unaffected by the external environment. Based on the conclusion that the Baotu Spring and Heihu Spring mainly accept the recharge of Ordovician fracture-karst water and Cambrian Zhangxia Formation karst-fractured water, it is inferred that peak P1 and P2 are interpreted as the Ordovician fracture-karst water and Cambrian Zhangxia Formation karst-fractured water.



The shallow karst in the recharge area of the Heihu Spring is developed, and the precipitation replenishment can be obtained quickly. From the peak curve of the frequency curve of the spring discharge and the EC, it can be seen that P2 would occupy when the high-water level is high (Table 3). The proportion is significantly increased, and it is inferred that P2 represents the Ordovician karst water recharge source, while P1 represents the karst-fractured flow of the Zhangxia Formation. It can be deduced that the karst-fractured water supply of the Zhangxia Formation of the Baotu spring accounts for 31–54%; the Ordovician fracture-karst water supply of the Baotu spring accounts for 45–69%; the Zhangxia Formation karst-fractured water supply of the Heihu Spring account for 25–31%, and the Ordovician fracture-karst water replenishment accounts for 69–75%.




The recharge source of the Zhenzhu spring and Heihu spring


To evaluate the mixture ratio of recharge sources of the Zhenzhu Spring and Tanxi Spring, the water chemical composition and the EC of pore water, fissure water, karst water and artificial replenishment water near the spring group are determined (Table 5). K+ + Na+, SO42−, Cl− contents in the pore water and fracture water are significantly different from the karst water. The real-time monitoring records of the electrical conductivity in the field show that the conductivity values of different types of water sources in descending order are as follows: pore water and fissure water > artificial replenishment water > karst water. In CFDs, the value of conductivity is represented as the size of the central peak of the wave peak. In other words, in CFDs, the central peak of the wave peaks of pore water and fissure water in intrusive rocks is the largest, followed by supplementary water and karst water (i.e., the smallest one). Therefore, it is inferred that the P4 peak in the conductivity frequency curve of the Zhenzhu Spring and Tanxi Spring represents the recharge of pore water and fissure water; the P3 peak represents the recharge water replenishment; P1 is the karst fissure water replenishment of the Zhangxia Formation; and P2 represents the Ordovician karst water recharge. Specifically, the karst-fractured water supply of the Zhangxia Formation in the Tanxi Spring recharge source accounts for 58–68%; the Ordovician fracture-karst water supply accounts for 15–17%; the recharge water supply accounts for 9–21%; the pore water and weathering fissures water replenishment accounts for 6%. The Zhangxia Formation karst-fractured water replenishment accounts for 57–59% of the Zhenzhu Spring recharge source; the Ordovician fracture-karst water replenishment accounts for 22–25%; the artificial replenishment water accounts for 13–14%; and the pore water and weathering fissure water replenishment accounts for 5–6% (Table 6).





4.3.5. Uncertainty Analysis


Uncertainty is a significant issue in the study of karst water systems. At present, scholars have implemented sensitivity analysis of model parameters and quantified uncertainty [34]. The key is to determine the hydrological processes in the study area [35], in order to determine the rationality of various parameters in the model. According to our research, the uncertainty of the calculation results of the mixing ratios of the four spring groups is mainly reflected in the large differences in mixing ratios in different years, for instance the proportions of the Baotu Spring recharged by the Ordovician Sanshanzi Formation fracture-karst water in 2017 was 1.49 times as large as that in 2018. However, this uncertainty does not affect the consistency of the calculation results with the hydrogeological conditions in the study area. This is to say that the Baotu spring discharge in 2017 was 1.86 times as large as the 2015 discharge, that is, the Ordovician limestone aquifer recharge ratio increased in the year when the spring discharge was large. Furthermore, it shows that Ordovician limestone aquifer is the main source of karst water system supply. The Baotu Spring and Heihu Spring with large spring flow mainly are recharged by Ordovician karst water. The temperature curve decomposition also shows that Baotu Spring and Heihu Spring are mainly shallow cycles. Therefore, the CFD analysis of the source of spring water recharge is in line with the actual conditions of the karst water system in Jinan.






5. Conclusions


The key findings of this study are:




	(1)

	
The CFD analysis of the Baotu Spring and Heihu Spring showed that there are two hidden wave peaks which represented the contribution rates of karst-fractured water from the Zhangxia Formation and Ordovician Sanshanzi Formation. The proportions of the Baotu Spring and Heihu Spring supplied by karst-fractured water from the Zhangxia Formation are 31–54% and 25–31%, respectively; while those supplied by the Ordovician Sanshanzi Formation fracture-karst water are 45–69% and 69–75%, respectively.




	(2)

	
The CFD curves of the Zhenzhu Spring and Tanxi Spring resembled a multi-peak shape. The recharge sources of the Zhenzhu Spring and Tanxi Spring were confirmed from the geological structure of spring area, temperature data of the spring water, and analysis of the groundwater hydrochemistry. For the Tanxi Spring, the recharge proportions of karst-fractured water of the Zhangxia Formation, Ordovician Sanshanzi Formation, artificial replenishment, and pore water and fracture water are 58–68%, 15–17%, 9–21%, and 6%, respectively For the Zhenzhu Spring, the recharge proportions of the Zhangxia Formation, Ordovician Sanshanzi Formation, artificial replenishment, and pore water and fracture water are 57–59%, 22–25%, 13–14%, and 5–6%, respectively.




	(3)

	
According to the frequency analysis of spring water temperature, the water circulation depth of the Heihu Spring is the shallowest among the major spring groups; while the water circulation depth of the Zhenzhu Spring is the deepest. Artificial replenishment water has certain effect on the water temperature of the Zhenzhu Spring and Tanxi Spring, minimal effect on the Heihu Spring and Baotu Spring. The Ordovician fracture-karst water has the largest ratio of recharge to spring water. To effectively maintain springs, the Ordovician strata distribution area with high karst development should be selected.




	(4)

	
The study confirmed that the karst of Jinan aquifer medium is unevenly developed; the hydraulic connection of different karst aquifers is linked by the fracture structure and magmatic rock. The sources of spring water supply are predominantly karst aquifers in the Zhangxia Formation and the Ordovician. The mixing ratio of the source of karst water supply can be determined using the CFD spectrum analysis method.













Author Contributions


Conceptualization, H.Z. and L.X.; investigation, X.X. and Y.P.; methodology, Q.M. and L.Y.; resources, C.L. and H.L.; writing—original draft, H.Z. and Q.M.; writing—review and editing, L.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (41772257), an innovation team project of colleges and institutions in the Shandong province (2018GXRC012), the Doctoral Foundation of the University of Jinan (XBS1817; XBS1911), the Key Research & Developmental Program of the Shandong Province (2019JZZY020105) and the construction of a four-dimensional geological environment visualization information system platform in the Jinan urban area (2018GDCG01Z0301).




Acknowledgments


The authors would like to express their gratitude to EditSprings (https://www.editsprings.com/) for the expert linguistic services provided. Thanks to the Shandong Institute of Geological Survey, Shandong Zhengyuan Geological Resources Exploration Co. Ltd, Shandong Provincial Geo-mineral Engineering Exploration Institute and Jinan Rall Transit Group Co. Ltd for their technical and data support for this study.




Conflicts of Interest


The authors declare no conflicts of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Cui, Q.L.; Wu, H.N.; Shen, S.L.; Xu, Y.S.; Ye, G.L. Chinese karst geology and measures to prevent geohazards during shield tunnelling in karst region with caves. Nat. Hazards 2015, 77, 129–152. [Google Scholar] [CrossRef]

	



Zoran, S. Karst waters in potable water supply: A global scale overview. Environ. Earth Sci. 2019, 78, 662. [Google Scholar]

	



Kalhor, K.; Ghasemizadeh, R.; Rajic, L.; Alshawabkeh, A.N. Assessment of Groundwater Quality and Remediation in Karst Aquifers: A Review. Groundw. Sustain. Dev. 2019, 8, 104–121. [Google Scholar] [CrossRef]

	



Mudarra, M.; Andreo, B. Relative importance of the saturated and the unsaturated zones in the hydrogeological functioning of karst aquifers: The case of Alta Cadena (Southern Spain). J. Hydrol. 2011, 397, 263–280. [Google Scholar] [CrossRef]

	



Filippini, M.; Squarzoni, G.; Waele, J.D.; Fiorucci, A.; Vigna, B.; Grillo, B.; Riva, A.; Rossetti, S.; Zini, L.; Casagrande, G.; et al. Differentiated spring behavior under changing hydrological conditions in an alpine karst aquifer. J. Hydrol. 2018, 556, 572–584. [Google Scholar] [CrossRef]

	



Shixian, M.; Jingjun, H.; Xin, W.; Guoqing, J.; Yinlin, W. Karst geological survey and analysis of its development characteristics in Xuzhou. Hydrogeol. Eng. Geol. 2017, 44, 172–177. (In Chinese) [Google Scholar]

	



Bicalho, C.C.; Batiotguilhe, C.; Taupin, J.D.; Patris, N.; Exter, S.V.; Jourde, H. A conceptual model for groundwater circulation using isotopes and geochemical tracers coupled with hydrodynamics: A case study of the Lez karst system, France. Chem. Geol. 2017, 528, 118442. [Google Scholar] [CrossRef]

	



Chunhua, S.; Zhiwei, H.; Yongli, G.; Zhang, S.; Han, T.; Fang, G. Temporal and spatial distribution characteristics and factors influencing nitrate level in waters of a typical karst underground river system. Chin. J. Eco Agric. 2019, 27, 1255–1264. (In Chinese) [Google Scholar]

	



Jiang, G.H.; Yu, S.; Chang, Y. Identification of Runoff in Karst Drainage System Using Hydrochemical Method. J. Jilin Univ. Earth Sci. Ed. 2011, 41, 1535–1541. (In Chinese) [Google Scholar]

	



Xing, X.; Liu, G.; Li, H.; Hu, G. Sources of Spring Water and Its Characteristics of Hydrogen and Oxygen Stable Isotopes in Hasi Mountain. J. China Hydrol. 2016, 36, 46–50. (In Chinese) [Google Scholar]

	



Qib, H.; Xiaoqun, T.; Pengyu, L.; Liankai, Z.; Ruirui, C.; Tengfang, L. Characteristics and controlling factors of dissolved inorganic carbon in karst groundwater in liulin spring area, Shanxi Province. Geol. Rev. 2019, 65, 961–972. (In Chinese) [Google Scholar]

	



Maurya, A.S.; Shah, M.; Deshpande, R.D.; Bhardwaj, R.M.; Prasad, A.; Gupta, S.K. Hydrograph separation and precipitation source identification using stable water isotopes and conductivity: River Ganga at Himalayan foothills. Hydrol. Process. 2011, 25, 1521–1530. [Google Scholar] [CrossRef]

	



Jeelani, G.; Shah, R.A.; Deshpande, R.D.; Fryar, A.E.; Perrin, J.; Mukherjee, A. Distinguishing and estimating recharge to karst springs in snow and glacier dominated mountainous basins of the western Himalaya, India. J. Hydrol. 2017, 550, 239–252. [Google Scholar] [CrossRef]

	



Grasso, D.A.; Jeannin, P.; Zwahlen, F. A deterministic approach to the coupled analysis of karst springs’ hydrographs and chemographs. J. Hydrol. 2003, 271, 65–76. [Google Scholar] [CrossRef]

	



Gil-Márquez, J.M.; Andreo, B.; Mudarra, M. Combining hydrodynamics, hydrochemistry, and environmental isotopes to understand the hydrogeological functioning of evaporite-karst springs. An example from southern Spain. J. Hydrol. 2019, 576, 299–314. [Google Scholar] [CrossRef]

	



Jemcov, I.; Petric, M. Measured precipitation vs. effective infiltration and their influence on the assessment of karst systems based on results of the time series analysis. J. Hydrol. 2009, 379, 304–314. [Google Scholar] [CrossRef]

	



Dachun, W. General Hydrogeology, 6th ed.; Geological Publishing House: Beijing, China, 1986; pp. 71–76. (In Chinese) [Google Scholar]

	



Bittner, D.; Narany, T.S.; Kohl, B.; Disse, M.; Chiogna, G. Modeling the hydrological impact of land use change in a dolomite-dominated karst system. J. Hydrol. 2018, 567, 267–279. [Google Scholar] [CrossRef]

	



Ollivier, C.; Mazzilli, N.; Olioso, A.; Chalikakis, K.; Carriere, S.D.; Danquigny, C.; Emblanch, C. Karst recharge-discharge semi distributed model to assess spatial variability of flows. Sci. Total Environ. 2020, 703, 134368. [Google Scholar] [CrossRef]

	



Luo, M.; Chen, Z.; Zhou, H.; Jakada, H.; Zhang, L.; Han, Z.; Shi, T. Identifying structure and function of karst aquifer system using multiple field methods in karst trough valley area, South China. Environ. Earth Sci. 2016, 75, 824–831. [Google Scholar] [CrossRef]

	



Bin, S.; Yuming, P.; Changsuo, L.; Guangqi, L. Division of Karst Water System and Hydraulic Connection of Typical Spring Fields in Jinan City. Shandong Land Resour. 2016, 32, 31–38. (In Chinese) [Google Scholar]

	



Sivelle, V.; Labat, D. Short-term variations in tracer-test responses in a highly karstified watershed. Hydrogeol. J. 2019, 27, 2061–2075. [Google Scholar] [CrossRef]

	



Narany, T.S.; Bittner, D.; Disse, M.; Chiogna, G. Spatial and temporal variability in hydrochemistry of a small-scale dolomite karst environment. Environ. Earth Sci. 2019, 78, 273. [Google Scholar] [CrossRef]

	



Massei, N.; Mahler, B.J.; Bakalowicz, M.; Fournier, M.; Dupont, J. Quantitative Interpretation of Specific Conductance Frequency Distributions in Karst. Ground Water 2007, 45, 288–293. [Google Scholar] [CrossRef] [PubMed]

	



Barbera, J.A.; Andreo, B. Functioning of a karst aquifer from S Spain under highly variable climate conditions, deduced from hydrochemical records. Environ. Earth Sci. 2012, 65, 2337–2349. [Google Scholar] [CrossRef]

	



Sanchez, D.; Barbera, J.A.; Mudarra, M.; Andreo, B. Hydrogeochemical tools applied to the study of carbonate aquifers: Examples from some karst systems of Southern Spain. Environ. Earth Sci. 2015, 74, 199–215. [Google Scholar] [CrossRef]

	



Birk, S.; Liedl, R.; Sauter, M. Identification of localised recharge and conduit flow by combined analysis of hydraulic and physico-chemical spring responses (Urenbrunnen, SW-Germany). J. Hydrol. 2004, 286, 179–193. [Google Scholar] [CrossRef]

	



Fang, G.; Guanghui, J.; Shaohua, L.; Qingjia, T. Identifying source water compositions of karst water systems by quantifying the conductance frequency distribution of springs. Adv. Water Sci. 2018, 29, 245–251. (In Chinese) [Google Scholar]

	



Liting, X.; Juan, Z.; Guangzeng, S.; Xuerui, X. Guangzeng Mixing ratios of recharging water sources for the four largest spring groups in Jinan. Earth Sci. Front. 2018, 25, 260–272. (In Chinese) [Google Scholar]

	



Zhang, J.Z.; Yan, L.T. Application of Regression Analysis in the Groundwater Dynamic Analysis. Undergr. Water 2010, 32, 88–90. (In Chinese) [Google Scholar]

	



Litng, X.; Linxian, H.; Guangyao, C.; Lizhi, Y.; Changsuo, L.; Xinyu, H. A Dynamic Study of a Karst Spring Based on Wavelet Analysis and the Mann-Kendall Trend Test. Water 2018, 10, 698. [Google Scholar]

	



Denicjukic, V.; Jukic, D. Composite transfer functions for karst aquifers. J. Hydrol. 2003, 274, 80–94. [Google Scholar] [CrossRef]

	



Durana, L.; Masseia, N.; Lecoqa, N.; Fourniera, M.; Labatb, D. Analyzing multi-scale hydrodynamic processes in karst with a coupled conceptual modeling and signal decomposition approach. J. Hydrol. 2020, 583, 124625. [Google Scholar] [CrossRef]

	



Bittner, D.; Parente, M.T.; Mattis, S.; Wohlmuth, B.; Chiogna, G. Identifying relevant hydrological and catchment properties in active subspaces: An inference study of a lumped karst aquifer model. Adv. Water Resour. 2020, 135, 103472. [Google Scholar] [CrossRef]

	



Hartmann, A.; Wagener, T.; Rimmer, A.; Lange, J.; Brielmann, H.; Weiler, M. Testing the realism of model structures to identify karst system processes using water quality and quantity signatures. Water Resour. Res. 2013, 49, 3345–3358. [Google Scholar] [CrossRef]








[image: Water 12 00694 g001 550] 





Figure 1. Geological outline of the Jinan spring area. 1: Exposed and semi-exposed Ordovician limestone-Cambrian Fengshan Formation limestone; 2: Cambrian Changshan Formation limestone-Zhangxia Formation limestone; 3: magmatic rock; 4: section; 5: fault; 6: river; 7: the river recharge area; 8: Cambrian Changshan Formation bottom limit; 9: Cambrian Fengshan Formation bottom limit; 10: the aquifer isohydrographic level of the Ordovician and Fengshan Formation of the Cambrian; 11: the aquifer isohydrographic level of the Cambrian Zhangxia Formation; 12: tracer test area; 13: recharge point; 14: place; 15: spring group; 16: the aquifer water level monitoring point of the Ordovician and Cambrian Fengshan Formation; 17: the aquifer water level monitoring point of the Cambrian Zhangxia Formation; 18: spring water level monitoring point. 
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Figure 2. Map of tracer monitoring points. 1: fault; 2: magmatic rock; 3: Cambrian Fengshan Formation bottom limit; 4: spring group; 5: Cambrian Zhangxia aquifer monitoring point; 6: Ordovician aquifer monitoring point; 7: tracer drop well in Cuima village; 8: tracer drop river course in leakage section of Xingji and Quanlu river. 
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Figure 3. Dynamic chart of the electrical conductivity (EC) of spring water. 
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Figure 4. Curves of the water temperature duration of the four major springs. 






Figure 4. Curves of the water temperature duration of the four major springs.



[image: Water 12 00694 g004]







[image: Water 12 00694 g005 550] 





Figure 5. The conductivity frequency distributions (CFDs) of the Baotu Spring. 
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Figure 6. The CFDs of the Heihu Spring. 
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Figure 7. The CFDs of the Tanxi Spring. 
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Figure 8. The CFDs of the Zhenzhu Spring. 






Figure 8. The CFDs of the Zhenzhu Spring.



[image: Water 12 00694 g008]







[image: Water 12 00694 g009a 550][image: Water 12 00694 g009b 550] 





Figure 9. Frequency distribution of the water temperature in the four major springs. (a) Baotu Spring; (b) Heihu Spring; (c) Tanxi Spring; (d) Zhenzhu Spring. 
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Figure 10. Schematic diagram of tracer test movement. 1: fault; 2: magmatic rock; 3: Cambrian Fengshan Formation bottom limit; 4: tracer diffusion concentration isochrons; 5: tracer transport direction; 6: tracer undetected area; 7: tracer detection range; 8: tracer drop river; 9: spring groups; 10: Cambrian Zhangxia aquifer monitoring point; 11: Ordovician aquifer monitoring point; 12: tracer drop point. 
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Figure 11. Water level duration curve of the Heihu Spring and Baotu Spring. 
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Figure 12. Monthly flow curves of the four major springs. 
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Figure 13. Schematic diagram of geological section. (a) I-I’; (b) Π-Π’ 1: Quaternary clay; 2: Ordovician carbonate; 3: Cambrian Fengshan Formation limestone; 4: Cambrian Gushan Formation and Changshan Formation limestone; 5: Cambrian Zhangxia Formation limestone; 6: magmatic rock; 7: groundwater flow line; 8: spring group; 9: water level; 10: karst cave. 
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Figure 14. Geological three-dimensional structure of the spring. 1: boring number; 2: spring; 3: cohesive soil; 4: gravel layer; 5: limestone; 6: magmatic rock. 
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Table 1. Characteristic values of the EC of spring water.
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	Spring name
	Average Value/(µS·cm−1)
	Minimum Value/(µS·cm−1)
	Max/(µS·cm−1)





	Heihu Spring
	896
	851
	931



	Baotu spring
	778
	743
	810



	Tanxi Spring
	709
	677
	773



	Zhenzhu Spring
	682
	641
	742
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Table 2. List of characteristic values of spring water temperature data.
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Spring Name

	
Observation Date

	
Average Value/(°C)

	
Range/(°C)

	
Standard Deviation

	
Dispersion Coefficient






	
Heihu Spring

	
2016/9–2017/9

	
17.24

	
2.50

	
0.6358

	
0.0369




	
2017/9–2018/9

	
17.28

	
3.30

	
0.7974

	
0.0462




	
Baotu Spring

	
2016/9–2017/9

	
17.18

	
2.70

	
0.6758

	
0.0393




	
2017/9–2018/9

	
17.50

	
3.95

	
0.9403

	
0.0537




	
Tanxi Spring

	
2016/9-2017/9

	
17.59

	
3.00

	
0.8925

	
0.0508




	
2017/9–2018/9

	
17.65

	
4.18

	
1.3250

	
0.0751




	
Zhenzhu Spring

	
2016/9–2017/9

	
17.74

	
4.00

	
1.1319

	
0.0638




	
2017/9–2018/9

	
17.62

	
4.62

	
1.3622

	
0.0773
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Table 3. Proportion of hidden frequency and peak water flow ratio of the CFDs of the Baotu Spring and Heihu Spring.
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Spring.

	
Date

	
P1/%

	
P2/%

	
Q/(m3·s−1)






	
Baotu spring

	
2015

	
53.85

	
46.15

	
0.37




	
2016

	
43.42

	
56.58

	
0.64




	
2017

	
31.33

	
68.67

	
0.69




	
2018

	
54.55

	
45.45

	
0.58




	
Heihu spring

	
2015

	
27.63

	
72.37

	
0.39




	
2016

	
24.67

	
75.33

	
0.63




	
2017

	
31.27

	
68.73

	
0.47




	
2018

	
31.21

	
68.79

	
0.46
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Table 4. List of peak area ratios of the CFDs in Tanxi Spring and Zhenzhu Spring.
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Spring Name

	
Date

	
P1/%

	
P2/%

	
P3/%

	
P4/%






	
Tanxi Spring

	
2017

	
58.09

	
14.97

	
21.04

	
5.89




	
2018

	
68.09

	
17.36

	
8.71

	
5.84




	
Zhenzhu Spring

	
2017

	
57.29

	
24.66

	
12.93

	
5.12




	
2018

	
58.62

	
21.89

	
13.74

	
5.76
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Table 5. Summary of water chemical characteristics.
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Groundwater Type

	
Cation Content/(mg·L−1)

	
Anion Content/(mg·L−1)

	
EC/(µS·cm−1)




	
K+ + Na+

	
Ca2+

	
Mg2+

	
Cl−

	
SO42−

	
HCO3−

	
NO3−






	
Pore water

	
114.29

	
152.32

	
24.7

	
130.34

	
450.68

	
317.88

	
45.1

	
1023




	
Fissure water

	
90.9

	
131.06

	
23.63

	
120.52

	
437.02

	
301.98

	
20.05

	
995




	
Artificial recharge water

	
99.58

	
62.32

	
22.73

	
140.34

	
208.93

	
61.3

	
3.03

	
955




	
Baotu Spring Karst water

	
14

	
103.45

	
19.05

	
26.02

	
88.15

	
263.44

	
35.44

	
744




	
33.4

	
105.2

	
12.21

	
59.37

	
80.41

	
255.07

	
33.83

	
788




	
Heihu Spring Karst water

	
20.67

	
118.01

	
21.38

	
29.27

	
106.71

	
280.58

	
45.36

	
858




	
21

	
121.67

	
23.3

	
57.68

	
91.28

	
282.21

	
48.71

	
831




	
Zhenzhu spring Karst water

	
10.78

	
87.36

	
18.12

	
17.89

	
62.64

	
244.17

	
25.99

	
681




	
29.3

	
94.23

	
19.42

	
57.68

	
71.72

	
236.08

	
28.31

	
701




	
Tanxi spring Karst water

	
20.67

	
118.01

	
21.38

	
29.27

	
106.71

	
280.58

	
28.01

	
738




	
42

	
92.4

	
22.75

	
67.86

	
104.32

	
230.65

	
25.5

	
822
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Table 6. Connections of different types of groundwater to spring.
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Strata

	
Groundwater Type

	
Heihu Spring

	
Baotu Spring

	
Tanxi Spring

	
Zhenzhu Spring






	
Cohesive soil

	
Pore water

	
0

	
0

	
6%

	
5–6%




	
Magmatic rock

	
Fissure water




	

	
Artificial replenishment water

	
0

	
0

	
9–21%

	
13–14%




	
Cambrian Fengshan Formation to the Ordovician Formation limestone

	
Cambrian Fengshan Formation to the Ordovician Formation fracture-karst water

	
69–75%

	
45–69%

	
15–17%

	
22–25%




	
Cambrian Zhangxia Formation limestone

	
Cambrian Zhangxia Formation limestone karst-fractured water

	
25–31%

	
31–54%

	
58–68%

	
57–59%












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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