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Abstract

:

Understanding groundwater geochemistry is crucial for water supply in arid regions. The present research was conducted in the arid Mo river watershed on the Tibetan plateau to gain insights into the geochemical characteristics, governing processes and quality of groundwater in arid endorheic watersheds. A total of 28 groundwater samples were collected from the phreatic and confined aquifers for hydrochemical analysis. The results showed that the groundwater was slightly alkaline in all aquifers of the watershed. The phreatic groundwater samples (PGs) and confined groundwater samples (CGs) had the TDS value in the ranges of 609.19–56,715.34 mg/L and 811.86–2509.51 mg/L, respectively. PGs were salter than CGs, especially in the lower reaches. Both the PGs and CGs were dominated by the Cl-Na type, followed by the mixed Cl-Mg·Ca type. The toxic elements of NO2− (0.00–0.20 mg/L for PGs and 0.00–0.60 mg/L for CGs), NH4+ (0.00–0.02 mg/L for PGs and 0.00–0.02 mg/L for CGs) and F− (0.00–4.00 mg/L for PGs and 1.00–1.60 mg/L for CGs) exceeded the permissible limits of the Chinese guidelines at some sporadic sites. Water–rock interactions, including silicates weathering, mineral dissolution (halite and sulfates) and ion exchange, were the main contributions to the groundwater chemistry of all aquifers. The geochemistry of PGs in the lower reach was also greatly influenced by evaporation. Agricultural sulfate fertilizer input was responsible for the nitrogen pollutants and salinity of PGs. All CGs and 73.91% of PGs were within the Entropy-weighted water quality index (EWQI) of below 100 and were suitable for direct drinking purposes. Precisely 8.70 and 17.39% of PGs were within the EWQI value in the range of 100–150 (medium quality and suitable for domestic usage) and beyond 200 (extremely poor quality and not suitable for domestic usage), respectively. The electrical conductivity, sodium adsorption ratio, sodium percentage and permeability index indicated that groundwater in most parts of the watershed was suitable for irrigation, and only a small portion might cause salinity, sodium or permeability hazards. Groundwater with poor quality was mainly distributed in the lower reaches. CGs and PGs in the middle-upper reaches could be considered as the primary water resources for water supply. Agricultural pollution should be paid more attention to safeguard the quality of groundwater.
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1. Introduction


Although our earth is called the “blue planet”, as more than 70% of its surface is covered by water, most of the water is salty and not suitable for various usages of human society and continental ecosystems [1,2]. Freshwater is considered one of the most important natural resources supporting the sustainable development of a human community and has been treated as the strategic natural resource for national development by many counties over the world [3,4]. Our world is experiencing unprecedented, drastic climate change and facing serious and complex environmental challenges [5,6,7,8,9]. Among all of the environmental challenges, water shortage is the most widespread and profound across the world [10]. This challenge is much more severe in arid and semiarid regions where there is a significantly poorer endowment of water resources [7,11,12]. Groundwater is an invaluable water resource for various usages such as municipal, industrial and agricultural purposes for many people in the world, particularly in water-scarce regions [13,14,15]. Groundwater has been a crucial water resource supporting the development of human communities and ecosystems worldwide [16,17,18]. Thus, a deep understanding of groundwater endowment and its suitability is essential for the scientific and rational utilization of groundwater resources and for maintaining the sustainable development of groundwater [19].



The availability of groundwater is dependent on two major aspects, including quantity and quality [20]. Quantity is the first factor being considered in groundwater resource exploration and utilization. Vast works and research have been conducted in terms of groundwater quantity and the yield of aquifers worldwide [21,22]. A lot of hydrogeological achievements have been obtained during this process and supported the exploitation of many potential groundwater reservoirs across the world [3,23,24,25]. Aside from the water quantity, the chemical quality of groundwater also significantly determines the availability of groundwater resources [26]. It is widely known that water is fundamental to life, and water quality determines the health of flora and fauna [27,28]. Access to clean groundwater resources is related to the preservation of the health and sustainability of earth systems, including human and animal communities and ecosystems [8]. Therefore, revealing the hydrogeochemical mechanisms and quality of groundwater resources is significantly important for guaranteeing the availability of quality groundwater.



It is widely known that water in nature is not pure and contains many substances. The chemical substances of groundwater originate from numerous sources [18,29]. Initially, the chemicals in groundwater are brought by the recharge of water into the aquifers from external sources [30]. The chemical substances in recharge waters make up the fundamental framework of groundwater hydrochemistry and quality. After water enters the aquifers, various hydrogeochemical processes occur in groundwater which further changes its composition [31,32]. Water–rock interactions are the predominant substances contributing to groundwater quality [14,33]. This contribution varies spatially due to the various lithologies and hydrogeological conditions of the aquifers [10]. The residence time of groundwater in the aquifers is an important factor in determining the degree of water–rock interactions [34,35]. Additionally, the hydrodynamic of groundwater is also reported to affect the hydrogeochemical processes and finally regulate the composition and quality of groundwater [36]. The climatic factors, particularly the strong evaporation in arid regions, can greatly influence groundwater chemistry and are reportedly responsible for the salinity of phreatic groundwater in many parts of the world [17,37].



Aside from the natural processes, anthropogenic disturbances to groundwater chemistry have become more and more significant due to the rapid growth of world populations and intensive human activities in the past decades [38,39,40]. The most important and direct influence induced by human communities on groundwater quality is the direct input of pollutants into aquifers, which pollutes the clean water beneath the ground surface [7,41]. The hydrogeological environment has become more and more complex as the overlay of natural and anthropogenic mechanisms [42,43]. In order to ensure the safety of the water supply, the mechanisms of groundwater chemistry should be distinguished, and then corresponding measures in water environment protection and groundwater exploitation should be conducted [14,44].



Arid and semiarid regions are important parts of the earth and account for more than 40% of the global land [45]. These regions contain a large number of world populations, cities and agricultural lands [12,31,35,46]. The conflict of water resources is much more significant in these regions due to the scarcity of water resources [10,39]. The special climatic features in these regions, such as rare precipitation and strong evaporation, create poor water endowment and complex hydrogeochemical conditions. Endorheic watersheds are more special in arid and semiarid regions since the chemical salts in water cannot leave the watersheds but accumulate in the water of rivers, underground reservoirs and tail lakes [34,47]. The strong evaporation and accumulation of chemical salts would further aggravate the water crisis in these arid and semiarid watersheds [48,49]. The available freshwater resource is limited in small endorheic watersheds due to the short distance of groundwater evolution from freshwater in the headwater region to salty water in the tail lake region [29]. Thus, focusing on groundwater chemistry and its availability is significantly important for ensuring the long-term sustainable utilization of water resources for small endorheic watersheds [50]. Although a great number of research works have been conducted regarding groundwater availability with both quantity and quality aspects, research concerned with small endorheic watersheds is rare [51,52,53].



The present research takes a typical arid endorheic watershed, namely the Mo river watershed on the Tibetan plateau, as an example to gain insights into the hydrogeochemical characteristics, governing processes and quality of groundwater in small arid endorheic watersheds. The results and findings could provide useful references and scientific support for the utilization and management of groundwater resources in hyper-arid endorheic watersheds worldwide.




2. Materials and Methods


2.1. Description of the Study Area


The Chaka basin is one of the most significantly arid basins located in the northern Tibetan plateau (Figure 1). The present watershed, i.e., the Mo river watershed, is the largest watershed in this basin. The study area extends between 36°37′51.92″ N and 36°57′18.67″ N latitudinally and between 98°45′16.16″ E and 99°15′03.36″ E longitudinally, covering an area of 1593.98 km2. The Mo river is the largest river running through the watershed. It originates from the northwest mountainous area of the Chaka basin and ends at the center of the basin. Chaka salt lake, enjoying a reputation as the “sky mirror”, is the tail lake of the watershed [29]. All surface and groundwater in the watershed finally discharge into the Chaka salt lake. As a result, the Mo river watershed is an endorheic watershed. This watershed features a semi-desert arid continental climate. The annual average temperature is 2.9 °C. The precipitation is limited and less than 200 mm per year, as most of the precipitation occurs during the wet season from May to September. The evaporation is significantly strong and reaches about ~2500 mm per year. Due to the scarcity of local precipitation, river water in the watershed is also not developed. As a result, human societies and ecosystems in the watershed are heavily dependent on groundwater resources.



The Chaka basin is a closed fault basin that was fundamentally formed during the Cenozoic era. It is bounded by the Nanshan mountains in the north and the Ela mountains in the south and presents in the shape of a long strip in the NW direction. The lithology of the basin ranges from Paleozoic bedrocks to Quaternary deposits. The Mo river watershed is a typical part of the Chaka basin. The pre-Quaternary strata are mainly distributed in the upper reaches of the mountainous area and dominated by the Paleozoic and Triassic metamorphic rocks. The strata in the basin are predominantly Quaternary deposits with various lithologies. The lithologies of the Quaternary deposits in the basin vary from gravel in the piedmont to fine sand and clay in the lower reaches (Figure 2). Groundwater in the basin mainly occurs in the Quaternary aquifers. Due to the spatial variation of Quaternary deposits lithology, the Quaternary aquifers in the basin vary from a single thick phreatic aquifer in the piedmont to a semi-confined aquifer in the middle reaches, and finally, the multiple layers of phreatic-confined aquifers in the basin center. The groundwater of the basin predominantly originated from the leakage of river water at the piedmont. The lateral flow from the bedrock at the mountain pass also contributes some groundwater to the Quaternary aquifers. The contribution of local precipitation to the Quaternary aquifers in the basin is limited. Groundwater naturally discharges through springs and flows laterally into the Chaka salt lake. With the rapid development of the watershed, human pumping has become one of the dominant ways groundwater discharges into the watershed. Groundwater exploration is mainly concentrated in the Mo river and Chaka farms, and Chaka town (Figure 1c).




2.2. Sampling and Analytical Techniques


A total of 28 groundwater samples were collected from the Mo river watershed during the months of June and July of 2022. These groundwater samples were sampled from 23 phreatic wells and five confined boreholes. The depths of phreatic boreholes are in the range of 40–160 m and are mostly greater than 100 m in the middle-upper area of the watershed and within 60 m in the lower reach of the watershed. All confined boreholes have greater depth and range from 120–195 m. In order to eliminate the influence of stagnant waters in the representative groundwater samples, the wells and boreholes were pumped for more than three volumes. Water temperature, pH and electrical conductivity (EC) were monitored in situ, and the sampling strategy was conducted after these in-situ monitoring parameters were stable. The sample containers consisted of 2.5 L high-density polyethylene bottles and were thoroughly washed at least three times using the targeted groundwater before sampling. The groundwater samples were stored at 4 °C and sent to the laboratory for analysis within two days.



The in-situ parameters (pH, EC) of groundwater were determined in the field with the aid of a portable multiparameter device (Multi350i/SET, Munich, Germany). The major cations of Ca2+, Mg2+, Na+ and K+ and toxic elements (Cu, Pb, As, Al, Fe, Mn, Zn, Cr, etc.) were measured using the inductively coupled plasma-mass spectrometry (Agilent 7500ce ICP-MS, Tokyo, Japan). Ions, including NH4+, Cl−, SO42−, NO3−, NO2− and F−, were analyzed by ion chromatography (Shimadzu LC-10ADvp, Kyoto, Japan). The HCO3− was determined by acid-base titration. The gravimetric analysis was conducted to obtain the total dissolved solids (TDS) of groundwater. The accuracy of groundwater analysis was checked using the ionic charge balance error percentage (%ICBE). The results showed that all groundwater samples had an %ICBE of ± 5%, implying the hydrogeochemical data of groundwater were reliable and could be used for research.





3. Results and Discussion


3.1. General Chemistry of Groundwater


The physicochemical parameters of phreatic and confined groundwater sampled from the study area are statistically presented in Table 1. The measured pH values varied from 7.42 to 8.66 in the phreatic aquifers and between 7.78 and 8.52 in the confined aquifers, suggesting that groundwater in the watershed was of a slightly alkaline nature regardless of the depth. The phreatic groundwater samples had a wider range of EC than confined groundwater samples. The EC values of phreatic groundwater ranged from 1033.50 to 44,205.00 μS/cm, and the confined groundwater ranged from 1309.00 to 3608.10 μS/cm. The TDS values also showed a similar state at different depths. The TDS values were in the range of 609.19–56,715.34 mg/L for phreatic groundwater and 811.86–2509.51 mg/L for confined groundwater. All of the above suggests that the phreatic groundwater in the watershed is saltier in nature than the confined groundwater.



Among the major cations, Na+ is the predominant ion in both phreatic and confined aquifers, with concentrations ranging from 85.00 to 18,610.00 mg/L (averaging 2012.05 mg/L) and from 145.25 to 635.29 mg/L (averaging 197.46 mg/L), respectively. Ca2+ ranks second regardless of the depth and is in a range of 50.84–1102.20 mg/L (averaging 160.48 mg/L) for phreatic groundwater and 76.55–160.32 mg/L (averaging 100.52 mg/L) for confined groundwater. Mg2+ ranks third in both phreatic and confined aquifers, followed by K+. Phreatic groundwater has an Mg2+ concentration in the range of 18.95–1358.37 mg/L (averaging 135.53 mg/L) and a K+ concentration in the range of 1.50–68.81 mg/L (averaging 13.51 mg/L). The confined groundwater samples show an Mg2+ concentration varying between 41.07 and 80.68 mg/L (averaging 100.52 mg/L) and a K+ concentration varying between 4.50 and 17.02 mg/L (averaging 8.26 mg/L). For all major cations, phreatic groundwater shows greater variation in ion concentrations than confined groundwater, according to the standard deviation values of each parameter.



Among the major anions, Cl− was the dominant ion in both phreatic and confined aquifers. Its concentration varied from 172.29 to 31,550.50 mg/L (averaging 3177.79 mg/L) for the phreatic groundwater samples and ranged between 232.55 and 1153.54 mg/L (averaging 485.95 mg/L) for the confined groundwater samples. SO42− ranked second with a concentration ranging from 33.62 to 3866.42 mg/L (averaging 595.96 mg/L) for the phreatic groundwater samples and varied between 180.59 and 379.44 mg/L (averaging 248.80 mg/L) for the confined groundwater samples. HCO3− was the lowest ion in all aquifers. It had a concentration in the range of 137.91–634.61 mg/L (averaging 278.44 mg/L) for the phreatic groundwater and 146.45–335.41 mg/L (averaging 244.08 mg/L) for the confined groundwater. The major anions also showed greater variation in the phreatic aquifers than that in the confined aquifers.



Nitrogen, fluoride and other toxic element concentrations (Cu, Pb, As, Al, Fe, Mn, Zn, Cr, etc.) were determined in phreatic and confined aquifers. Overall, most toxic elements (Cu, Pb, As, Al, Fe, Mn, Zn, Cr, etc.), except nitrogen and fluoride, had relatively low concentrations and were even below the detection limits; thus, they were not included in the following analysis. For nitrogen, the concentration of all nitrogen pollutants in phreatic groundwater was higher than that in confined groundwater. The NO3− concentration in phreatic groundwater varied from 0.92 to 37.30 mg/L (averaging 17.12 mg/L), and confined groundwater ranged between 4.00 and 16.00 mg/L (averaging 9.20 mg/L). All collected phreatic and confined groundwater samples tested for NO3− concentrations were below the permissible limits of 50 mg/L, as determined by the WHO guidelines [55]. The NO2− and NH4+ in phreatic aquifers were in the range of 0.00–0.20 mg/L (averaging 0.01 mg/L) and 0.00–0.02 mg/L (averaging 0.07 mg/L), respectively. Additionally, NO2− and NH4+ in confined aquifers were in the range of 0.00–0.60 mg/L (averaging 0.02 mg/L) and 0.00–0.02 mg/L (averaging 0.08 mg/L), respectively. Both phreatic and confined aquifers were found with NO2− and NH4+ pollutants exceeding the permissible limits of 0.02 and 0.2 mg/L determined by the Chinese guideline [54] at some sampling locations. The F− in phreatic and confined groundwater was in the range of 0.00–4.00 mg/L (averaging 0.48 mg/L) and 1.00–1.60 mg/L (averaging 1.27 mg/L), respectively.




3.2. Hydrogeochemical Facies


The overall hydrochemical characteristics of groundwater can be illustrated by the hydrogeochemical facies [42], which could be graphically represented by the Piper trilinear diagram. The Piper trilinear diagram involves two triangles below and one diamond above. The two lower triangles are used to separate the cations and anions of water and represent their dominant ions. The diamond is used to map the combination of cations and anions and reveals the hydrogeochemical facies of water [35,56,57]. Six hydrogeochemical facies, including HCO3-Ca, mixed HCO3-Na·Ca, HCO3-Na, mixed Cl-Mg·Ca, Cl-Ca and Cl-Na, are categorized by the Piper trilinear diagram.



As presented in Figure 3, all collected groundwater samples except two phreatic groundwater samples are observed plotting in the [Na+] type dominance in the lower left of the Piper trilinear diagram, suggesting that Na+ is the predominant cation of groundwater in most sites of the watershed regardless of the sampling depth. The other two phreatic groundwater samples are situated in the [Na+] type dominance of the lower left trilinear, indicating Ca2+ is the dominant cation in these two groundwater samples. For the anions, all confined groundwater samples and almost all phreatic groundwater samples are situated in the [Cl−] type dominance in the lower right of the Piper trilinear diagram, indicating Cl− is the dominant anion for both phreatic groundwater and confined groundwater. Only one phreatic groundwater is observed plotting in the [SO42−] type dominance, and SO42− is the predominant anion. The diamond of the Piper trilinear diagram shows that all groundwater in the watershed plot from the mixed Cl-Mg·Ca type dominance to the Cl-Na type dominance. It can be seen that most of the collected groundwater samples, regardless of the depth, belonged to the Cl-Na type, and only a small part of phreatic (26.09%) and confined (20%) groundwater samples were mixed Cl-Mg·Ca type water. Overall, groundwater in phreatic aquifers is salty to some degree in terms of the hydrogeochemical facies, and confined groundwater is presented as fresher in nature compared to phreatic groundwater.




3.3. Hydrogeochemical Mechanisms Governing Groundwater Chemistry


Generally, the solutes in groundwater are mainly originated from natural sources. Principally, the hydrogeochemical composition of groundwater is governed by three natural factors, i.e., precipitation, water–rock interactions and evaporation. These three main natural mechanisms governing groundwater geochemistry can be virtually illustrated by the Gibbs diagrams, which are constructed by the TDS versus Na+/(Na++Ca2+) and Cl−/(Cl−+HCO3−) [58].



As shown in Figure 4, all groundwater samples, regardless of the sampling depth, displayed an evaporative trend in both of the two sub-Gibbs diagrams, implying that recharge water had experienced significant evaporation effects during the recharging process. This is in accordance with hyper-arid climate features in the study area. Specifically, all sampled confined groundwater samples are plotted in the rock dominance of both these two sub-Gibbs diagrams, suggesting that water–rock interactions are the predominant mechanism regulating the hydrogeochemical composition of groundwater in the confined aquifers of the Mo river watershed after the water enters the aquifers. For phreatic groundwater, most of the samples are situated in the rock dominance. This implies that the hydrochemistry of phreatic groundwater in the watershed is also dominantly governed by the water–rock interaction. Some phreatic groundwater samples (S17, S21, S22 and S23) are observed plotting in the evaporation dominance, indicating evaporation is the main process regulating the hydrogeochemical composition of phreatic groundwater in some sites (S17, S21, S22 and S23). In fact, these evaporation-governed samples (S17, S21, S22 and S23) are located in the lower reaches of the Mo river watershed. All of these four groundwater samples are from shallow, buried depths and are easily affected by the strong evaporation in the arid climatic condition of the watershed. As a result of the strong evaporation, the collected phreatic groundwater samples in the lower reaches of the Mo river watershed are with relatively high salinity and a TDS value beyond thousands of milligrams per liter.



As mentioned above, water–rock interactions are the predominant processes regulating the hydrogeochemical composition of both phreatic and confined groundwater samples in the watershed. There are various rocks and minerals existing in nature that are potentially involved in the water–rock interaction processes. In fact, not all of the rocks and minerals in nature would be involved in the interactions. The involved rocks/minerals in a specific aquifer are determined by the existing rocks/minerals and the hydrogeochemical conditions of aquifers along the groundwater flow path. To further illustrate the rocks and minerals involved in the water–rock interactions, the end-member diagrams that are constructed by the Ca2+/Na+ versus Mg2+/Na+ and HCO3−/Na+ [59] were introduced in the present research. These end-member diagrams separate into three dominances, i.e., the evaporite, silicate and carbonate dominances, and can be used to virtually identify the main rock types (Figure 5) involved in the water–rock interactions. As shown in Figure 5, all confined groundwater samples and most of the phreatic groundwater samples are located in and around the silicate dominance, indicating that silicate weathering (Equation (1)) is the predominant source of solutes for groundwater regardless of the depth in the Mo river watershed. A small portion of the phreatic groundwater samples was observably situated in and around the evaporite dominance, suggesting that evaporite dissolution is the dominant source for the major ions of phreatic groundwater at some locations. No phreatic or confined groundwater was situated in or around the carbonate dominance, implying carbonate dissolution is not the main process contributing to groundwater chemistry in the watershed.
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In order to further determine the contribution of specific evaporites and silicates, the correlation matrix and scatter plots are employed in the present research. It can be seen from Figure 6a and Table 2 that a significant positive correlation exists between Cl− and Na+ for both phreatic and confined groundwater, with a correlation coefficient of 0.71 and 0.99, respectively. This suggests a high possibility of halite dissolution contributing to the major ions (Cl− and Na+) in the hydrogeochemical components of groundwater in phreatic and confined aquifers of the watershed. The mineral saturation status was simulated to confirm the potential contribution of halite dissolution further. As shown in Figure 7, all collected phreatic and confined groundwater samples had a halite saturation index below zero, confirming the contribution of halite dissolution to major ion contents in phreatic and confined aquifers. The SO42− and Ca2+ ions were observed to have a significant positive correlation for both phreatic groundwater samples (with a correlation coefficient of 0.70) and confined groundwater samples (with a correlation coefficient of 0.97) (Figure 6b and Table 2). This implies that the dissolution of gypsum and anhydrite is the potential contribution of SO42− and Ca2+ to phreatic and confined groundwater, as evidenced by the saturation index of gypsum (less than zero) and anhydrite (less than zero) (Figure 6). Significant positive correlations were also found between SO42− and Na+, Mg2+ and K+ for phreatic groundwater, suggesting that the dissolution of other sulfates, including Na2SO4, MgSO4 and K2SO4, could contribute to major ions in the phreatic groundwater if these minerals exist in the aquifers. For confined groundwater, significant positive correlations are also found between SO42−, Na+ and Mg2+, implying the potential contribution of sulfate (Na2SO4 and MgSO4) dissolution. It should be noted that all groundwater samples, regardless of the sampling depth, were observed and plotted along the 1:1 line of Cl−/Na+ and SO42−/Ca2+ (Figure 6). This evidenced the aforementioned conclusion that water had experienced evaporation during its recharge process. As discussed in the end-member diagram, only several phreatic groundwater samples (S17, S21 and S23) are located in the evaporite dominance. Thus, although the dissolution of evaporites (halite and sulfates) could contribute solutes to both phreatic and confined groundwater in the whole watershed, they are dominated only in the lower reaches adjacent to the Chaka salt lake.



The mineral saturation status simulation results also presented that the carbonates, including aragonite, calcite and dolomite, were within a saturation index greater than zero in both phreatic and confined aquifers (Figure 7), confirming the conclusion drawn from end-member diagrams that the dissolution of carbonates is not the significant contribution of groundwater solutes in phreatic and confined aquifers of the watershed (Figure 5). The results of the hydrogeochemical simulation showed that all collected confined groundwater samples and almost all phreatic groundwater samples (except one) had a fluoride mineral saturation index below zero (Figure 7), suggesting that the dissolution of fluoride minerals is one of the dominant processes regulating the hydrogeochemical composition of both phreatic and confined groundwater. This is the reason that some collected phreatic and confined groundwater samples are with relatively high fluoride content and even exceed the permissible limit of 1 mg/L (Table 1).



Aside from the silicate weathering and evaporite dissolution, the ion exchanges are usually important processes contributing to groundwater solutes, especially in sedimentary aquifers. The ion processes can be revealed by the chloro-alkaline indices. The chloro-alkaline indices of CAI-1 and CAI-2 can be obtained by Equations (2) and (3). The combination of these two chloro-alkaline indices can be used to reveal the ion exchange processes occurring in aquifers. If these two indices are below zero, then the cation-exchange reaction (Equation (4)) is the dominant reaction occurring in the aquifer. However, if both CAI-1 and CAI-2 are positive, a reverse cation-exchange reaction (Equation (5)) is implied. As shown in Figure 8, most of the phreatic groundwater samples and confined groundwater samples are situated in the left lower dominance of the diagram and with both CAI-1 and CAI-2 below zero, implying that the cation-exchange reaction (Equation (4)) is one of the dominant processes regulating the hydrogeochemical composition of groundwater in phreatic and confined aquifers at most of the sites in the Mo river watershed. In addition, several collected phreatic groundwater samples and one confined groundwater sample had positive CAI-1 and CAI-2 values, suggesting the occurrence of reverse cation-exchange reactions at these sites.
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Apart from natural sources, groundwater hydrochemical solutes can be originated from anthropogenic sources, such as domestic effluents, industrial sewages and agricultural fertilizers. NO3− is one of the most common indicators of groundwater solutes in human societies. Generally, the geological limit of NO3− in nature is within 10 mg/L. Any water with a NO3− concentration beyond this limit is regarded as anthropogenic pollution. As presented in Table 1, both phreatic and confined groundwaters were found with a NO3− concentration exceeding this geological limit at some sites, indicating that the anthropogenic inputs contribute some chemicals to both phreatic and confined aquifers. Additionally, the maximum NO3− concentration in phreatic aquifers (37.3 mg/L) was higher than that in confined aquifers (16.00 mg/L). This vertical distribution trend of NO3− concentrations also confirmed the external inputs of chemicals into phreatic and confined aquifers.



To further illustrate the specific anthropogenic factors influencing groundwater chemistry, the relationship between the molar ratios of NO3−/Na+ and SO42−/Ca2+ was determined. As shown in Figure 9, no phreatic and confined groundwater is plotted in the lower right dominance region of the diagram, indicating that the groundwater in the watershed is out of the significant influence of domestic sewage and agricultural nitrogen fertilizers. Some phreatic groundwater samples are situated in the upper left dominance of the diagram, implying the potential influence of industrial wastes or agricultural sulfate fertilizers. The land use and cover showed there are no industrial areas but agricultural lands and human settlements in the watershed. Thus, the agricultural application of sulfate fertilizers rather than nitrite fertilizers in the middle reaches of the watershed is an important source of chemicals in groundwater. This was evidenced by the correlation matrix, in which TDS showed no significant relation with NO3− but SO42− (Table 2).




3.4. Groundwater Quality Assessment


3.4.1. Drinking Purposes


Groundwater is the only water resource for domestic usage in the study area due to the shortage of precipitation and surface water. Understanding the quality and suitability of groundwater for domestic purposes is essential for the residents’ health and sustainable development of the study area. The quality of groundwater for domestic usage can be comprehensively revealed by the Entropy-weighted water quality index (EWQI) approach. The EWQI is an improved water quality assessment method based on the water quality index (WQI). It avoids the subjective issues in the assignment of hydrogeochemical parameters’ weights involved in the assessment. Entropy weight is introduced to replace the empirical weight in the water quality assessment. The Entropy weight can avoid the loss of valuable information on water hydrochemistry during the groundwater quality appraisal. As a result, much more accurate results can be obtained by the EWQI than the traditional WQI. The procedure of the EWQI assessment can be conducted according to the following Equations (6)–(12) [60,61]. All of the hydrogeochemical parameters listed in Table 1 were considered in the EWQI assessment for the present research. The permissible quality of drinking water recommended by the WHO [55] and Chinese guidelines [54] is listed in Table 1.
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where xij represents the value of the sample i’s jth hydrogeochemical parameter. (xij)min and (xij)max are the minimum and maximum values of the jth hydrogeochemical parameter, respectively.



The EWQI assessment results of the collected phreatic and confined groundwater samples are presented in Figure 10. It can be seen that the EWQI values of groundwater, especially in confined aquifers, had a relatively wide range and varied from less than 30 to more than 1000. This indicates that groundwater in the Mo river watershed has a large variation in groundwater quality. Specifically, the collected confined groundwater samples had relatively low EWQI values. All of the EWQI values of the confined groundwater samples were below 100. According to the water quality classification based on EWQI values, water quality can be classified into five categories, i.e., excellent quality (EWQI ≤ 50), good quality (50 < EWQI ≤ 100), medium quality (100 < EWQI ≤ 150), poor quality (150 < EWQI ≤ 200) and extremely poor quality (> 200). Thus, the collected confined groundwater samples are within qualities ranging from excellent to good and suitable for drinking purposes. For phreatic groundwater, about 73.91% of samples were within an EWQI value below 100, suggesting excellent to good water quality. Two phreatic groundwater samples (accounting for 8.70%) were observed situating in the medium quality category with an EWQI in the range of 100–150, indicating suitable domestic usage but not for direct drinking. Four phreatic groundwater samples (accounting for 17.39%) had an EWQI value exceeding 200 and belonged to the extremely poor groundwater category.



The distributions of groundwater quality in various aquifers are presented in Figure 11. As shown in Figure 11a, most of the collected phreatic groundwater samples in the watershed are of excellent or good quality. It can be seen that the phreatic groundwater of relatively good quality is dominantly distributed in the middle-upper reaches of the watershed. The two medium-quality groundwater samples are located on the southwestern margin of the basin and the Chaka farm. All of the extremely poor-quality phreatic groundwater samples are situated in the lower parts of the watershed and adjacent to the Chaka salt lake. The phreatic groundwater samples that presented a worse quality trend are in the upper to lower reaches of the watershed. All of the medium and extremely poor -quality phreatic groundwater samples are featured with high salinity. The relatively poor quality of phreatic groundwater in the watershed is ascribed to the high salinity rather than the high concentration of potentially toxic elements. Although the middle-lower reaches have worse groundwater quality than the upper reach, all collected confined groundwater samples are of excellent or good quality based on the EWQI values (all less than 100) (Figure 11b). Overall, the confined groundwater at all sampling sites and the phreatic groundwater in the middle-upper reaches of the watershed are of relatively good water quality and are suitable for various domestic usages. Contrastingly, phreatic groundwater in the lower reaches adjacent to the salt lake is not suitable for domestic purposes due to the high salinity.




3.4.2. Irrigation Purposes


As shown in Figure 1a, there are two continuously distributed farmlands in the study area, i.e., the Mo river and the Chaka farms. Due to the scarcity of local precipitation, all farmlands in the basin need to be irrigated by human beings. All of the agricultural irrigation waters are solely dependent on the exploitation of groundwater resources rather than surface water due to the shortage of surface water. Thus, the irrigation quality of groundwater is critical to the sustainable development of agriculture in the basin.



Irrigation water with high content of salinity would pose negative effects on the growth of agricultural plants by weakening their capacities to uptake nutrients and water [46]. The rich ions, such as Na+ and Ca2+, in irrigation waters would lead to a change in soil structure and result in compact and dry soil, reducing the production of agricultural plants [29,62]. The EC, sodium adsorption ratio (SAR), sodium percentage (%Na) and permeability index (PI), together with the Wilcox and USSL charts, were employed in the present research to illustrate the irrigation quality of phreatic and confined groundwater in the watershed. The SAR, %Na and PI can be obtained by the following equations [12,28,35,46].
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The EC is an integrated parameter representing the salt content in water. The EC values of the collected phreatic and confined groundwater samples were in the range of 1033.50–44,205.00 μS/cm (averaging 5932.70 μS/cm) and 1309.00–3608.10 μS/cm (averaging 2011.00 μS/cm), respectively (Table 1). Generally, water quality can be classified into three categories, i.e., no restriction (EC < 700 μS/cm), slight-to-moderate restriction (700–3000 μS/cm), and severe degree of restriction to irrigation (>3000 μS/cm) [63]. According to this criterion, no sampled phreatic and confined groundwater falls into the none restriction category. Approximately 73.91% of the collected phreatic groundwater samples belonged to the slight-to-moderate restriction classification (700–3000 μS/cm), and 23.09% of the phreatic samples were considered as the tolerant class (>3000 μS/cm). For confined groundwater, only one sample had an EC slightly exceeding the limit of 3000 μS/cm and fell into the tolerant class. All other confined groundwater samples (80%) belonged to the slight-to-moderate restriction classification (700–3000 μS/cm). Overall, most of the phreatic and confined groundwater samples are relatively good quality for irrigation in terms of salinity.



The sodium adsorption ratio (SAR) is a widely used parameter to represent the potential hazard of alkali/sodium to agricultural plants. The values of SAR for the collected phreatic and confined groundwater samples varied from 1.78 to 206.01 and between 3.44 and 10.45, respectively. According to the irrigation criterion recommended by USSL, water with a SAR value < 10, 10–18, 18–26 or ≥ 26 is considered excellent, good, fair and unsuitable for irrigation, respectively [64]. For phreatic groundwater, approximately 82.61% of samples had a SAR value of less than 10, indicating excellent quality for irrigation. One sample (4.35%) was found with a SAR value in the range of 10–18, suggesting good irrigation quality. About 13.04% of the phreatic groundwater samples had a SAR value greater than 26, implying an unsuitable quality for irrigation.



The Wilcox chart constructed by the EC and SAR is an integrated and useful approach to illustrate the water quality for irrigation usage. It divides the potential salinity hazard of irrigation water into four categories, including low salinity hazard (C1), medium salinity hazard (C2), high salinity hazard (C3) and very high salinity hazard (C4). The sodium hazard of irrigation water is also classified into four categories, i.e., low sodium hazard (S1), medium sodium hazard (S2), high sodium hazard (S3) and very high sodium salinity hazard (S4). As shown in Figure 12, most of the collected phreatic and confined groundwater samples are situated in the C3S1 and C3S2 dominances, indicating low to medium sodium and high salinity hazards. Three phreatic groundwater samples (13.04%) are plotted in the C4S2 category, suggesting medium sodium hazard and very high salinity hazard. One confined groundwater, but no phreatic groundwater, is plotted in the C4S3 dominance, indicating both high sodium and very high salinity hazard risks. In addition, four phreatic groundwater samples fall in the C4S4 category, implying the existing risks of very high sodium and very high salinity hazards.



Sodium percentage (%Na) is another useful and robust parameter representing the sodium hazard of irrigation water to soil structure [46,65]. The phreatic groundwater samples had a relatively large variation of %Na ranging from 32.75 to 96.84% with a mean of 57.18%. The collected confined groundwater samples had %Na values varying from 46.88 to 65.80%, with an average of 54.57%, and presented with a relatively small range of %Na. The USSL chart constructed by the EC and sodium percent was introduced to illustrate the suitability of groundwater for irrigation in terms of the %Na. As shown in Figure 13, most of the collected phreatic and confined groundwater samples are situated in the good-to-permissible category and permissible-to-suitable category, indicating it is safe for irrigation in terms of the potential sodium hazard. Three phreatic groundwater samples were plotted in the doubtful-to-unsuitable category. Six phreatic groundwater samples (S16, S19, S21, S22 and S23) and one confined groundwater (P5) fell into the unsuitable category. Groundwater samples situated in these two categories have a potential sodium hazard if used for irrigation and are, therefore, not suitable for irrigation. Groundwater samples with relatively poor quality for irrigation in terms of sodium percentage are also mainly distributed in the lower reach of the watershed, especially the phreatic groundwater adjacent to the salt lake. Groundwater, regardless of the depth in the middle-upper reaches of the watershed, had relatively good quality for irrigation and would not potentially pose a sodium hazard to the soil.



Permeability index (PI) is an effective and widely used parameter assessing the possibility of irrigation water destroying the permeability of the soil. The PI values of the collected phreatic groundwater samples varied from 41.27 to 97.18 with a mean of 67.45, and the confined groundwater samples ranged from 59.94 to 69.40 with an average of 64.73. The Doneen chart constructed by the PI and the total concentration of ions was employed in the present research. Three classifications, i.e., Class-I (good), Class-II (doubtful) and Class-III (unsuitable) of irrigation water quality, can be identified from this chart. As presented in Figure 14, most of the phreatic groundwater samples (86.96%) and all confined groundwater samples were plotted in Class-I, indicating they are good for agricultural irrigation. Two phreatic groundwater samples (S17 and S23) fell into Class-II, and one phreatic groundwater sample (S21) belonged to Class-III, suggesting doubtful and unsuitable for irrigation, respectively. All of the poor irrigation-quality groundwater samples are distributed adjacent to the salt lake. Groundwater in the middle-upper reaches of the watershed, regardless of the depth, had good irrigation quality and would not pose permeability damages to soil structure.






4. Conclusions


Groundwater is essential for the development of the socio-economy and eco-environment in many parts of the world, especially in arid and semiarid regions. Groundwater geochemistry is the key factor determining its suitability for various purposes and greatly influences the health of water consumers. The present research takes the Mo river watershed on the Tibetan plateau as an example to gain insights into the geochemistry, governing mechanisms and quality of groundwater in arid endorheic watersheds. The main findings are as follows:



Groundwater, regardless of the depth in the Mo river watershed, is slightly alkaline. Phreatic groundwater (TDS in the range of 609.19–56,715.34 mg/L) is presented as much saltier than confined groundwater (TDS in the range of 811.86–2509.51 mg/L) in the watershed. Na+ and Cl− are the dominant ions for groundwater in both phreatic and confined aquifers. The hydrogeochemical facies of both phreatic and confined groundwater are of Cl-Na type, followed by the mixed Cl-Mg·Ca type. Toxic elements of NO2−, NH4+ and F- are beyond the permissible limits of the Chinese guidelines.



The chemical compositions of groundwater, regardless of the depth, are controlled by water–rock interactions in nature. The main rocks involved in the water–rock interactions are silicates and evaporites in both phreatic and confined aquifers. Most groundwater sample compositions are mainly contributed by silicate weathering. Only a small portion of phreatic groundwater samples was dominantly contributed by the dissolution of evaporites (such as halite, gypsum, anhydrite and sulfates). Fluoride mineral dissolution was the reason that groundwater in some locations had relatively high fluoride content. The cation-exchange reaction occurred in most sites for both phreatic and confined groundwater. The reverse cation-exchange reaction also occurred at a few locations. Aside from the natural hydrogeochemical processes, anthropogenic inputs of agricultural sulfate fertilizers have significantly influenced the hydrochemistry of groundwater in the farmlands in the middle reaches of the watershed.



Most groundwater samples, regardless of the depth, had relatively good quality. All confined groundwater samples and most of the phreatic groundwater samples had an EWQI value within 100, and could be used for direct drinking purposes. About 8.70% of phreatic groundwater samples had an EWQI value in the range of 100–150 and were suitable for domestic usage. In addition, 17.39% of phreatic groundwater samples had an EWQI value beyond 200 and were not suitable for various domestic purposes. The EC, SAR, %Na and PI suggested that most of the groundwater samples, regardless of the depth, were of relatively good irrigation quality. Only a small number of phreatic groundwater samples may cause salinity, sodium or permeability hazards to the soil. The relatively poor-quality groundwater samples were mainly located in the lower parts of the watershed. Thus, phreatic groundwater in the middle-upper reaches and confined groundwater of the whole watershed are the primary water resources for domestic and irrigational usage. The present research can provide references for understanding the characteristics, genesis and quality distribution of groundwater in arid and semiarid regions and benefit the rational utilization of groundwater resources.
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Figure 1. Location map of (a) the Tibetan Plateau, (b) the Chaka basinand (c) the Mo River watershed and sampling sites. 
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Figure 2. Hydrogeological cross-section of the study area along the A–A’. 
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Figure 3. Piper trilinear diagram of groundwater samples in the study area. 
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Figure 4. Gibbs diagram illustrating the natural principle mechanisms governing groundwater chemistry. (a) TDS versus Na+/(Na++Ca2+); (b) TDS versus Cl−/(Cl−+HCO3−). 
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Figure 5. End-member diagrams representing the main rock type involved in the water–rock interactions. (a) Mg2+/Na+ versus Ca2+/Na+; (b) HCO3−/Na+ versus Ca2+/Na+. 
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Figure 6. Scatter plots of (a) Cl− versus Na+ and (b) SO42− versus Ca2+ of groundwater in the Mo river watershed. 
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Figure 7. Plots of TDS versus minerals’ saturation index for (a) phreatic groundwater and (b) confined groundwater. 
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Figure 8. Plots of chloro-alkaline indices CAI-1 versus CAI-2 for phreatic and confined groundwater. 
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Figure 9. Plots of molar ratio NO3−/Na+ versus molar ratio SO42−/Ca2+ for phreatic and confined groundwater in the study area. 
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Figure 10. Plots of TDS versus EWQI values of phreatic and confined groundwater. 
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Figure 11. Distribution of groundwater quality in the (a) phreatic and (b) confined aquifers based on the EWQI assessment. 
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Figure 12. Wilcox chart presenting the water quality for irrigation purposes. 






Figure 12. Wilcox chart presenting the water quality for irrigation purposes.



[image: Sustainability 14 15593 g012]







[image: Sustainability 14 15593 g013 550] 





Figure 13. USSL chart presenting the water quality for irrigation usage. 
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Figure 14. Doneen chart illustrating the irrigation quality of groundwater. 
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Table 1. Summary statistics for the physicochemical parameters of groundwater in the study area.
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Index

	
Unit

	
Min

	
Max

	
Mean

	
SD *

	
Guideline

	
% of the Sample Exceeding the Guideline






	
Phreatic groundwater

	
pH

	
/

	
7.42

	
8.66

	
7.98

	
0.31

	
6.5–8.5 **

	
8.70%




	
EC

	
μs/cm

	
1033.50

	
44,205.00

	
5932.70

	
11,271.57

	
/

	




	
TDS

	
mg/L

	
609.19

	
56,715.34

	
6246.78

	
14,213.90

	
1000 **

	
47.83%




	
K+

	
mg/L

	
1.50

	
68.81

	
13.51

	
14.44

	
/

	




	
Na+

	
mg/L

	
85.00

	
18,610.00

	
2012.05

	
4972.36

	
200 **

	
43.48%




	
Ca2+

	
mg/L

	
50.84

	
1102.20

	
160.48

	
221.62

	
75 ***

	
69.57%




	
Mg2+

	
mg/L

	
18.95

	
1358.37

	
135.53

	
277.33

	
50 ***

	
47.83%




	
Cl−

	
mg/L

	
172.29

	
31,550.50

	
3177.79

	
8061.68

	
250 **

	
56.52%




	
SO42−

	
mg/L

	
33.62

	
3866.42

	
595.96

	
960.04

	
250 **

	
43.48%




	
HCO3−

	
mg/L

	
137.91

	
634.61

	
278.44

	
96.42

	
/

	




	
NO3−

	
mg/L

	
0.92

	
37.30

	
17.12

	
11.62

	
50.0 ***

	
0%




	
NO2−

	
mg/L

	
0.00

	
0.08

	
0.01

	
0.02

	
0.02 **

	
8.70%




	
NH4+

	
mg/L

	
0.00

	
0.20

	
0.07

	
0.09

	
0.2 **

	
17.93%




	
F−

	
mg/L

	
0.00

	
4.00

	
0.48

	
1.03

	
1.0 **

	
13.04%




	
Confined groundwater

	
pH

	
/

	
7.78

	
8.52

	
8.05

	
0.32

	
6.5–8.5 **

	
20%




	
EC

	
μs/cm

	
1309.00

	
3608.10

	
2011.00

	
934.77

	
/

	




	
TDS

	
mg/L

	
811.86

	
2509.51

	
1325.94

	
690.32

	
1000 **

	
60%




	
K+

	
mg/L

	
4.50

	
17.02

	
8.26

	
5.25

	
/

	




	
Na+

	
mg/L

	
145.25

	
635.29

	
295.11

	
197.46

	
200 **

	
60%




	
Ca2+

	
mg/L

	
76.55

	
160.32

	
100.52

	
35.37

	
75 ***

	
100%




	
Mg2+

	
mg/L

	
41.07

	
80.68

	
56.77

	
16.21

	
50 ***

	
60%




	
Cl−

	
mg/L

	
232.55

	
1153.54

	
485.95

	
381.41

	
250 **

	
80%




	
SO42−

	
mg/L

	
180.59

	
379.44

	
248.80

	
81.83

	
250 **

	
40%




	
HCO3−

	
mg/L

	
146.45

	
335.61

	
244.08

	
71.03

	
/

	




	
NO3−

	
mg/L

	
4.00

	
16.00

	
9.20

	
4.60

	
50.0 ***

	
0%




	
NO2−

	
mg/L

	
0.00

	
0.06

	
0.02

	
0.03

	
0.02 **

	
40%




	
NH4+

	
mg/L

	
0.00

	
0.20

	
0.08

	
0.08

	
0.2 **

	
20%




	
F−

	
mg/L

	
1.00

	
1.60

	
1.27

	
0.31

	
1.0 **

	
60%








* Standard deviation; ** Chinese guideline [54]; *** WHO guideline [55].
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Table 2. Correlation matrix of groundwater physicochemical parameters in the study area.
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pH

	
TDS

	
K+

	
Na+

	
Ca2+

	
Mg2+

	
Cl−

	
SO42−

	
HCO3−

	
NO2−

	
NO3−

	
NH4+

	
F−






	
Phreatic

groundwater

	
pH

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	




	
TDS

	
−0.07

	
1.00

	

	

	

	

	

	

	

	

	

	

	




	
K+

	
0.19

	
0.67

	
1.00

	

	

	

	

	

	

	

	

	

	




	
Na+

	
−0.17

	
0.87

	
0.48

	
1.00

	

	

	

	

	

	

	

	

	




	
Ca2+

	
−0.17

	
0.77

	
0.78

	
0.56

	
1.00

	

	

	

	

	

	

	

	




	
Mg2+

	
−0.08

	
0.90

	
0.85

	
0.69

	
0.85

	
1.00

	

	

	

	

	

	

	




	
Cl−

	
−0.08

	
0.87

	
0.86

	
0.71

	
0.86

	
0.96

	
1.00

	

	

	

	

	

	




	
SO42−

	
−0.17

	
0.95

	
0.55

	
0.91

	
0.70

	
0.78

	
0.74

	
1.00

	

	

	

	

	




	
HCO3-

	
0.42

	
0.21

	
0.17

	
0.27

	
0.20

	
0.24

	
0.28

	
0.12

	
1.00

	

	

	

	




	
NO2−

	
0.11

	
0.30

	
−0.19

	
0.20

	
0.25

	
0.20

	
0.18

	
0.20

	
0.34

	
1.00

	

	

	




	
NO3−

	
0.00

	
0.24

	
0.03

	
0.29

	
0.28

	
0.16

	
0.26

	
0.24

	
0.26

	
0.13

	
1.00

	

	




	
NH4+

	
−0.23

	
−0.27

	
−0.42

	
0.03

	
−0.41

	
−0.34

	
−0.33

	
−0.12

	
−0.26

	
−0.11

	
−0.29

	
1.00

	




	
F−

	
−0.12

	
0.08

	
−0.37

	
0.19

	
−0.08

	
−0.18

	
−0.20

	
0.20

	
−0.08

	
0.26

	
0.31

	
0.58

	
1.00




	
Confined

groundwater

	
pH

	
1.00

	

	

	

	

	

	

	

	

	

	

	

	




	
TDS

	
0.15

	
1.00

	

	

	

	

	

	

	

	

	

	

	




	
K+

	
0.66

	
0.84

	
1.00

	

	

	

	

	

	

	

	

	

	




	
Na+

	
0.15

	
0.99

	
0.84

	
1.00

	

	

	

	

	

	

	

	

	




	
Ca2+

	
0.22

	
0.98

	
0.85

	
0.97

	
1.00

	

	

	

	

	

	

	

	




	
Mg2+

	
0.04

	
0.92

	
0.71

	
0.92

	
0.84

	
1.00

	

	

	

	

	

	

	




	
Cl−

	
0.21

	
0.99

	
0.87

	
0.99

	
0.98

	
0.90

	
1.00

	

	

	

	

	

	




	
SO42−

	
0.05

	
0.98

	
0.76

	
0.98

	
0.97

	
0.93

	
0.97

	
1.00

	

	

	

	

	




	
HCO3−

	
−0.68

	
−0.60

	
−0.84

	
−0.60

	
−0.69

	
−0.29

	
−0.66

	
−0.49

	
1.00

	

	

	

	




	
NO2−

	
0.86

	
−0.15

	
0.37

	
−0.15

	
−0.03

	
−0.39

	
−0.07

	
−0.26

	
−0.67

	
1.00

	

	

	




	
NO3−

	
−0.59

	
−0.08

	
−0.46

	
−0.10

	
−0.03

	
0.02

	
−0.15

	
0.10

	
0.54

	
−0.62

	
1.00

	

	




	
NH4+

	
−0.86

	
−0.28

	
−0.72

	
−0.29

	
−0.28

	
−0.14

	
−0.35

	
−0.12

	
0.76

	
−0.77

	
0.90

	
1.00

	




	
F−

	
0.84

	
−0.11

	
0.65

	
−0.07

	
−0.68

	
0.54

	
−0.25

	
−0.24

	
0.74

	
−0.50

	
−0.50

	
−0.50

	
1.00








The bolded values represent a significant relation.
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