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Groundwater is the foremost water resource for various purposes in arid regions. The extremely arid climate makes groundwater geochemistry there evolve faster in a short distance and water supply face higher pressure of poor geochemical quality. A hyper-arid watershed on the Tibetan Plateau was investigated to get insights into the geochemical signature, formation, and quality suitability of groundwater there. A total of 13 surface water samples and 32 phreatic groundwater samples were collected for hydrogeochemical analysis. The results showed groundwater had better hydrogeochemical quality than surface water and was more favorable for human society utilization. Groundwater was dominated by relatively fresh hydrochemical facies of HCO3–Ca, mixed HCO3–Na·Ca, and mixed Cl–Mg·Ca type with more than 93% of samples having the TDS below 1,000 mg/L. Most of the groundwaters were soft fresh water (84.38%) and had excellent to good quality (93%) for domestic purposes based on entropy-weighted water quality index evaluation. Groundwater was suitable for irrigation in terms of sodium and permeability hazard, but the potential salinity hazard should be concerned. The poor geochemical quality of groundwater was ascribed to the salinity caused by strong evaporation. Natural rock–water interactions including silicate weathering, carbonate dissolution, and cation exchange were still the predominated processes governing groundwater chemical composition. The influence of human activities was very limited. Groundwater resource exploitation and management should mainly consider the salinity and strong evaporation due to shallow water depth.
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1 INTRODUCTION
Water resources are significantly important for the development of various aspects, such as human society, eco-environment, and agriculture, for a region (Gu et al., 2017b; Hao et al., 2018; Chaudhry and Sachdeva, 2020; Singh et al., 2020; Xiao et al., 2022b). Due to the scarce precipitation and surface water resource, arid and semiarid regions have more fragile eco-environment system and face greater challenges in balancing current development and sustainability when compared with humid regions (Zhang Q. et al., 2021; Li et al., 2021; Qu et al., 2021). Groundwater is essential for the development of diverse aspects of human society including domestic, irrigational, and industrial usages and also the maintenance of the eco-environment in these water-scarce regions due to its widespread distribution, easy accessibility, and good stability (Xiao et al., 2018; Yousefi et al., 2018; Li et al., 2020; Yin et al., 2020). Thus, a comprehensive understanding of groundwater resources and their availability is crucial for the effective management of the precious water resources and sustainable development of the human community (Su et al., 2020; Dragon, 2021; Zhang J. et al., 2022).
In the past decades, research articles mainly focused on the water quantity (Hao et al., 2014; Havril et al., 2018; Omar et al., 2020). A large amount of studies were conducted to investigate the aquifer distribution and hydrogeological conditions, evaluate the quantity and sustainability of groundwater resources, and further make management policies and exploitation strategies (Gu et al., 2017b; Yin et al., 2017; Hao et al., 2018; Sun et al., 2019). In fact, groundwater availability is not only determined by the quantity but also constrained by the hydrochemical quality (Satheeskumar et al., 2020; Xiao et al., 2021b). The hydrochemical composition is the key factor determining the suitability of groundwater resources for domestic usage, industry, agriculture, and ecosystem development. Therefore, many scholars have conducted studies on groundwater chemistry regarding its status, genetic mechanisms, influencing factors, evolution, quality suitability, and so on and have made great contributions to the sustainable groundwater management worldwide (Huang et al., 2018; Yin et al., 2019; Banadkooki et al., 2020; Jiang et al., 2022).
In nature, the physicochemical composition of groundwater is governed by multiple factors including recharge water, aquifers’ lithologies, residence time, and climatic conditions (Helena et al., 2000; Venkatramanan et al., 2017; Wu et al., 2020; Xiao et al., 2022a). Generally, groundwater chemistry evolves very slowly and keeps similar chemical composition (Zhang et al., 2021c), especially in humid regions. This is ascribed to the slow rock–water interaction and large recharge water quantity of humid regions. Thus, groundwater in humid regions usually presents in fresh, stable hydrogeochemical nature, and relatively good quality regionally (Zhang et al., 2021b). However, the extremely arid climatic conditions and strong evaporation in arid and hyper-arid regions make the hydrogeochemical evolution of groundwater there faster (Xiao et al., 2017; Yang et al., 2018; Zhao et al., 2018; Guo et al., 2019) and evolving from fresh water to hyper salt water even at a very short distance (Sheng et al., 2018; Luo et al., 2021). Recent drastic climate change forms new disturbance to groundwater chemistry and makes it more complex (Ma et al., 2019; Barbieri et al., 2021; Chen et al., 2021). In addition to the natural factors, groundwater chemistry has been facing the threats from human society (Guo et al., 2022). Groundwater chemistry genetic formation becomes more complex and unstable under the conditions of drastic natural climate change and great pressures of social development (Díaz-Alcaide and Martínez-Santos, 2019; Eslami et al., 2019; Yousefi et al., 2019; Zhang L. et al., 2022). Therefore, a comprehensive and deep understanding of groundwater chemistry is essential for the rational groundwater exploitation and sustainable management of groundwater resources in arid and semiarid regions.
The present study took a hyper-arid watershed in the Qaidam Basin on the Tibetan Plateau as an example to reveal the hydrogeochemical characteristics, quality, suitability, and genetic formation of groundwater in hyper-arid regions. The specific aims are to 1) illustrate and compare the hydrogeochemical signatures of surface water and groundwater, 2) understand why the groundwater resource is more suitable as the supplying water resource for arid regions, 3) assess groundwater quality for domestic and irrigation purposes, and 4) reveal the hydrogeochemical patterns of groundwater in hyper-arid regions. This research can provide scientific hydrogeochemical support for rational and sustainable utilizing groundwater in arid regions.
2 STUDY AREA
The present study area is a typical endorheic watershed located in the northwest of the Qaidam Basin on the Tibetan Plateau (Figure 1). It extends from 89°51′23″ to 90°47′44″ longitudes and 37°50′41″ to 38°22′4″ latitudes, and covers about 4,511 km2 in total. This region is surrounded by the Qimantage Mountain in the south and Ahadi Mountain in the north. The Sibalik River is the main river running from the mountainous area in the southwest toward the northeast and then the east. The present study area belongs to the continental plateau climate and is characterized by strong evaporation and low rainfall. The annual average rainfall only approximates 55 mm, but the annual average evaporation can reach to about 2,850 mm. This climate feature makes the study area having scarce water resources, especially for surface water. Most water resources originate from the melting of snow and precipitation in the mountainous area.
[image: Figure 1]FIGURE 1 | Location map of the Hutugou watershed and groundwater sampling points.
The landform here involves the alluvial fan Gobi desert, overflow zone, and tail lake zone. Due to the shallow groundwater level, the overflow zone is presented as the desert oasis. The local resident settlements and farmlands are mainly located in this area. The lithology varies from a single thick layer of coarse-grained pebbly gravel and sand in the upper reaches area to multiple thin layers of fine sand, silt, and clay in the lower reach area (Figure 2). Groundwater in the basin is recharged mainly from the upper part of the alluvial fan by the Sibalik River, and flows from the southwest to the northwest and then to the east. Groundwater level depth varies from more than 100 m in the upper area to nearly 0 m in the downstream area. It discharges mainly through spring and evaporation.
[image: Figure 2]FIGURE 2 | Cross section presenting hydrogeological condition along the A-A’.
3 MATERIAL AND METHODS
3.1 Sampling and Analysis
A total of 13 surface water samples and 32 groundwater samples were collected from the study area. The surface waters were mainly sampled from the rivers from the mountain pass to the Lake Gas Hure. Groundwater samples were concentrated in the middle reaches of the watershed where the human settlements and farmlands were located. All groundwaters were sampled from the phreatic aquifers. All samples were collected during the summer of 2020. The samples were collected in pre-washed high-density polyethylene bottles with 1-L volume. Groundwater was sampled from boreholes and wells after pumping for more than 15 min. The samples were stored under 4°C and sent to the laboratory of groundwater sciences and engineering of the institute of hydrogeology and environmental geology, Chinese Academy of Geological Sciences for analysis within 24 h. Parameters including water temperature (T), pH, and electrical conductivity (EC) were measured in situ using a portable instrument (HANNA HI98130, Italy). Other parameters were determined in the laboratory. The HCO3− was determined using acid–base titration. Ions including Cl−, SO42-, NO3−, NO2−, NH4+, and F− were measured with the aid of ion chromatography (Shimadzu LC-10ADvp, Kyoto, Japan). Major cations involving K+, Na+, Ca2+, and Mg2+ were determined by the inductively coupled plasma spectrometry (Agilent 7500ce ICP-MS, Tokyo, Japan). Total dissolved solids (TDS) were obtained using the gravimetric method. The accuracy of laboratory analysis was checked with the aid of ionic charge balance error percentage (Eq. 1) (Xiao et al., 2022c). All samples had the ionic charge balance error percentage between -5% and 5%, indicating reasonably good analytical accuracy.
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where [image: image] represents the charge concentration of a specific cation and [image: image] is the charge concentration of a specific anion. All of them have the unite of milliequivalent per liter.
3.2 Entropy-Weighted Water Quality Index
The entropy-weighted water quality index (EWQI) is an improved comprehensive approach based on the water quality index (WQI) which is widely used to assessing the suitability of groundwater quality for domestic purposes. The EWQI assessment can be performed as follows:
Step 1: obtaining the eigenvalue matrix Y (Eq. 2) with the normalized physicochemical data that can be obtained via Eq. 3.
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where m and n are the number of sample and index, respectively, xij signifies the value of parameter j of sample i, and(xij)max and (xij)min present the maximum and minimum of samples’ parameters, respectively.
Step 2: calculating the entropy weight of each parameter.
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where Pij is the ratio of parameter j of sample I, ej signifies the information entropy of parameter j, and wj denotes the entropy weight of parameter j.
Step 3: obtaining the quality rating scale (qj) of every sample.
[image: image]
where Cj signifies the parameter value of each sample and Sj is the permissible limit of each parameter recommended by the national standard or World Health Organization.
Step 4: computing the EWQI value.
[image: image]
The chemical quality of water can be divided into five categories based on the aforementioned EWQI value, that is, excellent quality (EWQI ≤ 50), good quality (50 < EWQI ≤ 100), medium quality (100 < EWQI ≤ 150), poor quality (150 < EWQI ≤ 200), and extremely poor quality (EWQI > 200).
4 RESULTS AND DISCUSSION
4.1 Physicochemical Features of Surface Water and Groundwater
The physicochemical characteristics of sampled surface waters and groundwaters were statistically summarized in Table 1. The guidelines of drinking water recommended by the Chinese guideline (GAQS, 2017) and World Health Organization (WHO, 2017) were also involved in the Table for comparison.
TABLE 1 | Statistical \summary of the physicochemical parameters of groundwater and related guideline for drinking water purpose.
[image: Table 1]Surface water in the study area showed a slightly alkaline feature with the pH value varying from 7.58 to 8.84, averaging at 8.27. The total dissolved solids (TDS) of sampled surface waters in the study area ranged from 503.20 mg/L to 7,669.06 mg/L, demonstrating a significant large salinity variation feature. It averaged at 2,568.73 mg/L, and approximately 53.85% of samples exceeded the drinking water guideline of 1,000 mg/L. Surface water demonstrated relatively fresh characteristics in the middle–upper stream area, but saline features in the middle–lower stream area. This coincides with the arid climate characteristics of the study area. All the major cations and anions also showed large variations in the concentration, suggesting fresh to extremely saline features for surface water from the mountain pass to the terminal lake. The concentrations of F− and NO2− of sampled surface waters were all below the detected limits. The NO3− and NH4+ were in the range of 1.00–50.00 mg/L and 0.00–0.20 mg/L, respectively, with an average of 6.85 mg/L and 0.06 mg/L. These two ions were all within the drinking water guidelines for all sampled surface waters.
Groundwater sampled in the study area had the pH value in the range of 6.97–8.89 with a mean of 7.93, indicating a nearly neutral to slightly alkaline nature. The TDS value of groundwater varied from 368.32 mg/L to 5,838.14 mg/L with a mean of 822.70 mg/L. Groundwater also showed a large variation of salinity in the study area, but was much fresher than the surface water. Approximately 93.75% of sampled groundwaters were with the TDS value below the desirable limit of 1,000 mg/L, implying good quality for drinking purposes. The concentrations of major cations and anions in groundwater presented relatively small variations when compared with surface water. The concentration of Na++K+ ranged from 56.30 mg/L to 641.2 mg/L with an average of 127.57 mg/L. The Ca2+ and Mg2+ concentrations of groundwater were in the range of 16.03–350.70 mg/L and 23.08–856.58 mg/L, respectively. The contents of major anions were in the range of 74.45–1,538.53 mg/L for Cl−, 38.42–768.48 mg/L for SO42-, and 146.45–3,356.10 mg/L for HCO3−. Except for the sample collected at G31, all other sampled groundwaters in the study area had relatively low major ion concentrations, indicating fresh nature. F−, NO3−, and NH4+ of groundwater were observed with the concentration in the range of 0.00–0.08 mg/L, 0.00–24.00 mg/L and 0.00–0.12 mg/L, respectively. All groundwater samples had these three ion content below the desirable limits for drinking purposes. The concentration of NO2− in sampled groundwaters varied between 0.00 and 0.24 mg/L with a mean of 0.02 mg/L. About 9.38% of groundwater samples (0.08 mg/L for G23 and G25, 0.24 mg/L for G31) were found with the NO2− content exceeding the desirable limit of 0.02 mg/L.
4.2 Hydrogeochemical Facies of Surface Water and Groundwater
The hydrogeochemical composition and features of surface water and groundwater were demonstrated using the Piper trilinear diagram (Figure 3). The lower left and lower right triangular of the Piper trilinear diagram demonstrate the cations and anions composition, respectively, and the diamond field in the center presents the different hydrochemical facies that water samples may belong to (Gu et al., 2017a; Gu et al., 2019; Jiang et al., 2022; Xiao et al., 2022a).
[image: Figure 3]FIGURE 3 | Piper diagrams showing the hydrochemistry of (A) surface water and (B) groundwater in the study area.
The Piper diagram showed that almost all surface water samples were plotted in the [Na+] type field of the lower-left triangular (Figure 3A), suggesting that surface water in the study area was dominated by Na+ for the cations. This coincides with the arid climatic features of the study area. While for the major anions, although most of the surface water samples were observed situating in the [Cl−] type field of the lower-right triangular (Figure 3A), some surface water samples were also found plotting in the [SO42−] and [HCO3−] type field. This suggests that the surface water evolved from the fresh hydrochemical facie of HCO3− type to salty Cl− type in the study area. It can be seen from the central diamond shape of the Piper diagram (Figure 3A), the hydrochemical facies of surface water evolved from the fresh type of HCO3–Ca to salty Cl–Na. Surface water in the study area was dominated by salty mixed Cl–Ma·Ca type and Cl–Na type, followed by fresh HCO3–Ca type and salty Cl–Ca type. As presented in Table 1, more than 53% of the sampled surface waters had the TDS beyond the drinking desirable limit of 1,000 mg/L, thus, were not suitable for drinking purposes in most locations of the study area.
As demonstrated in Figure 3B, most of the sampled groundwaters were plotted in the [Na+] type field of the lower-left triangular and the [HCO3−] type field of the lower-right triangular of the Piper diagram, suggesting Na+ and HCO3− were the dominant cation and anion for groundwater in the study area. It can be seen that some groundwater samples were situating in the [Ca2+] type or [Mg2+] field of the lower-left triangular and in the [SO42−] type or [Cl−] field of the lower-right triangular of the Piper diagram, illustrating that some groundwaters in the study area were dominated by Ca2+ or Mg2+ for the cations and SO42− or Cl− for the anions. The central diamond shape of the Piper diagram presented that the sampled groundwaters in the study area were in the hydrochemical facies of HCO3–Ca, mixed HCO3–Na·Ca, mixed Cl–Mg·Ca, and Cl–Na (Figure 3B). Most of the samples had relatively fresh hydrochemical facies, and about 15.63, 6.25, and 62.5% of the sampled groundwaters belonged to the HCO3–Ca, mixed HCO3–Na·Ca, and mixed Cl–Mg·Ca types, respectively. In addition, approximately 15.63% of groundwater samples were classified as the relatively salty hydrochemical facies of Cl–Na (Figure 3B). Groundwater in the study area also presented an evolution from a very fresh hydrochemical feature to salty hydrochemical feature. This coincides with the surface water evolution. Groundwater showed a slow evolving rate from fresh water to the salty water, and presents fresher features in the middle–upper area when compared with surface water at the same location. The statistical summary of groundwater chemical composition (Table 1) also suggested the sampled groundwaters had a relatively good quality in terms of the salinity. More than 93% of the sampled groundwaters were with the TDS within the drinking desirable limit of 1,000 mg/L. Thus, groundwater is the prior water resource for various purposes of the local development.
4.3 Groundwater Quality Assessment
As described previously, groundwater in the study area has fresher quality than surface water and is more favorable for various usages, thus, more attentions are paid to groundwater in the present study.
4.3.1 Domestic Purpose
The sampled groundwaters were plotted in the integrated water quality diagram of the total hardness (TH) versus the total dissolved solids (TDS) (Figure 4). It can be clearly seen that most of the sampled groundwaters belonged to the moderately hard fresh category (9.38%) and the soft fresh category (84.38%). Only two groundwater samples (6.25%) were observed situating in the poor quality category, and all of these two groundwater samples belonged to the very hard brackish category. Overall, groundwater in the study area had relatively good quality in terms of TH and TDS.
[image: Figure 4]FIGURE 4 | Plots of total hardness (TH) versus total dissolved solids (TDS) of groundwater.
To further illustrate the quality of groundwater for drinking purposes, the entropy-weighted water quality index (EWQI) approach was introduced in the present study. Parameters except for water temperature (T) were all involved in the EWQI assessment. The results demonstrated that groundwater in the study area had a relatively large variation of EWQI values ranging from 22 to 461 (Figure 5). Most of the groundwater samples (90.63%) were with the EWQI value below 50, implying excellent water quality (Rank 1). In addition, one groundwater sample (3.13%) had the EWQI value in the range of 50–100 (Rank 2), indicating good water quality. All the groundwaters of these two categories were quite suitable for drinking purposes. The other two sampled groundwaters (i.e., G24 and G31) (6.25%) had a relatively high EWQI value of 357 and 461, respectively, and belonged to the extremely poor quality category (Rank 5), implying groundwater at these two sites were not suitable for direct drinking purposes. This result coincides with the aforementioned results of the integrated water quality diagram (Figure 4). Overall, most groundwater in the study area had relatively good quality and suitable for domestic purpose.
[image: Figure 5]FIGURE 5 | Plots of total dissolved solids (TDS) versus EWQI value of groundwater.
In particular, the EWQI value of groundwater sampled at G24 was dominantly contributed by Mg2+, TH, HCO3−, Cl−, SO42−, and TDS, Ca2+ with the contribution percentage of 33, 17, 12, 7, 7, 7, and 5%, respectively. The groundwater sampled at G31 was predominantly contributed by Mg2+, TH, NO2−, HCO3−, Cl−, TDS, SO42−, and Ca2+ with the contribution percentage of 28, 15, 13, 11, 8, 7, 6, and 6%, respectively. Therefore, the relatively poor overall quality of groundwater in the study area is predominantly ascribed to the high salinity. The high nitrite concentration is also responsible for the high EWQI value, that is , the poor quality of groundwater G31.
4.3.2 Irrigational Purpose
The high concentration of ions in irrigation water could pose irreversible harms to soil structure. Special attention should be paid to the arid and semiarid regions due to the potential high salinity of water caused by strong evaporation (Luo et al., 2021).
The sodium adsorption ratio (SAR) is an effective approach to reveal the possible soil structure damage caused by the replacement of the Ca2+ and Mg2+ on soil mediums to Na+ in irrigation water (Xiao et al., 2021a). It is commonly coupled with the EC value to illustrate the potential sodium and salinity hazard when used for long-term irrigation. As demonstrated in Figure 6, except for the groundwater sampled at G31, other samples belonged to the S1 category of sodium hazard assessment, suggesting a low sodium hazard for water used for long-term irrigation usage. For groundwater sample G31, it is located in the S2 category, indicating a medium sodium hazard. For the salinity hazard, the sampled groundwaters were observed plotted in three categories including C2, C3, and C4. Groundwater samples were dominantly plotted in the C3 category (84.38%), and a small portion was situated in the C2 (6.25%) and C4 (6.25%), implying a high salinity hazard for groundwaters at most sampling sites (84.38%), and a medium hazard and very high hazard for groundwaters at a small portion of sampling sites (6.25% for medium hazard, and 6.25% very high hazard).
[image: Figure 6]FIGURE 6 | Irrigation quality of groundwater in relation to sodium and salinity hazard.
Percentage sodium (%Na) is a robust tool to reveal the possible hazard of Na+ posed to the structure of soils (Xiao et al., 2020). It has been widely combined with the EC to construct the Wilcox diagram to assess the suitability of water for agricultural irrigation. As shown in Figure 7, most sampled groundwaters were situated in the categories of excellent to good (6.25%), good to permissible (84.38%), and permissible to suitable (3.13%), demonstrating suitable quality for agricultural irrigation. Meanwhile, two groundwater samples (G24 and G31) were found with a high sodium hazard risk if used for long-term irrigation, thus not suitable for agricultural usage.
[image: Figure 7]FIGURE 7 | Wilcox diagram presenting the suitability of groundwater quality for irrigation.
The permeability index (PI) is a useful parameter for revealing the permeability effect posed by irrigation water and has been widely used worldwide (Xiao et al., 2020; Luo et al., 2021). The Doneen diagram, which coupled PI with the total concentration, groups the irrigation water quality into three categories, that is, class-I, class-II, and class-III (Gu et al., 2018; Xiao et al., 2021a). The class-I category indicates irrigation water would make the soil 100% maximum permeability and is suitable for long-term agricultural irrigation. The class-II and class-III categories demonstrate 75% maximum permeability and 25% maximum permeability, respectively, and are slightly appropriate and not suitable for irrigation. The assessing results of the Doneen diagram are shown in Figure 8. It can be clearly seen that all sampled groundwaters had the PI value below 80, and 93.75 and 6.25% of samples belonged to class-I and class-II categories, respectively. This suggests that all groundwater sampled in the study area would not threaten the permeability of soil when used for long-term agricultural irrigation.
[image: Figure 8]FIGURE 8 | Doneen diagram for assessing the suitability of groundwater quality for irrigation.
Overall, groundwaters sampled in the study area had nearly no sodium hazard and permeability hazard to soil structure. However, salinity hazards should be concerned as more than 93% of groundwater samples may pose high to very high salinity threats to soils if used for long-term irrigation. This mainly occurs in the lower reaches of the watershed where the groundwater level is relatively shallow.
4.4 Hydrogeochemical Patterns of Groundwater
Understanding the mechanisms governing groundwater chemical compositions is essential for rational groundwater resource exploitation and sustainable management (Hao et al., 2020).
In nature, groundwater chemistry is dominantly governed by three categories, that is, precipitation, rock–water interaction, and evaporation (Xiao et al., 2022a). These three main governing mechanisms can be visually revealed using the Gibbs diagrams that constructed by Na+/(Na++Ca2+) vs. TDS and Cl−/(Cl− + HCO3−) vs. TDS (Hao et al., 2020). As shown in Figure 9, most of the groundwater samples (93.75%) were plotted in the rock dominance, illustrating that the sampled groundwaters in the study area were dominantly controlled by the rock–water interaction on the hydrochemical composition. In addition, two samples (G24 and G31) were observed plotting the evaporation dominance of the two sub-diagrams of Gibbs, suggesting that the hydrochemistry of groundwater at these two sites was mainly controlled by evaporation in nature. Thus, the poor water quality of groundwater for domestic and irrigational purposes was dominantly caused by the strong evaporation.
[image: Figure 9]FIGURE 9 | Gibbs diagrams for groundwater samples in the study area.
To further illustrate the specific rock–water interaction contributing to most of the groundwater samples, the end-member diagrams of Na+-normalized Ca2+ versus HCO3− (Xiao et al., 2022b) of groundwater were introduced in the present study. As illustrated in Figure 10, groundwater samples collected in the study area were situated in the silicate dominance and toward the carbonates dominance, indicating the natural chemical components of groundwater in the study area dominantly originated from the silicate weathering (Eq. 9) and also carbonate dissolution. However, evaporative dissolution was not the main contributor of groundwater chemical composition.
[image: image]
[image: Figure 10]FIGURE 10 | Plots of Na-normalized Ca versus HCO3 of groundwater in the study area.
The bivariate plots of major chemical ions of groundwater were presented in Figure 11. As shown in Figure 11A, most of the groundwater samples were plotted away from the halite line (Na+/Cl− ratio of 1:1), suggesting that halite dissolution was not the main process contributing major ions to groundwater. In addition, it can be clearly seen from the Figures 11B,C that almost all groundwater samples were also observed situating away from the 1:1 line of Ca2+/SO42− and (Ca2++Mg2+)/SO42−, indicating that the sulfate dissolution was not the main contributor of groundwater chemical composition. All the aforementioned facts confirmed the end-member results that groundwater chemistry was not controlled by evaporative dissolution. In the meantime, Figure 11D shows that most of the groundwater samples were plotted along the 1:1 line of (Ca2++Mg2+)/(SO42− + HCO3−), implying sulfate dissolution or carbonate dissolution. However, as mentioned previously, the sulfate dissolution is not the main process; thus, carbonate dissolution is the process contributing to the major chemistry of groundwater in the study area. This coincides with the end-member diagram results.
[image: Figure 11]FIGURE 11 | Scatter plots of (A) Na+ vs. Cl−, (B) Ca2+ vs. SO42−, (C) (Ca2++Mg2+) vs. SO42−, and (D) (Ca2++Mg2+) vs. (SO42− + HCO3−) of groundwater in the study area.
In addition, ion exchange is also an important proces in the groundwater environment. Chloro-alkaline indices (CAI-1 and CAI-2) expressed in Eqs 10 and 11 are useful tools to get insights into potential ion exchange interactions (Hao et al., 2020; Xiao et al., 2022b). As shown in the bivariate diagram of chloro-alkaline indices (Figure 12), most of the groundwater samples (84.38%) were with the negative CAI-1 and CAI-2, indicating the cation-exchange reaction (Eq. 12) is an important process contributing groundwater chemistry. This process dominantly occurs in the fresher groundwater in the upper part of the watershed. Meanwhile, about 15.63% of sampled groundwaters were observed to have positive values for both CAI-1 and CAI-2, implying the reverse cation-exchange reaction (Eq. 13). However, this process was dominantly situated in the lower parts of the watershed with relatively higher salinity.
[image: image]
[image: image]
[image: image]
[image: image]
[image: Figure 12]FIGURE 12 | Scatter plots of chloro-alkaline indices illustrating ion exchange reaction.
Anthropogenic inputs are found to be another important contribution to groundwater chemical composition in many regions worldwide and cannot be ignored. NO3− is an important indicator for anthropogenic inputs into the groundwater environment. Generally, the natural background limit of NO3− is 10 mg/L. Groundwater with NO3− concentration beyond this limit is usually considered as being influenced by anthropogenic pollution inputs. In the present study, only one collected groundwater sample (G24) was found with the NO3− concentration of 24 mg/L and beyond this natural limit. All other groundwater samples had the NO3− concentration within the natural threshold. Therefore, anthropogenic pollutant inputs were not a widespread process contributing to groundwater chemistry. Groundwater at the local site (G24) should be concerned for the anthropogenic pollution. In addition, three sites were found with the NO2− concentration exceeding the drinking water desirable limit, and also implied anthropogenic influence. Fortunately, these two ions were not observed to have the significant relationships with other major ions according to the Pearson correlation coefficient results. Thus, although anthropogenic pollution inputs had elevated the content of nitrogen, the major chemistry of groundwater was not affected by anthropogenic activities. Therefore, salinity caused by strong evaporation is the main threat to groundwater quality in the study area.
5 CONCLUSION
A hyper-arid watershed in the Qaidam Basin on the Tibetan Plateau was investigated concerning its groundwater geochemical characteristics, genesis, and quality suitability. The main findings are as follows:
The present research indicated groundwater and surface water in the study area had a slightly alkaline nature and their hydrochemistry was characterized by arid climatic features. Both groundwater and surface water had a large variation of salinity and evolved from fresh water to salty water in the watershed. Surface water was dominated by salty mixed Cl–Ma·Ca type and Cl–Na type, and more than 53% of the sampled surface waters had the TDS beyond the drinking desirable limit of 1,000 mg/L. Most of the sampled groundwaters belonged to the relatively fresh hydrochemical facies of HCO3–Ca, mixed HCO3–Na·Ca, mixed Cl–Mg·Ca type, and less than 7% of samples had the TDS exceeding the drinking desirable limit. Groundwater had relatively good quality in terms of the salinity when compared with surface water, and was the prior water resource for the local water supply.
Groundwater in the study area was mainly soft fresh water (84.38%), followed by moderately hard fresh water (9.38%) and very hard brackish water (6.25%). The sampled groundwaters had the EWQI value ranging from 22 to 461, and more than 93% of groundwater was excellent to good quality (EWQI < 100). The poor quality of groundwater was dominantly ascribed to the salinity, and also contributed by the nitrite locally. Most of the sampled groundwaters were suitable for irrigation and would not pose a sodium hazard and permeability hazard, but the salinity hazard should be concerned.
The geochemical composition of groundwater in the study area was dominantly governed by the natural rock–water interaction. The poor quality of groundwater at local sites was ascribed to the relatively high salinity caused by strong evaporation rather than anthropogenic influence. Groundwater chemical components mainly originated from silicate weathering, carbonate dissolution, and cation exchange. Anthropogenic pollution only elevated some local nitrogen concentration, but was not responsible for the high salinity. Groundwater salinity caused by strong evaporation should be considered in groundwater exploitation and management in arid regions like the present study area.
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