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Abstract

:

This study has determined the major ion compositions of surface waters within the basin of Lake Genggahai, northeastern Qinghai–Tibetan Plateau, China. The results showed that the anions in the groundwater and river water of Genggahai Lake are mainly HCO3−, and the cations are mainly Ca2+ + Na+. Evaporite, carbonate, and silicate in the basin all have an impact on the chemical composition of river water and groundwater. Among them, carbonate weathering has a relatively larger contribution. The grazing activities of herdsmen in the basin have had a certain degree of impact on the water quality of river basins and groundwater. The anion of lake water is dominated by Cl−, and the cation is mainly Na+. The content change is mainly affected by the change of corresponding ion content in groundwater coming into the lake and the evaporation of lake water. Among them, Cl− in lake water is more affected by the change of Cl− content in the groundwater coming into the lake, while Na+ in lake water is more affected by evaporation. More specifically, the low concentrations of Ca2+ and HCO3− in lake water were determined to be related to the photosynthesis of aquatic plants in the lake.
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1. Introduction


The hydrogeochemistry of lakes and their basins not only reflects the water–rock interaction in basin areas, but is also an important indicator of any environmental changes [1]. At present, hydrochemistry can be used to understand the geological background and soil formation processes of basins, the vegetation cover and decomposition of organic matter, and processes such as the physical and chemical weathering of the basin rocks [2,3,4]. In addition, the study of basin hydrogeochemistry can be used to estimate the relationship between rock weathering-related carbon sinks and the global carbon flux [5], and water environment in the catchments [2]. Therefore, studying the hydrochemical characteristics of rivers and lakes has important scientific significance for the water cycle process and the protection of water resource environments [6,7]. Revealing the main ion sources and the main controlling factors are important topics for studying water environment and hydrological problems [8].



Based on the analysis of ion data characteristics of rainwater, river water, and lake water samples, Gibbs [2] pointed out that the three main controlling factors for the hydrochemical characteristics of surface water are atmospheric precipitation, rock weathering, and evaporation–crystallization. He also put forward the boomerang envelope model to describe the main anion and cation compositions of natural surface water. After that, there have been many studies on the main ion content of the world’s major water bodies and its relationship with the climatic conditions of the basin and the regional geological lithology, such as the Amazon River [9], the Ganga-Brahmaputra river system [10], the River Rhine in Europe [11], rivers in the Congo Basin [4], the Alaknanda River, Garhwal Himalaya, India [12], and the Seine River in France [13]. Domestically, Hu et al. [14] studied the hydrochemistry of Yangtze River, Yellow River, Yarlung Tsangpo River, Lancang River, and Yalu River, amongst others. They pointed out that the ionic composition of rivers in China is mainly affected by the erosion of carbonate and evaporite, and the influence of aluminosilicate weathering is less obvious comparing to the former two. Zhang et al. [15] and Zhu and Yang [16] analyzed the hydrochemical composition of major rivers around the Taklimakan Desert. They found that intense evaporation and weathering of the basin rocks have important contributions to the chemical composition of the river. Han and Liu [17] carried out a systematic study on the hydrochemistry of rivers in the Guizhou karst area and its formation causes. Chen et al. [18] and Zhang and Chen [19] performed a relatively systematical analysis on the hydrochemical characteristics of some rivers in China, such as the Yangtze River, Yellow River, Songhua River, and Pearl River.



With more than 3,000,000 km2 and an average altitude around 4500 m above sea level a.s.l. the Qinghai–Tibetan Plateau (QTP) is the highest and largest plateau in the world [20]. The QTP is the “Roof of the world” and the “Asian water tower” [21]. It has a special geographical location and fragile ecological environment [22,23]. This region is home to the lake group with the highest altitude, biggest number, and largest area on the planet [24]. Therefore, the hydrochemical characteristics of lakes and their basins in this region are sensitive to climate change responses [23]. Much research work has been carried out on rivers and lakes in the QTP, such as the Nam Co Lake waters in the central and southern QTP [25] and its basin rivers [26,27], Yamzhog Yumco basin lake waters and rivers [28], Drem-tso lake water [29], Daggyaima Co, Pung Co, Angrenjin Co, Dajia Co lake waters and the inflowing tributary rivers [30,31], the Qingshui River Basin in the central QTP [32] and other parts of the rivers and lake waters [33], the Hurleg Lake in the Qaidam Basin in the northern QTP [34], the Qinghai Lake Basin in the northeastern part of the QTP [35], and the catchment of Lake Donggi Cona [23].



In summary, research on the hydrochemistry of the QTP is mainly aimed at the development of a single water body. There is less comprehensive research on the hydrochemistry of multiple water bodies, such as groundwater, river water, and lake water in the entire basin. The research on the hydrochemistry of the QTP is relatively weak and the studies that have been carried out have short sampling periods or are based on short-term studies. Therefore, it is impossible to fully understand the hydrochemical composition characteristics and sources of water bodies in the basin. It is worth noting that compared with the southern and central parts of the QTP, there are few studies on hydrochemistry in the northeastern part of the QTP, and there is a lack of research on small basin lakes in this area. In fact, the study of small basin lakes can not only enrich the hydrochemistry data of the QTP lake, but also help to understand the evolution process of the lakes in the QTP.



Based on the ionic composition of water in the Genggahai Lake and its basin area, coupled with the changes in temperature, precipitation, evaporation and other factors, which were monitored during the study period, the present study discusses the basic factors that control the hydrochemical composition of the Genggahai basin. This study provides abundant data on the hydrochemical composition of lakes in the study area and helps to understand the process of material circulation in the lake basins of the Northeastern QTP.




2. Study Area


The Gonghe Basin is located in the Northeastern QTP. The basin is oriented along a NW–SE direction, and has a mean altitude of 3000 m a.s.l. The region is characterized by an alpine arid and semi-arid continental climate. The basin has an elongated shape and is surrounded by the Xiqing Mountain, Heka Mountain, Ela Mountain, Wahong Mountain, Waligong Mountain, and Qinghai Nan Mountain [36] (Figure 1). The geological structure of the basin is located in the composite terrane of the Qin Kun latitudinal tectonic system, the Hexi structural system, and the Qinghai–Tibet–Yunnan tectonic system in the shape of the Chinese character “歹” [36]. At present, the rock layers distributed in the highest stratum of the mountain around the basin are dominated by shallow marine facies limestone, sandstone, and shallow metamorphic slate and schist (Figure 1). The rock layers distributed in the interior of the basin are mainly fluvio-lacustrine sediments formed during the early Pleistocene and at the end of the middle Pleistocene [36]. The interior of the vast basin consists of flood basin facies developed by meandering and limnogenic facies consisting of grey–yellow, brownish-yellow, and grey–green fine sandstone, siltstone, mudstone, and sandy mudstone. It often contains multilayered fine conglomerate, gravel sandstone, and medium thick sandstone. The basin area is about 13,800 km2 and gradually decreases from northwest to southeast. The lowest part of the basin is the Yellow River water surface of Longyangxia, with an altitude of 2400 m a.s.l. [37]. Records from the Gonghe Meteorological station collected data from 1957 to 2000, and this data was used to calculate the mean annual temperature of this region (3.7 °C), the mean annual precipitation (300 mm), and the annual potential evaporation (between 1528 and 1937 mm).



The Genggahai Lake is located in the central part of the Gognghe Basin at 36°11′ N, 100°06′ E. It consists of two separate basins, the Upper Genggahai Lake and the Lower Genggahai Lake (Figure 2). The Lower Genggahai Lake is nearly desiccated, with only a few sections that still contain water. The Upper Genggahai (hereinafter referred to as Genggahai) Lake has a surface elevation of 2860 m a.s.l., a present-day surface area of 2.0 km2, a maximum depth of 1.8 m, water salinity of 1 g L−1 and pH of 9.2 ± 0.5. Genggahai Lake is a monomictic lake. Groundwater is the main source of water in the Genggahai Lake, and the recharge potential area is approximately 4000 km2, which exceeds its surface area [39]. The tertiary clastic rock cranny pore water is distributed at the bottom of the Shazhuyu River valley. The quaternary loose rock pore water is widely distributed in the Genggahai basin [36]. The Genggahai Lake is a grassy shallow lake, in which abundant aquatic plants, including Potamogeton pectinatus, Myriophyllum spicatum, and Chara spp. (Figure 2), coexist with gastropods and mollusks [10]. Moreover, a vast field of reeds lies at the southeast part of the lake, while the entire lake is surrounded by grassland (Figure 2). In fact, desert grassland is the dominant vegetation type in the Genggahai catchment area. Moreover, aeolian activity is prevalent in this region [40]. The main human activity surrounding the lake is livestock grazing on the grassland by Tibetan herdsmen. The domestic yak (Bos grunniens) and the Tibetan sheep (Ovis aries) are the main livestock in this region. Overgrazing is one of the most important factors which leads to land desertification [41].




3. Materials and Methods


3.1. Data and Sample Collection


Water samples were collected from Genggahai Lake for three field seasons during the summer months, starting on 12 May 2012. The samples from Genggahai Lake were collected at a depth of approximately 20 cm. Groundwater and river surface water samples were also collected from the catchment area during this time period.



From May to September for each year between 2012 and 2015, a total of 19 lake water and groundwater samples, and 18 river water samples were collected monthly. When collecting the water sample, the pre-cleaned water sample bottle was repeatedly washed with water at the sampling point before sample collection. The water samples were collected in 500 mL polyethylene plastic bottles. The bottle cap was sealed with a sealing membrane and kept away from sunlight to ensure that the samples could later be analyzed for DIC (dissolved inorganic carbon) and ion concentrations. The TDS (total dissolved solids) content of the water was measured on-site with a portable AquaRead-1000 analyzer.



The daily mean evaporation (hereinafter referred to as evaporation) was calculated using the modified evaporation equation of Yang et al. [43] based on meteorological data from the Gonghe Station. The daily maximum temperature, minimum temperature, average temperature, precipitation, relative humidity, sunshine duration, average wind speed, and other data were obtained from the “Dataset of Daily Climate Data from Chinese Surface Stations” of the China Meteorological Data Service Center (http://data.cma.cn) [44].




3.2. Experimental Analysis


The water samples were first filtered using a 0.45 μm glass fiber prior to being analyzed. The DIC content of lake water was determined using of acid–base titration [45]. The concentration of Cl−, HCO3−, NO3−, and SO42− anions and Na+, Ca2+, Mg2+, and K+ cations in lake water were measured with an Ion Chromatography System (ICS-2500, Dionex, Sunnyvale, CA, USA) with a measurement accuracy of ±5%. The anion–cation average equivalent concentration balance error was less than 5%. The above tests were completed at the Key Laboratory of Western China’s Environmental Systems, Ministry of Education, Lanzhou University.





4. Results


4.1. Changes in the Ionic Concentration of Water in the Genggahai Lake Basin


It is clear from Table 1 that the maximum concentration of Cl− was observed in lake water, with values ranging from 2.83 to 9.05 mmol L−1 and displaying varying degrees of increase in August 2013, July 2014, and July 2015 (Figure 3a). In comparison, the Cl− concentrations in river water and groundwater were low and with less fluctuations, with values ranging from 0.001 to 3.93 mmol L−1 and from 0.001 to 1.09 mmol L−1, respectively. On an interannual scale, the overall fluctuation of Cl− in different water bodies was relatively small between 2012 and 2014, with the fluctuation being more obvious in 2015 (Table 1 and Figure 3a).



The lowest concentration of HCO3− observed was the lake water, with values ranging from 0.14 to 9.90 mmol L−1. Additionally, the HCO3− concentration observed was higher at the beginning of the summer than at the end, and showed less fluctuations. In comparison, the concentrations of HCO3− in river water and groundwater were lower, with values ranging from 6.56 to 25.39 mmol L−1 and from 4.44 to 24.67 mmol L−1, respectively. In 2012, the HCO3− concentrations in river and groundwater were higher and showed more annual fluctuations, whereas from 2013 to 2015, the overall annual concentrations were lower and with fewer fluctuations (Table 1; Figure 3b).



The average concentrations of NO3− and SO42− in various water bodies were low, not exceeding 0.2 mmol L−1 and 1.00 mmol L−1, respectively (Table 1; Figure 3c,d).



The highest Na+ concentration observed was the lake water, with values ranging from 7.01 to 15.00 mmol L−1. Its concentration showed varying degrees of increase in August 2013, July 2014, and July 2015. In addition, its overall concentration in 2012 and 2013 was lower than that in 2014 and 2015. In comparison, the concentrations of Na+ in river and groundwater were lower and showed less annual fluctuations, with values ranging from 0.10 to 9.13 mmol L−1 and from 0.20 to 6.89 mmol L−1, respectively (Table 1; Figure 4a). On an interannual scale, the Na+ concentrations in river and groundwater were higher in 2012 and lower in 2015.



The lowest Ca2+ concentration was observed in lake water, with values ranging from 0.03 to 0.70 mmol L−1, with slight decreases in July 2012 and July 2014. In comparison, the concentrations of Ca2+ were higher in river and groundwater, with values ranging from 1.05 to 2.47 mmol L−1 and from 0.40 to 2.50 mmol L−1, respectively (Table 1; Figure 4b). The observed concentration of Ca2+ was high in groundwater in 2014, whereas in river water, it was high in 2013.



The average concentrations of Mg2+ and K+ observed in different water bodies were relatively low, with their overall concentrations not exceeding 1.0 mmol L−1 and 0.4 mmol L−1, respectively (Table 1; Figure 4c,d).




4.2. Differences in Ionic Concentrations and Compositions of Various Water Bodies


Ternary plots of the major ions in water can reflect the ionic composition and characteristics of a water body [35]. The dominant anion in the Genggahai Lake was Cl−, which accounted for 20% to 90% of the total anionic composition. Moreover, HCO3− accounted for a high proportion (up to 60%) of the total anionic concentration, whereas the concentration of SO42− was less than 20% (Figure 5a). The dominant cations in lake water were Na+ and K+, which accounted for more than 80% of the total cation content. The contents of Ca2+ and Mg2+ were notably lower, composing less than 10% and 20 %, respectively, of the total cation content (Figure 5b).



Unlike lake water, the dominant anion observed in groundwater and river water was HCO3−, which accounted for more than 70% of the total anion content. The Cl− concentration was lower, showing only small variations and generally not exceeding 20%–30% of the total anion content. The concentration of SO42− was also low, generally ranging from 10% to 20% of the total anion content (Figure 5a). The distribution of the cation concentration in river water mainly plots on the (Na+ + K+) − Ca2+ line in Figure 5b. In river water, Na+ + K+ accounted for 30%–60% of the total cation concentration; whereas in groundwater, the Na+ + K+ concentration was lower, accounting for about 10%–70% of the total cation concentration (Figure 5b). In addition, the concentrations of Ca2+ in these two types of water bodies were also relatively high, accounting for 20%–90% and 30%–60% of the total cation concentration, respectively; whereas Mg2+ accounted for less than 30% of the total cation content in all water types.



In summary, the observations concluded that in lake water, Cl− and Na+ were the primary anions and cations, respectively; whereas in groundwater and river water, HCO3− was the primary anion and Na+ and Ca2+ were the primary cations.





5. Discussion of Factors Controlling the Changes in Ionic Concentrations of the Genggahai Basin Water Bodies


After analyzing the global hydrochemical compositions of the surface waters, Gibbs [2] proposed that the following three major factors control the surface water chemistry: rock weathering, atmospheric precipitation, and evaporation–crystallization process. In addition, Gibbs [2] used a TDS-Na+/(Na+ + Ca2+) diagram and a TDS-Cl−/(Cl− + HCO3−) diagram to distinguish the characteristics of ionic distribution in different natural water bodies. However, Gibbs’ model is based primarily on large lake and river samples and may not be suitable for small water bodies and small lakes in arid and semi-arid regions. For example, the ion compositions of water samples from tropical small African lakes with large salinity and alkalinity are far away from the Gibbs diagram, and the anion distribution is far from the Gibbs model [46].



It is clear from the Gibbs’ diagrams showing the hydrochemical data of different water bodies in the Genggahai basin (Figure 6), that the groundwater and the river water are in the transition zone that is controlled by rock weathering and evaporation–crystallization, and away from the area controlled by atmospheric precipitation; this indicates that the soluble ions in the groundwater and the river water are controlled by rock weathering. In addition, the groundwater is closer to the area controlled by rock weathering, whereas the river water is closer to the area controlled by evaporation–crystallization, which shows that the river water is more significantly affected by evaporation than groundwater. Due to fact that the concentrations of HCO3− in the river and groundwater are relatively high, the hydrochemical data of some river and groundwater samples are not shown on the Gibbs distribution diagram (Figure 6b). This is related to the widespread distribution of paleolake basin sediments from the early and middle Pleistocene formed in the basin [36].



Some of hydrochemical data from the lake water samples fall close to the upper limit of the evaporation–crystallization control zone, while data from other samples fall outside the range of the Gibbs diagram, which could be attributed to two processes; either the Na+ and TDS contents of the Genggahai Lake water were relatively high due to evaporation, or the vigorous photosynthetic activity of Chara spp. lead to high precipitation of calcite and aragonite, which lowered the Ca2+ content (Figure 6a). These findings are consistent with the results of Weynell et al. [23] on the hydrochemistry of the Lake Donggi Cona (Figure 6a).



As mentioned above, there are no surface inflows to the Genggahai Lake, and groundwater and precipitation are the main sources of replenishment. Unfortunately, no precipitation samples were collected from the Genggahai basin. Considering that the Bird Island of Qinghai Lake is closer to Genggahai (straight-line distance is about 100 km), in addition, both areas are located in the northeastern part of the QTP. Therefore, we referred to the ion content data of the precipitation samples from the Bird Island of Qinghai Lake. The hydrochemical data of Bird Island rainwater falls in the rock weathering control zone of the Gibbs model (Figure 6) [35]. This indicates that the dissolved matter in the rainwater of Bird Island is weakly affected by ocean evaporation and may be mainly controlled by the dissolution of atmospheric CaCO3 particles [35]. From this, it is speculated that the rainfall in the Genggahai basin may have similar hydrochemical characteristics to that of the island.



The lake water anion is dominated by Cl− and the cation is mainly Na+. Evaporation is an intense process due to the vast surface area of the lake, thus making the Cl− concentration and Na+ concentration of the lake water higher than that of the groundwater or river waters. A significant positive correlation between the Na+ content of the lake and the evaporation of the basin also illustrated this point (Figure 7a). Specifically, in August 2013, July 2014, and July 2015, the concentration of Na+ in the lake water increased, which can be attributed to a high degree of evaporation and a low amount of precipitation during these three periods (Figure 4a,e,f). However, the lake water Cl− content and basin evaporation did not exhibit a correlation (Figure 7c). This might be related to the relatively stable Cl− content of groundwater coming into the lake (Figure 3a) and the fact that it is significantly positively correlated to the lake water Cl− content (Figure 7d). In addition, no correlations were observed between the lake water Cl− content and basin evaporation (Figure 7c) as well as the lake Na+ content and the Na+ content of groundwater coming into the lake (Figure 7b). This indicates that the lake water Na+ content may be more affected by evaporation, while the fluctuation of lake water Cl− content may be more related to changes in the Cl− content of groundwater coming into the lake.



The Ca2+ and HCO3− content of lake water were lower than that of river water and groundwater (Figure 3b; Figure 4b). Studies have shown that the best growing season for Chara spp. is from May to August [47,48,49]. On the one hand, the photosynthesis process of the Chara spp. reduces the pCO2 in the lake water, and enables the rapid precipitation of carbonate, which results in the lower Ca2+ and HCO3− content of lake water than that of river water and groundwater. On the other hand, during the enhanced period of photosynthesis of Chara spp., a large amount of carbonate precipitate can be fixed on the plant wall to form carbonate crust. Studies have shown that the Genggahai Chara spp. carbonate crust content can account for 34%–57% of the dry weight of the Chara plant [50], and even 60%–77% in other areas [51,52]. During July 2012 and July 2014, the Ca2+ concentration decreased, which was related to the increase in temperature and the intensified photosynthetic activity of Chara spp. during these periods (Figure 4b,g). In August 2013 and July 2015, the temperature increased, but the corresponding Ca2+ contents did not decrease; this is possibly a result of the increases in Ca2+ contents in the groundwater during the corresponding periods (Figure 4b,g).




6. Ion Sources


The anions of groundwater in the Genggahai basin and Shazhuyu river water are mainly HCO3−, and the cations are mainly Ca2+ and Na+. Na+ and K+ in water are from the weathering products of evaporite and silicate. Ca2+ and Mg2+ are mainly from carbonate, evaporite, and silicate. HCO3− is mainly from carbonate rock. Cl− and SO42− are mainly from the dissolution of evaporite [16,53]. If Na+ and Cl− in groundwater coming into the lake and Shazhuyu river water are only from the dissolution of evaporite, then the variation of Na+ and Cl− content in river water and groundwater should be roughly similar [15]. In fact, the variation of Na+ and Cl− content in river water and groundwater is quite different, reflecting that there may be other sources in addition to the dissolution of Na+ in the groundwater from the evaporite. As shown in Figure 8a, most of the river water and groundwater Cl−/(Na+ + K+) are located below the 1:1 line and far away from the line, indicating that the weathering of the silicate rock in the basin has a significant impact on the change of Na+ in the water [54]. Similarly, the river water and groundwater SO42−/(Ca2+ + Mg2+) are mostly located below the 1:1 line (Figure 8b), indicating the weathering of carbonate and silicate in the basin has an important impact on the Ca2+ and Mg2+ in the water body. In addition, the river water and groundwater HCO3−/(Ca2+ + Mg2+) (Figure 8c) and HCO3−/(Cl− + SO42−) (Figure 8d) are mostly above the 1:1 line, indicating that the carbonate weathering in the basin has a stronger impact on the ion content in river water and groundwater than the silicate weathering. This further confirms the important contribution of the ancient lacustrine sediments [36] formed in the basin during the Early and Middle Pleistocene to the ions in the basin water bodies.



The selective weathering of bedrock minerals by rivers gives river waters different hydrochemical characteristics, thus exhibiting their specific elemental ratios. The ratio of river water (Ca2+ + Mg2+)/(Na+ + K+) can be used as an indicator to determine the relative strength of different rock weathering in the basin [35]. The ratio of (Ca2+ + Mg2+)/(Na+ + K+) in Shazhuyu River is 1.37, which is lower than the world average (2.2) [52], far lower than the Indus River controlled by carbonate weathering (6.0) [52]. However, the (Ca2+ + Mg2+)/(Na+ + K+) ratio of the Shazhuyu River water is higher than that of the rivers around the Taklimakan Desert (0.89) affected by evaporite [16]. This again shows that although evaporite has an effect on the hydrochemical composition of the Genggahai basin, carbonate weathering has a greater impact on the hydrochemical composition of the Genggahai basin. The presence of substances formed from aquatic life in natural water, such as nitrogen-containing compounds, sulfur, and phosphorus compounds (NH4+, NO2−, NO3−, SO42−, H2PO4−, etc.), can, to a certain extent, reflect the effects of organisms or human activities on the hydrochemical compositions [13,55]. The average NO3− content of river water samples in the study area is 3.68 μg g−1, which is similar to that in the rivers in the Taklimakan Desert (3.63 μg g−1) [16]. The average NO3− content of groundwater samples in the study area is 6.40 μg g−1. The NO3− content of river water and groundwater are all higher than the river water average in Asia (0.7 μg g−1) and the world average of river water (1 μg g−1) [56]. This suggests that the content of NO3− in the Shazhuyu River and groundwater is probably affected by human activities, which may be mainly related to herdsmen’s grazing activities in the basin.




7. Conclusions


	(1)

	
The chemical composition of the water samples in the Genggahai basin falls in the middle–upper wing of the boomerang envelope model proposed by Gibbs, indicating that the chemical composition of the water sample in the study area is affected by rock weathering and evaporation–crystallization.




	(2)

	
The groundwater and river anions in the Genggahai basin are dominated by HCO3−, which is from the rock weathering and dissolution in the basin. The cation is mainly Ca2+ + Na+. Evaporite, carbonate, and silicate in the basin all have an impact on the hydrochemical composition of river water and groundwater. Among them, the largest contribution of carbonate weathering mainly comes from rock weathering and dissolution. The grazing activities of herdsmen in the basin have had a certain degree of impact on the water quality of river basins and groundwater.




	(3)

	
The anion of lake water is mainly Cl−, and the cation is mainly Na+. The content change is mainly affected by the change of corresponding ion content in groundwater coming into the lake and the evaporation of lake water. Among them, Cl− in lake water is more affected by the change of Cl− content in the groundwater coming into the lake, while Na+ in lake water is more affected by evaporation. The low content of Ca2+ and HCO3− in the lake water is related to the photosynthesis of aquatic plants in the lake.
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Figure 1. Simplified geological map around Gonghe Basin and location of the study site (modified from Zhang et al. [38]). 
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Figure 2. Genggahai Lake and its physical environment, and the spatial distribution of modern aquatic vegetation in the lake [42]. 
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Figure 3. Variations in concentrations of major anions in surface water from Genggahai Lake and water bodies within its drainage area during May to September each year from 2012 to 2015. (a) Cl− concentration; (b) HCO3− concentration; (c) NO3− concentration; (d) SO42− concentration. 
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Figure 4. The variations in concentrations of major surface water cations from Genggahai Lake and water bodies within its drainage area (a–d) and variations in monthly evaporation (e), monthly precipitation (f) and monthly mean temperature (g) in Gonghe Station during May to September each year from 2012 to 2015. The grey horizontal line indicates the average value. 
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Figure 5. Ternary plots of major anion (a) and cations (b) concentrations in surface water from Genggahai Lake and its drainage area. 
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Figure 6. Gibbs diagram of the water bodies within the Genggahai Lake (a) TDS-Na+/(Na+ + Ca2+); (b) TDS-Cl−/(Cl− + HCO3−). 
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Figure 7. The relationship between the Cl− and Na+ concentration of lake water and the Cl− and Na+ concentration of groundwater and evaporation in Gonghe Station. (a) The relationship between the Na+ concentration of lake water and evaporation in Gonghe Station; (b) The relationship between the Na+ concentration of lake water and the Na+ concentration of groundwater; (c) The relationship between the Cl− concentration of lake water and evaporation in Gonghe Station; (d) The relationship between the Cl− concentration of lake water and the Cl− concentration of groundwater. 
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Figure 8. Scatter plot of ion concentrations of river water and groundwater. (a) Cl− and (Na+ + K+); (b) SO42− and (Ca2+ + Mg2+); (c) HCO3−:(Ca2+ + Mg2+); (d) HCO3−:(Cl− + SO42−). 
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Table 1. Variations in ion concentrations of surface water from Genggahai Lake and its drainage area from May to September for each year between 2012 and 2015.
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Water Bodies

	
n

	
Variation Range/Mean Value

	
Anion Content (mmol L−1)

	
Cation Content (mmol L−1)




	
Cl−

	
HCO3−

	
NO3−

	
SO42−

	
Na+

	
Ca2+

	
Mg2+

	
K+






	
Lake water

	
19

	
Variation range

	
2.83–9.05

	
0.14–9.90

	
0–0.18

	
0.12–1.01

	
7.01–15.00

	
0.03–0.70

	
0.51–1.20

	
0.01–0.37




	
Mean

	
4.89

	
4.04

	
0.05

	
0.58

	
10.84

	
0.38

	
0.79

	
0.17




	
Groundwater

	
19

	
Variation range

	
0.001–1.09

	
4.44–24.67

	
0–0.33

	
0.03–1.25

	
0.20–6.89

	
0.40–2.50

	
0.20–1.00

	
0.02–0.26




	
Mean

	
0.62

	
10.76

	
0.09

	
0.51

	
2.16

	
1.13

	
0.47

	
0.11




	
River water

	
18

	
Variation range

	
0.001–3.93

	
6.56–25.39

	
0–0.06

	
0.01–0.95

	
0.10–9.13

	
1.05–2.47

	
0.03–1.28

	
0.01–0.39




	
Mean

	
1.74

	
12.78

	
0.07

	
0.51

	
4.63

	
1.77

	
0.48

	
0.16








Note: n is the sample number (the same below).
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