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Abstract

:

Lakes in cold and arid regions are extremely vulnerable to global climate change, and the study of seasonal spatial and temporal fluctuations of lake-groundwater chemistry is of major significance for water resource management and environmental preservation. In this study, we combined hydrogeochemical, multivariate statistical, and spatial interpolation methods to assess spatial and temporal variations of lake and groundwater chemistry in Hulun Lake during the frozen and non-frozen periods. The results show that sodium (Na+) is the most abundant cation in the Hulun Lake area. Bicarbonate (HCO3−) and sulfate (SO42−) are the most predominant anions in the lake, river, and ground water during both seasons. The higher Na+ + K+ concentrations in the frozen season were related to longer circulation time and lower renewable rate. The water chemistry of the lake was of the HCO3-SO4-Cl-Na type and that of groundwater in the east and west regions was of the SO4-Cl-Na and HCO3-Na types, respectively. The chemical compositions of groundwater in the non-frozen season were mainly affected by evaporation and concentration, while rock weathering, evaporation, and human activities jointly controlled groundwater chemical component in the frozen period. Based on hierarchical cluster analysis (HCA) and principal component analysis (PCA) methods, Ca2+, NO3−, and SO42− were identified as the main controlling indicators of the chemical characteristics of groundwater and lake water. The increase of Ca2+ concentration in the center of the lake was related to groundwater discharge along the marginal tectonic fracture zone along the lake shores, which was the potential groundwater discharge area. The unconsolidated aquifer provides recharge channels for groundwater on the eastern side, which has a certain influence on the increase of nutrient concentration (NO3−) in the lake on the eastern shore. This research adds to our rough understanding of the lake-groundwater interaction in Hulun Lake, and provides a scientific foundation for the sustainable use of water resources, as well as the eco-logical integrity preservation in cold and arid regions.
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1. Introduction


Lakes play a crucial role in the natural water cycle and serve as an indicator for global climate change [1,2]. According to their geographic location and climatic characteristics, lakes can be categorized as cold and arid lakes or as humid lakes. The former are highly sensitive to climate change and are a key driver of the evolution of the ecogeography of the area around them [3]. Lake shrinkage, declining water quality, and ecological degradation of the watershed are all current issues affected by global warming and human activities [4,5,6]. They pose serious threats to water resource management and protection of the aquatic environment. In cold and arid regions, groundwater recharge is an assignable source of both water and pollutants for lakes, and cause ecological problems, such as lake eutrophication and cyanobacterial outbreaks [7,8]. Due to global warming and permafrost degradation, groundwater circulation and lake-groundwater interaction may have significant differences in frozen and non-frozen seasons. In cold and arid region, especially during the icebound season, groundwater may be the dominant recharge source for the lake [9,10]. Thus, a spatial-temporal characteristics analysis and influencing factors of lake water and groundwater chemistry are critical for understanding water circulation mechanisms and lake-groundwater interaction in cold and arid regions.



As the largest freshwater lake in Northeast China, Hulun Lake is important for water resource sustainability, maintaining biodiversity, and climate control [11]. The water level of Hulun Lake has been decreasing in recent years, and the water quality is deteriorating as a result of global warming and human activities [12,13,14]. Previous studies reported that the primary factors affecting the water balance in Hulun Lake are precipitation and evaporation, although some researchers believe that river runoff is the major influencing factor [15]. The weathering and dissolution of carbonate and evaporite rocks, as well as groundwater discharge are dominant factors controlling the water quantity and quality of Hulun Lake [16]. The high chloride concentration in Hulun Lake might be caused by the discharge of highly chlorinated groundwater with isotope tracer method [17]. However, most previous studies took the groundwater and the lake as two independent research individuals. Few studies integrated surface water with groundwater and analyzed the spatial-temporal differentiation of the hydrochemical characteristics for lake water and groundwater in Hulun Lake. Therefore, it is crucial to characterize the spatial and temporal distribution of the chemical components of lake water and groundwater, as well as the influencing factors in order to reveal the lake-groundwater interaction in Hulun Lake area.



To figure out the physicochemical factors involved in lake-groundwater interactions, researchers use geochemistry [18,19], isotope and temperature tracing [20,21], hydrologic analysis [22], or a building model [23,24,25]. Additionally, the main determinants impacting water quality can be extracted using multivariate statistical approaches. In this study, we combined hydrogeochemistry and multivariate statistical methods to characterize the hydrochemical properties and water-rock interactions of lake water and groundwater during the frozen and non-frozen seasons in Hulun Lake. The primary factors controlling water chemistry were selected to analyze the spatial and temporal variation patterns of lake water and groundwater. The results provide a solid scientific foundation for ecological rehabilitation and sustainable water resource development in the Hulun Lake area.




2. Materials and Methods


2.1. Study Area


Hulun Lake, also referred to as Dalai Nuoer, is the fourth largest freshwater lake in China. It has a medium-temperature semi-arid continental climate because it is situated between the Mongolian Plateau and the Daxinganling Mountains, where it receives little of the humid summer wind from the Pacific Ocean. The average annual temperature in the lake area is −0.2 °C, with maximum and minimum temperatures of 20.8 °C and −23.3 °C, respectively [26]. For up to 180 days a year, the lake is frozen. Average yearly evaporation is 1470 mm, which is significantly greater than the average annual rainfall of 235 mm. Hulun Lake is divided into a steep basin in the west and a gentle basin in the east [27]. The lithology on the western side is mainly composed of medium acidic volcanic rocks and the eastern region is characterized by fine-grained fluvial delta sediments [28]. The aquifers can be classified into two categories: fissured bedrock confined aquifers in the western region. The quaternary unconsolidated unconfined aquifer is distributed in the eastern and southern parts of Hulun Lake. Both types of aquifers have various degrees of impact on the variations in the water level of Hulun Lake [29]. The Kherlan, Urson, and Hailar Rivers are the primary inflow rivers, and the Xinkai River is an outflow river. Every year, nearly 2.83 billion cubic meters of river water replenish the Hulun lake. Surface runoff and groundwater are the main sources of the lake’s replenishment.




2.2. Collection and Analysis of the Samples


During the non-frozen period in mid-July 2021 and the frozen season in early January 2022, we conducted a survey and field sampling around Hulun Lake. We collected 21 sets of groundwater samples from around the lake, 18 sets of lake water samples, and 8 sets of river water samples at both time points. Figure 1 shows the sampling sites.



We used a 5 L Plexiglas water collector to collect lake and river water samples during the non-frozen season. A spiral ice breaker was utilized to break through the ice during the frozen season to collect water samples from under the ice surface. Groundwater is pumped for about 3 min before sampling in both frozen and non-frozen periods. The water samples were kept in 1 L brown polyethylene plastic bottles that were sealed and placed in a 4 °C refrigerator. We used a simple multi-parameter meter to measure the physical and chemical parameters in the field, including temperature, pH, electrical conductivity, total dissolved solid (TDS) content, dissolved oxygen (DO) content, and salinity (Multi 3630 IDS, WTW, Oberbayern, Germany). The samples were filtered using a 0.45 μm pore size filter membrane. Carbonate (CO32−) and bicarbonate (HCO3−) contents of the samples were obtained by double indicator titration and averaged after three parallel titrations. The trace fractions (Na+, K+, Ca2+, Mg2+, Cl−, SO42−, NO3−) were measured using inductively coupled plasma mass spectrometry (ICS-940, Metrohm, Herisau, Switzerland). The differences between the cation–anion balances of all samples were <5%.




2.3. Research Methodology


2.3.1. Hydrogeochemical Analysis


The hydrogeochemical method [30,31] is used to study the interaction between water and rocks, gases, and organic substances; the nature of their interaction, evolution, and endogenous and exogenous sources; the composition of the underground hydrosphere, and the contribution of the hydrosphere to the evolution of the Earth. Hydrogeochemical research methods can be separated into geological, isotopic, and thermodynamic techniques. In this study, we used water geochemistry methods, a multivariate statistical analysis, and ion scale factor analysis to investigate the reactions between lake water and groundwater and the primary factors that control the ion concentrations in the water.




2.3.2. Multivariate Statistical Methods


The multivariate statistical method of the correlation analysis examines two or more relevant variables and then measures the degree of correlation between them. The correlation coefficient, often symbolized by the symbol r, measures the degree of correlation. It can be used to quantitatively investigate the connection between various groundwater chemical components [32]. According to the degree of correlation, the variables are classified as perfectly correlated, incompletely correlated, or uncorrelated; positively or negatively correlated according to the direction of the correlation; linearly or nonlinearly correlated based on the nature of the correlation equation; and single or multiple correlated according to the number of influencing factors. We conducted Pearson’s correlation analysis of the major anions and cations in groundwater and lake water using SPSS software (version 22.0, IBM, Chicago, IL, USA) to explore the major variables that affect the water chemistry features of the research region. The calculation formulae were as follows [33]:


  r =  1  n − 1     ∑   i = 1  n       x i  −  x ¯     σ x           y i  −  y ¯     σ y       



(1)




where r is the correlation coefficient, n is the number of sample variables; xi, yi are the two variables to be analyzed;    x ¯  ,    y ¯    are the average values of x, y; and σx, σy are the standard deviations of x, y.




2.3.3. Geostatistical Interpolation Methods


The distribution maps of the entire region were deduced from the limited discrete water sample data to transform groundwater quality evaluation from point sampling analysis to regional spatial and temporal evolution analysis and enhancing the effectiveness of the groundwater evaluation [34]. Using the existing data, the primary ions of Lake Hulun groundwater during the frozen and non-frozen periods were spatially interpolated by ArcGIS software (version 10.5, Esri, Redlands, CA, USA) using the inverse distance weighting method, and the formula was as follows [35]:


   c i  =   ∑   j = 1  n   μ j   c j   



(2)




where ci is the ion concentration at the i point to be calculated, cj is the known ion concentration at the j point to be inserted in the area, n is the number of points in the area, and μj is the weight of the j point in the area:


         μ j  =    d  i j   − α       ∑   j = 1  n   d  i j   − α             ∑  j = 1  n    μ j  = 1        



(3)




where dij is the distance from the center of the i point to the j point and  α  is the weight power coefficient.




2.3.4. Hierarchical Cluster Analysis


Cluster analysis is a multivariate statistical method that classifies variables or samples by their own similarities (measured in sample spacing). Rapid clustering and hierarchical clustering are the two fundamental clustering techniques used in the cluster analysis. Hierarchical clustering can be subdivided into single linkage, complete linkage, median linkage, prime linkage, mean linkage, and Ward ‘s minimum variance [36]. In this study, average within-groups linkage was chosen to further understand the groundwater chemical characteristics and contaminant sources in the study area.




2.3.5. Principal Component Analysis Methods


The principal component analysis method is one of the most widely used algorithms for data dimensionality reduction, which linearly converts the original variables into a new set of uncorrelated variables that are sorted in descending order of variance. The variable with the greatest variation is referred to as the first principle component, the variable with the next greatest variance is referred to as the second principal component, and so on. The basic principle is as follows [37]:



With p water samples, each with q indicator variables, a matrix of order p*q is formed.


  x =        x  11        x  12      ⋯     x  1 q          x  21        x  22      ⋯     x  2 q        ⋮   ⋮   ⋮   ⋮       x  p 1        x  p 2      ⋯     x  p q          



(4)







Using q original variables converted to a small number of new composite variables, the new variables are linear combinations of the original variables. The original variables are x1, x2, …, xq, and the new composite variable indications are y1, y2, …, ym (m ≤ q), then:


         y 1  =  a  11    x 1  +  a  12    x 2  + … +  a  1 q    x q         y 2  =  a  21    x 1  +  a  22    x 2  + … +  a  2 q    x q         y 3  =  a  31    x 1  +  a  32    x 2  + … +  a  3 q    x q        ⋮        y m  =  a  q 1    x 1  +  a  q 2    x 2  + … +  a  m q    x q         



(5)







The coefficient aij in Equation (5) is dependent on:



yi and yj are independent of one another (i ≠ j, i j = 1, 2, …, q); where y1 (first principal component) is the largest variance among all linear combinations in x1, x2, …, xq; y2 (second principal component) is the largest variance among all linear combinations of x1, x2, …, xq, that are not correlated with y1; ym (mth principal component) is the largest variance among all linear combinations of x1, x2, …, xq, that are not correlated with y1, y2, …, ym−1.






3. Results and Discussion


3.1. Chemical Characteristics of the Various Water Bodies in the Hulun Lake Basin


Table 1 lists the TDS and anion and cation concentrations of lake water, river water, and groundwater from the Hulun Lake Basin during the frozen and non-frozen seasons. The lake water in the basin was weakly alkaline and the groundwater was neutral-alkaline in both frozen and non-frozen seasons. The overall pH trend was lake water > river water > groundwater. The TDS content of lake water varied from 467.0 to 1904.0 mg/L during the frozen period and from 830.0 to 1518.0 mg/L during the non-frozen period; and the TDS content of groundwater varied from 346.0 to 10,740.0 mg/L during the frozen period and from 558.0 to 10,760.0 mg/L during the non-frozen period. The TDS content of river water varied within a smaller range. The variances in TDS content across various water bodies as well as the huge standard deviation of groundwater TDS value and each ion concentration indicates that groundwater chemical components differ significantly. Because the salinity in the lake water was diluted due to sufficient rainfall in summer and the TDS moved from the ice to the water under the ice during the frozen period in winter [38], the TDS concentration in the lake water in the frozen season was higher than that in the non-frozen season, while the TDS concentration in the river water and groundwater was higher in the non-frozen season than that in the frozen season.



DO is the primary sign of a water body’s ability to repair itself. It is also a redox indicator of groundwater and is closely related to oxygen partial pressure in air, water temperature, and salinity. Because the oxygen concentration of the air changes less in its natural condition, the key factor influencing DO content is water temperature; thus, the lower the water temperature, the higher the DO content of the water [39]. The mean values of DO in lake water, river water, and groundwater during the non-frozen period were 9.3, 9.1, and 4.8 mg/L, respectively, and the mean values during the frozen period remained high at 13.9, 13.4, and 5.9 mg/L, respectively. The DO changes in the distinct water bodies in the Hulun Lake Basin showed a high degree of consistency over time, with all values higher during the frozen season compared to the non-frozen season, likely due to the lower water temperature during the frozen period leading to an increase in DO content in the water body.



The concentrations of anions and cations in lake water varied between the frozen and non-frozen periods, but the dominant anions and cations were Na+ and HCO3−. The rainfall increased during the non-frozen season, the mean concentration of SO42− in the river water was lower than that in the frozen period due to dilution, and the mean concentration and relative abundance of major cations differed slightly. The trend of cationic concentrations in groundwater during the frozen and non-frozen seasons was the same (Na+ > Mg2+ > Ca2+ > K+), and the dominant anion during the frozen period was SO42−. Overall, Na+ dominated the cations of both groundwater and surface water, and HCO3− was the major anion in surface water. Due to the interaction between atmospheric precipitation and lake sediments, CO2 is produced by microorganisms when degrading soil organic matter. Additionally, the depth of the groundwater table and strong evaporation cause SO42− enrichment and the decomposition of organic matter input by human activities, resulting in higher SO42− concentrations in groundwater compared to surface water, and SO42− [40,41] and HCO3− dominate groundwater anions. The main cations in lake water and groundwater were the same, reflecting the tight link between the two and the potential recharge and discharge relationship. Li Shi [42] used multi-source data to study the dynamic changes of surface water and groundwater in the Hulun Lake Basin, which verified the presence of water exchange between them. The concentration of NO3− in each water body was lower in the frozen season than in the non-frozen period, which is strongly related to the rejection of each pollutant during the ice formation process [38].




3.2. Water Chemistry Characteristics of Each Water Body in the Hulun Lake Basin


Piper diagrams were generated and other analyses of the water chemistry of the surface and groundwater in the Hulun Lake Basin were conducted at different time points (Figure 2). The water samples, with the exception of the river water during the frozen period, component point of the cation diagrams biased toward the Na+ + K+ endmember; the river water samples during the frozen period were close to the Ca2+ endmember. Most of the water samples fell towards the HCO3− + CO32− extremes of the anion composition spectrum, which illustrates the impact of carbonate rocks on the water chemistry of the basin. The anion and cation compositions were less varied during the non-frozen period than during the frozen period with the similar trends.



The major cation in the lake water during the frozen season was of the HCO3-SO4-Cl-Na type, with Na+ making up 77% of all cations and Ca2+ and Mg2+ present in relatively low amounts; HCO3− was the dominant anion. The lake’s water chemistry was primarily of the HCO3-Na-Ca type. With HCO3-SO4-Cl-Na type water in the lake and HCO3-Na-Ca-Mg as the primary water chemistry of the rivers entering the lake, the water chemistry of the lake water during the non-frozen period differed considerably from that during the frozen season. The water chemistry types during the frozen season were primarily HCO3-Na and SO4-Cl-Na, while that of some groundwater in the western portion of the lake was HCO3-SO4-Cl-Na. The dominant cation of the groundwater in the western and eastern regions of the lake was Na+. The groundwater in the eastern part of the lake was primarily of the SO4-Cl-Na type. During the non-frozen period, the groundwater in the western part of the lake was characterized by seven types of water chemistry, primarily the HCO3-Na-Ca-Mg type and the HCO3-Na type. The groundwater level kept rising due to global warming. Thus, the quaternary unconsolidated aquifer in the eastern region was more liable to be affected by the leaching of surface contaminants, and led to the difference of water types for groundwater in two sides of the lake [43].



In Figure 2, A1 and A2 are the primary distribution zones of each body of water during the non-frozen and frozen periods, respectively. The distribution of the sample sites on the Piper diagram is separated into these two regions. The weakened dynamics of the water column beneath the ice cover, which resulted in less water-rock interaction, caused a significant difference in the ion concentrations at the sampling locations: the cation composition did not differ significantly from one period to the next, but the anions were closer to the HCO3− + CO32− endmember during the frozen period. The groundwater on the western shore of the lake was closely distributed with the lake and river water in the different seasons, and the water chemistry types were similar. This phenomenon suggests that the interactions between the three were somewhat similar. This is primarily due to the strong evaporation in the summer and the influence of wind direction and sediment input from rivers, resulting in lower concentrations of HCO3− and higher concentrations of Cl− during the non-frozen period. The higher Na+ + K+ concentrations in the frozen season were related to longer circulation time, and lower renewable rate.




3.3. Water-Rock Reactions in the Hulun Lake Basin


One of the most crucial techniques for qualitatively identifying the source of a water body’s chemistry is the Gibbs diagram. In our study, the groundwater in the eastern part of Hulun Lake mainly fell outside of the model, indicating that it is more influenced by human activities, whereas the sampling points in each water body in the study area were distributed in the middle and upper parts of the Gibbs diagram, and most of them fell inside the model (Figure 3).



The Cl−/(Cl− + HCO3−) ratio was typically between 0 and 0.5 and was distributed in the area jointly controlled by rock weathering and evaporation concentration, exhibiting characteristics similar to arid zone lakes. In Lake Hulun, the mean values of Na+/(Na+ + Ca2+) were 0.79 and 0.91 in the non-frozen and frozen periods, respectively, and were near the evaporation concentration area. Evapotranspiration and concentration have the biggest effects on the ionic composition of the water in Hulun Lake, with the weathering of rocks playing a supporting role. The same elements that determine the ionic composition of lake water also affect river water. On the west bank of Hulun Lake, rock weathering and evapotranspiration work together to control the ion composition, while evapotranspiration and concentration dominate the water chemistry on the east side. None of the water bodies were plotted in the atmospheric precipitation area, demonstrating that the ionic composition of the water bodies in the Hulun Lake Basin is not controlled by atmospheric precipitation. This is primarily because the basin is located in the Inner Mongolia grasslands, far from the ocean, and the influence of the eastern Daxinganling Mountains reduces the amount of moist air brought by the Pacific summer winds.



As shown in Figure 3, the distribution of the water samples is divided into two sections. B1 and B2 are the major distribution regions for the non-frozen and frozen samples, respectively, which is in accordance with the distribution of each water body sample on the Gibbs plot. The anion Cl−/(Cl− + HCO3−) ratio tended towards the rock weathering area and was less affected by evaporation and concentration, which is consistent with the water chemistry results. The difference in cations between the frozen and non-frozen seasons was small. Some of the locations in the Gibbs plot are outside the model, where they may be altered by ion exchange or human activity [44].




3.4. Multivariate Statistical Analysis of Different Water Bodies in the Hulun Lake Basin


3.4.1. Correlation Analysis


Figure 4 demonstrates the relationship between TDS content and standing ions in lake water and groundwater in the Hulun Lake Basin. The correlation between TDS content and ions in groundwater during the non-frozen period was strong. The strongest correlation was between Cl− and Na+ and Mg2+, which indicates that these ions may be the same component source, implying that weathering and leaching of rocks affect the chemical characteristics of groundwater during the non-frozen period. Additionally, the significant relationship between Ca2+ and SO42− indicates that Ca2+ and SO42− are co-sourced and that the SO42− migration from river water to lake water was due to water-rock interaction.



During the frozen season, the association between groundwater TDS content and SO42− was highest, followed by Cl−. When combined with the Gibbs plot, it is clear that the groundwater sample sites are mostly concentrated in the areas of rock weathering and evaporation concentration and that these processes are important controlling factors in groundwater chemical composition. During the frozen period, the TDS content of the lake water was negatively correlated with Ca2+ and NO3−, and positively correlated with other ions. HCO3− contributed the most to TDS content, showing that it was the major source of TDS [41].



Overall, there was a good linear relationship between the TDS ions, and groundwater TDS content was correlated with Cl− and Na+ in both the frozen and non-frozen periods. However, the correlation with Na+ was weaker in the frozen period, indicating that evaporation concentration played an auxiliary role in groundwater chemistry during this season. In contrast, the non-frozen period was primarily controlled by the combination of evaporation concentrators. Cl− was not strongly correlated with other ions throughout the frozen period, indicating that the source of Cl− is complicated. It may include processes, such as dissolution of rock salt. NO3−, mainly influenced by human activities, has a weak correlation with other ions in the lake water and negatively related with major components in groundwater.




3.4.2. Hierarchical Cluster Analysis (HCA)


Ten chemical indicators, Na+, K+, Ca2+, Mg2+, Cl−, SO42−, CO32−, HCO3−, NO3−, and TDS, were selected for cluster analysis. The lake waters in non-frozen season were clustered into two categories and the average distance between groups was 10 (Figure 5a). NO3− were clustered into one category and TDS was clustered into another with other indicators. The results supported the correlation analysis results in Section 3.4.1, which shown that TDS was negatively correlated with NO3− and positively connected with other ions. Cluster 2 might be defined as the impact of human activity, including sewage and livestock production. Contrarily, Cluster 1 was associated with natural factors, including dissolution and evaporation. At an average distance of 10, it is possible to divide the lake water during the frozen period into four clusters (Figure 5b). When the average distance was less than two, Na+, K+, and Cl− were grouped into one category, indicating the similar sources, such as dissolution and cation exchange. Sulfate ions in lake water were divided into different categories in frozen and non-frozen seasons. This is mainly due to the thermal power industry and SO42− were more influenced by human activities in winter. The groundwater in the non-frozen season (Figure 5c) can be divided into two categories at the average distance >18. Indicators in Cluster 1 and Cluster 2 were mainly dominated by the natural factors and human activities, respectively. Four groups of groundwater may be distinguished in the frozen period at an average distance of 15 (Figure 5d). TDS, Cl−, and SO42− were in Cluster 1, which indicated that Cl− and SO42− are the dominant anions in groundwater during the frozen period. CO32− and HCO3− had a high correlation (0.78) according to the correlation analysis results and were classified in the same group.




3.4.3. Principal Component Analysis (PCA)


PCA results (Figure 6) revealed that the indicators with a high correlation with PC1 included TDS, Na+, Mg2+, CO32−, HCO3−, and SO42−, whereas NO3− had a higher correlation with PC2. HCA analysis results showed that the eight principal ions are mostly related to the dissolution and NO3− is mostly produced by human activity. Thus, the eight main ions and NO3− are therefore somewhat suggestive of natural and anthropogenic influences on the chemical composition of the water. PC1 showed positive loading values for all water chemistry indicators in the non-frozen groundwater, including SO42−, Na+, Mg2+, Ca2+, K+, and TDS ions, and PC2 showed higher loading values for NO3−. PC1 had positive loading values for all water chemistry indicators in the lake water during the non-frozen season. Most of the major chemical ions in lake water and groundwater fell into the fourth quadrant, indicating that groundwater is influenced more by natural factors and less by anthropogenic factors.



The ions in groundwater during the frozen period were primarily distributed in quadrants 1 and 4, with TDS, Cl−, SO42−, K+, Ca2+, and Mg2+ having high positive loading values on PC1 and the loading values of water chemical indexes on PC2 showing some divergence. This shows that the groundwater during the frozen period is primarily influenced by natural factors [45], with anthropogenic factors being auxiliary. The majority of characteristic lake water ions were distributed in the positive half axes of PC1 and PC2, indicating that the lake water was influenced by water-rock interactions and human activities during the frozen period. Overall, the axes of PC1 show that natural factors, such as groundwater dissolution and filtration and salt rock dissolution affect the water chemistry of the water bodies, whereas the axes of PC2 show that anthropogenic factors affect the water chemistry of water bodies. Therefore, the contribution of natural and anthropogenic factors to the variability of water chemistry data can be identified through PC1 and PC2 [46]. Based on the multivariate statistical method [47], we identified three primary ions (Ca2+, NO3−, and SO42−) as the key control variables of natural and anthropogenic influences on the water chemistry features of groundwater.





3.5. Spatial-Temporal Differentiation of Water Chemistry in the Hulun Lake Basin


Figure 7 shows that the differences in the spatial distribution characteristics of the normative ion concentrations in the water bodies of Hulun Lake between the frozen and non-frozen periods were large. Moreover, the spatial patterns of lake water and groundwater may indicate the potential path by which groundwater flows into the lake.



Ca2+ showed a decreasing trend from the north to the south during the frozen period, probably due to the decrease of lake water recharge and mineral input to the lake during the frozen period (Figure 7a,b). At this time of year, the groundwater chemical fraction is the main factor controlling the lake chemistry. In contrast, during the non-frozen season, river runoff increases and the mineral-rich and easily weathered areas on both sides of the Kherlan River lead to increased Ca2+ content. Combined with the regional geological conditions, the marginal fracture ice structure of Hulun Lake during the frozen period is distributed around the lake shore, and the fracture ice body in the center of the lake is developed along the long axis [48]. Therefore, the increase of Ca2+ concentration in the center of the lake was mainly related to groundwater discharge along the marginal tectonic fracture zone from the east and west shores of the lake to the lateral fracture in the center of the lake, which was the potential groundwater discharge area.



As shown in Figure 7c,d, the spatial distribution of NO3− during the frozen period was characterized by a gradual decrease in concentration from the center of the lake to the surrounding area [49]. The NO3− concentration of nutrient salts in the ice body was higher at −25 °C [50]. The aquifer on the eastern shore of the lake is sandy and gravelly and has a fast recharge rate of groundwater. The unconsolidated aquifer also provides a recharge channel for groundwater on the eastern side, which has a certain influence on the increase of nutrient salt concentration in the lake on the eastern shore. The nitrogen pollution in the Kherlan River is serious, which is higher during the non-frozen period compared to the frozen period.



Except for Urson River (which was not frozen when sampled), the concentration of sulfate ions at the inlet of other rivers was higher than the average concentration of sulfate ions in the lake. It may be related to groundwater discharge, which leads to a higher concentration of ions at the mouth of the river. However, the SO42− concentration at the Hailar inlet was low due to the dilution effect of the river recharge (Figure 7e,f).



Our combined data indicate that groundwater from the east and west shores of the lake is recharged to the central part of the lake through the fault, resulting in increased ion concentration in the lake. The sandy aquifers and fault structures on the eastern side are the main recharge channels for groundwater during the non-frozen period, and the shallow aquifers are affected by freezing during the frozen season. Overall, groundwater in Hulun Lake is mainly recharged through subsurface runoff, fracture structures, and fractured aquifer structures during the frozen period; during the non-frozen period, it is mainly recharged through subsurface runoff, fracture structures, and sandy aquifers.





4. Conclusions


The major cation in the lake water during the frozen season was of the HCO3-SO4-Cl-Na type. HCO3-SO4-Cl-Na type and HCO3-Na-Ca-Mg were the primary water chemistry types of the lake during the frozen season. The surface contaminants more easily affected the groundwater in the eastern part of the lake through leaching and this resulted in two different hydrochemical types of SO4-Cl-Na and HCO3-Na in the eastern and western parts of the lake, respectively. During the non-frozen period, evaporation and concentration influenced the chemical composition of groundwater, whereas in the frozen period, rock weathering, evaporation, and concentration dominated the groundwater chemistry.



TDS was negatively correlated with NO3− and positively connected with other ions. Three primary ions (Ca2+, NO3−, and SO42−) were identified as the key control variables for natural and anthropogenic influences on the water chemistry of groundwater and lake water. The groundwater discharge into the center of the lake through the tectonic fault zone may lead to high concentrations of certain ions. In the non-frozen season, groundwater discharges into the lake through the sandy aquifer and tectonic fault around the lake shore. While in the frozen period, deep groundwater might infiltrate into the lake mainly through fissured bedrock aquifer.



To explore the geographical and temporal patterns of water chemistry and the factors that influence lake water and groundwater in the Hulun Lake area, we combined hydrogeochemical, multivariate statistical, and spatial interpolation methods. However, water circulation mechanism still needs advanced research. Thus, long-term groundwater monitoring and isotopic methods should be combined in future research to precisely characterize the relationship between lakes and groundwater in cold and arid regions.
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Figure 1. Plot of the Hulun Lake area and distribution of the sampling points. 
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Figure 2. Piper diagrams of groundwater chemical concentrations in different seasons in each water body in the study area. A1: non-frozen period; A2: frozen period. 
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Figure 3. Gibbs diagram of the main water chemical ions in different seasons in each water body in the study area. B1: non-frozen period; B2: frozen period. 
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Figure 4. Correlation of the major ions between lake water and groundwater during the different seasons: (a) non-frozen season; (b) frozen season. 
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Figure 5. Hierarchical cluster analysis of the water bodies in Hulun Lake Basin in different seasons: (a) lake water in the non-frozen season; (b) lake water in the frozen season; (c) groundwater in the non-frozen season; (d) groundwater in the frozen season. 
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Figure 6. Principal component analysis of the major ions in water bodies in the Hulun Lake Basin in different seasons: (a) lake water in the non-frozen season; (b) groundwater in the non-frozen season; (c) lake water in the frozen season; (d) groundwater in the frozen season. 
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Figure 7. Spatial interpolation map of the main hydrochemical ions in the Hulun Lake Basin: (a) Ca2+ concentration during the frozen season; (b) Ca2+ concentration during the non-frozen season; (c) NO3− concentration during the frozen season; (d) NO3− concentration during the non-frozen season; (e) SO42− concentration during the frozen season; (f) season SO42− concentration during the non-frozen. 
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Table 1. Results of water chemistry analysis during the frozen and non-frozen seasons in the Hulun Lake Basin.
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Period

	
Type

	

	
pH

	
TDS

(mg/L)

	
DO

(mg/L)

	
Na+

(mg/L)

	
K+

(mg/L)

	
Ca2+

(mg/L)

	
Mg2+

(mg/L)

	
CO32−

(mg/L)

	
HCO3−

(mg/L)

	
SO42−

(mg/L)

	
Cl−

(mg/L)

	
NO3−

(mg/L)






	
Non-frozen Period

	
Lake water

	
Min

	
8.7

	
830

	
8.7

	
96.7

	
2.7

	
33.6

	
27.5

	
36.9

	
221

	
50.7

	
62.7

	
0.01




	
Max

	
9.2

	
1.52 × 103

	
9.7

	
201

	
5.5

	
74.9

	
55.5

	
83.6

	
354

	
108

	
137

	
0.13




	
Mean

	
9.0

	
1.36 × 103

	
9.3

	
168

	
4.8

	
49.7

	
45.7

	
70.8

	
322

	
93.2

	
120

	
0.04




	
SD

	
0.1

	
150

	
0.2

	
23.9

	
0.6

	
9.01

	
7.30

	
10.2

	
28.1

	
11.9

	
16.0

	
0.04




	
River water

	
Min

	
7.6

	
239

	
5.1

	
20.1

	
0.6

	
17.3

	
7.70

	
0.01

	
88.5

	
8.50

	
4.40

	
0.01




	
Max

	
9.0

	
1.20 × 103

	
13

	
148

	
4.2

	
59.9

	
45.1

	
63.9

	
285

	
79.4

	
104

	
0.02




	
Mean

	
8.2

	
459

	
9.1

	
42.4

	
1.6

	
32.6

	
17.7

	
21.1

	
159

	
20.3

	
24.1

	
0.02




	
SD

	
0.4

	
246

	
1.8

	
32.9

	
1.1

	
11.8

	
9.50

	
15.6

	
51.4

	
19.1

	
26.9

	
0.00




	
Groundwater

	
Min

	
5.2

	
558

	
1.9

	
31.9

	
0.4

	
13.5

	
8.10

	
0.01

	
143

	
31.2

	
17.0

	
0.04




	
Max

	
11

	
1.08 × 104

	
11

	
2.30 × 103

	
5.0

	
208

	
431

	
145

	
1.08 × 103

	
1.33 × 103

	
4.11 × 103

	
72.0




	
Mean

	
7.6

	
2.90 × 103

	
4.8

	
501

	
1.4

	
63.5

	
76.5

	
56.8

	
406

	
333

	
465

	
9.44




	
SD

	
1.1

	
2.51 ×103

	
2.4

	
538

	
1.0

	
44.0

	
90.2

	
33.6

	
271

	
375

	
856

	
15.9




	
Frozen Period

	
Lake water

	
Min

	
8.0

	
467

	
8.9

	
43.5

	
6.8

	
7.10

	
9.70

	
7.30

	
191

	
24.5

	
15.8

	
0.01




	
Max

	
9.6

	
1.90 × 103

	
16

	
309

	
42

	
35.0

	
36.6

	
62.8

	
522

	
156

	
31.6

	
0.05




	
Mean

	
9.1

	
1.44 × 103

	
14

	
233

	
32

	
15.2

	
21.9

	
45.0

	
409

	
113

	
26.4

	
0.03




	
SD

	
0.4

	
378

	
1.6

	
68.2

	
9.4

	
5.90

	
6.70

	
16.9

	
64.2

	
33.1

	
3.60

	
0.01




	
River water

	
Min

	
8.0

	
145

	
9.1

	
19.6

	
2.9

	
8.50

	
3.90

	
2.40

	
114

	
15.1

	
7.60

	
0.02




	
Max

	
9.2

	
747

	
16

	
263

	
36

	
20.0

	
22.3

	
53.1

	
425

	
129

	
153

	
0.36




	
Mean

	
8.5

	
340

	
13

	
89.1

	
12

	
15.8

	
10.1

	
20.2

	
225

	
47.4

	
47.5

	
0.19




	
SD

	
0.4

	
237

	
2.2

	
99.8

	
13

	
3.20

	
5.50

	
18.6

	
115

	
46.0

	
59.2

	
0.17




	
Groundwater

	
Min

	
6.8

	
346

	
3.2

	
34.4

	
1.8

	
4.20

	
4.02

	
0.02

	
164

	
14.8

	
17.4

	
0.62




	
Max

	
8.5

	
1.07 × 104

	
9.4

	
2.01 × 103

	
17

	
97.8

	
307

	
87.0

	
1.05 × 103

	
3.05 × 103

	
2.73 × 103

	
87.0




	
Mean

	
7.8

	
2.24 × 103

	
5.9

	
506

	
4.8

	
22.0

	
37.1

	
31.1

	
483

	
539

	
429

	
26.8




	
SD

	
0.4

	
2.45 × 103

	
1.9

	
546

	
3.3

	
18.8

	
63.0

	
21.5

	
272

	
741

	
639

	
23.3
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