

  water-12-01467




water-12-01467







Water 2020, 12(5), 1467; doi:10.3390/w12051467




Article



Using Isotopes (H, O, and Sr) and Major Ions to Identify Hydrogeochemical Characteristics of Groundwater in the Hongjiannao Lake Basin, Northwest China



Chu Wu, Xiong Wu *, Wenping Mu and Ge Zhu





School of Water Resources and Environment, China University of Geosciences (Beijing), Beijing 100083, China









*



Correspondence: wuxiong@cugb.edu.cn







Received: 17 March 2020 / Accepted: 19 May 2020 / Published: 21 May 2020



Abstract

:

Hongjiannao Lake is the largest desert freshwater lake in the Ordos Plateau, China, and the relict gull is an endangered species that uses the lake for its habitat, with the largest colonies being located there. Using hydrochemical parameters, stable hydrogen and oxygen isotopes, and strontium isotopes, we investigated the hydrogeochemical characteristics of groundwater. As a result, the major cations of the groundwater were found to be Ca2+ and Na+, the major anion was found to be HCO3−, and the hydrochemical facies were mainly found to be HCO3–Ca, HCO3–Na. and HCO3–Ca–Na. The hydrochemical formation of groundwater was controlled by both evaporation and water–rock interactions, and carbonate and sulfate minerals dissolved or precipitated in the groundwater. On the basis of isotope analysis, groundwater was affected by evaporation and δ18O enrichment, and the higher salinity of Hongjiannao Lake suffered from intensive evaporation. The higher 87Sr/86Sr ratio and lower concentrations of Sr2+ in the groundwater were derived from the dissolution of silicate minerals, whereas the opposite concentrations were due to the dissolution of carbonate and sulfate minerals. Based on this work, such results can be used to research groundwater recharge into the lake and to protect water quality.






Keywords:


isotope; hydrogeochemistry; groundwater flow; deuterium excess












1. Introduction


Water resources in China are unevenly distributed over space and time [1,2]. Northwest China is a region with severe drought and water shortage, and the protection and sustainable use of water resources is very important [3]. Moreover, groundwater plays a significant role in economic development in arid or semiarid areas [4], and it is necessary to first understand the hydrogeochemical characteristics and quality of groundwater [1,5]. The hydrochemical and isotopic method is one of the most common and effective approaches to identify the hydrogeochemical characteristics of groundwater. The chemical composition of groundwater is controlled by the composition and quantity of its rainfall, its geological structure, its aquifer minerals, and the hydrochemical evolution processes along its flow paths [6]. In combination with other data on geology, hydrology, and isotopes, information on groundwater hydrochemistry can be helpful in understanding the hydrogeochemical characteristics of groundwater [7,8]. In recent years, hydrochemistry and isotope approaches have become integral parts of the study of the hydrogeochemical characteristics of groundwater [9,10,11,12].



There are many lakes of varying sizes in the Ordos Plateau, Northwest China. Hongjiannao Lake (HL) is the largest desert freshwater lake in China, and seven seasonal rivers flow into it. The water filling HL can have many origins: Rainfall is a major source of water for HL, and other sources are periodic overflows from rivers and groundwater discharge. The relict gull (Larus relictus) has been listed as an endangered species on the international union for conservation of nature (IUCN) Red List, and it uses the only island in HL as the habitat for its largest colonies [13]. In recent years, more severe human activity and climate warming have resulted in a continual decrease in the area of HL, and the water quality of HL has deteriorated [14]. Water shortages are becoming an increasing concern in the sustainable development of the Hongjiannao Lake area, which calls for the integrated and optimized management and utilization of groundwater and surface water resources. Liang and Yan (2017) investigated lake area variations and relict gull habitats by using Landsat imagery of Hongjiannao Lake [14]. Other studies have focused on the spatiotemporal changes in the water area and ecological environment in Hongjiannao Lake [13,15,16]. Moreover, many scholars have provided information on the origin, recharge mechanism, flow characteristics, and discharge behavior of groundwater in the Ordos Basin [17,18]. There is little research on hydrogeochemical characteristics on a local scale for the Hongjiannao Lake Basin, so we can better understand the processes that deliver chemicals to the lake by studying its groundwater chemistry, and it is necessary to conduct a detailed investigation of these aspects.



Moreover, hydrogeology studies can use the 87Sr/86Sr ratio to determine water–rock interactions along the flow path and to identify dissolution and precipitation events. Liotta (2017) used the 87Sr/86Sr ratio to trace the groundwater flow in the volcanic edifice of Mt. Etna [19]. Similarly, other scholars have calculated the 87Sr/86Sr ratio and used other isotopes and hydrochemical characteristics to investigate groundwater flow and characterization in some areas [20,21,22,23]. According to an analysis of the Sr concentration and the 87Sr/86Sr ratio in an aquifer matrix of the Cretaceous Basin, Ordos Plateau, Su (2011) revealed that silicate minerals have a lower Sr concentration and a higher 87Sr/86Sr ratio, and carbonate and sulfate minerals have the opposite properties [24]; here, many of the ion concentrations and the 87Sr/86Sr ratio were found to be dependent on the interaction of the groundwater with the aquifer matrix [25]. Hence, spatial variations in the chemistry of groundwater and the 87Sr/86Sr ratio can be useful in elucidating the hydrogeochemical characteristics of groundwater.



In the study area, knowledge of the hydrogeochemical characteristics of groundwater is a key issue for the sustainable use of water resources and for mitigating the deterioration of the ecological environment. Given this, using hydrochemical parameters, hydrogen and oxygen isotopes, and Sr isotopes, we investigated the hydrogeochemical characteristics and their changes along the groundwater flow path of Hongjiannao Lake according to south–north and west–east profiles. Based on the hydrogeochemical characteristics of groundwater, we could evaluate the groundwater quality for the sustainable use of water resources, and we could establish a numerical model of groundwater to study groundwater discharge into the lake.




2. Description of the Study Area


2.1. Study Location and Climate


The study area (Hongjiannao Basin) comprises Hongjiannao Lake (HL) and many seasonal rivers; all rivers and groundwater drain into HL. HL is a young inland lake and the largest desert freshwater lake in China. Hongjiannao Basin (HB) is located in the mid-north region of the Ordos Basin and in the south of Ordos City, Inner Mongolia Autonomous Region (Figure 1), and it constitutes a surface area of approximately 1440 km2. HL is the largest desert freshwater lake in China with a water surface area of approximately 35 km2, and its maximum depth is approximately 7 m. It is located at the eastern edge of the Maowusu desert and belongs to both Inner Mongolia and Shaanxi Province. HB has an arid or semiarid temperate plateau continental climate with low rainfall and high evaporation. The average annual rainfall is 359.6 mm, and the annual rainfall is concentrated between July and September, which accounts for 69% of the total annual rainfall [14]. The average annual evaporation of 2485.2 mm is approximately seven times the average annual rainfall. The region is dominated by western and northwestern trade winds with an average annual velocity of 3.4 m/s, and the average annual temperature is 8.5 °C [16].




2.2. Hydrological, Geological and Hydrogeological Setting


Five rivers flow into HL (Figure 1). The Zhasake River, the Manggaitu River. and the Mudushili River are affiliated with Inner Mongolia, and inflows from these rivers account for approximately 63% of the river water flowing into the lake. The other two rivers, the Qibusu River and the Erlintu River, are located in Shaanxi Province [16]. In terms of the regional geology, the area belongs to the Yimeng uplift of the Ordos platform syncline and is located in the eastern region of the Yimeng uplift. The local watershed comprises three major geological time slices: the Jurassic, Cretaceous, and Quaternary periods.



The Quaternary lacustrine-pluvial deposit mainly consists of sand gravel and medium-coarse sand with a thin layer of clayey sand, a diluvial-pluvial deposit of fine sand, silt, sandy clay, medium-coarse sand, and an eolian deposit of fine sand that constitutes the Quaternary aquifer (Figure 2). The distribution of the Quaternary aquifer is variable, and the thickness varies greatly from 1 to 30 m. The depth of the groundwater is dominated by the terrain. The Luohe Formation of the Cretaceous aquifer is overlain by desert sediments and fluvial sediments, which consist of quartz sandstone and arkose sandstone, occasionally with thin mudstone and local gypsum. The Huanhe Formation of the Cretaceous aquifer is dominated by fluvial sediments that comprise arkose sandstone and pebbly sandstone, occasionally with thin mudstone and argillaceous siltstone. The Cretaceous aquifer of the Luohe and Huanhe Formations have close hydraulic connections with the overlying Quaternary aquifer. The thickness of the Cretaceous sediments gradually decreases from east to west until encountering the underlying Jurassic sediments, which consist of mudstone, sand mudstone, and coal, as a relative aquiclude. In terms of the terrain topography, HL is located in low-lying terrain, and the HB boundary with higher terrain can be regarded as a local watershed. Quaternary groundwater runs off with the terrain draining into HL, and Cretaceous groundwater basically dominates horizontal flow from east to west, encountering the Jurassic aquiclude and draining into HL.





3. Data and Methods


3.1. Sample Collection and Analysis


In the study area, groundwater samples were collected from hand-pumped tube wells and motor-pumped wells, lake water samples were taken from 1–2 m below the water surface by a hand-held peristaltic pump, and lake-bottom sediments were taken from 0.5 m below the sludge deposits by a piston-column bottom sampler (TC-600H) in August 2018. Groundwater and lake water samples were filtered through 0.45 μm membrane filters and collected in clean and dry polyethylene plastic bottles after pumping until the flowing water showed stabilized temperature, pH, dissolved O2, and



Eh values. The water samples used for the major element and strontium isotope analysis were collected in 100 mL HNO3 washed polyethylene plastic bottles, followed by the addition of 6 M HNO3 to obtain a pH < 2. Sample collection, handling, and storage followed the standard procedures recommended by the Chinese Ministry of Water Resources. Meanwhile, field-based water parameters, such as temperature, pH, and electric conductivity (EC), were measured in situ with a multi-parameter portable meter (HANNA, HI9828). HCO3− was titrated in the field using a portable testing kit produced by Merck KGaA Co. (Germany). Chemical and isotope analyses of water samples and sediment samples were performed at the Nuclear Industrial Geology Analysis and Testing Research Center, Beijing, China. Unfiltered samples for the stable water isotope (δD and δ18O) analyses were collected in 50 mL High Density Polyethylene (HDPE) bottles and sealed with Polyethylene (PE) caps. The dissolved concentrations of major anions (Cl−, NO3−, and SO42−) and cations (Ca2+, Mg2+, K+, and Na+) were analyzed by means of ion chromatography (ICS-1100 systems). The strontium concentrations were measured using inductively coupled plasma–mass spectrometry (ICP–MS, NexION300D), calibrated with a multi-element standard. The relative standard deviation for the replicates of all major ions and strontium concentrations analyses was within ± 5%. 87Sr and 86Sr were measured using a Finnigan MAT-253 multiple collector thermal ionization mass spectrometer (TIMS). All reported values of the 87Sr/86Sr ratios were normalized for fractionation to 87Sr/86Sr = 0.1194, and the measured value of the NIST_NBS 987 (SrCO3) standard was 0.710242 ± 0.000012 (2σ, n = 16). The stable isotopes (δD and δ18O) were measured using a Delta and XP isotope ratio mass spectrometer (IRMS). The isotopic composition of oxygen and hydrogen are reported in the usual δ-scale in parts per thousand [26]:


   δ  sample    ( ‰ )  =    R  sample   −  R  standard      R  standard     × 100  



(1)




where R is D/H, or the 18O/16O abundance ratio. Reported values were corrected on the VSMOW2/SLAP2 scale. Repeated analyses of in-house reference water showed a precision better than ±0.1‰ for 18O/16O and ±1.0‰ for D/H.




3.2. Methods


The saturation index (SI) is used to describe the equilibrium state of water with respect to mineral phases and to determine the dissolution or precipitation of minerals in rock–water interactions [1,5,6]. This index was calculated by using Equation (2):


  SI = log (   IAP    K S    )  



(2)




where IAP is the ion activity product of the solution and Ks is the solubility product of the mineral. SI = 0 indicates equilibrium, SI > 0 indicates oversaturation (precipitation), and SI < 0 indicates undersaturation (dissolution).



Based on the previous research results and stratum feature in the study area, we calculated the SIs of calcite, dolomite, and gypsum by using the hydrochemical parameters of groundwater. According to the change of SIs along the groundwater flow path, we investigated the dissolution or precipitation of minerals and water–rock interactions.



The cation exchange was confirmed by chloro-alkaline CAI-1 [1,27], and the index was usually calculated using the following formula:


   CAI - 1 =      Cl  −  −  (    Na  +     + K   +   )      Cl  −     



(3)







If the index was greater than zero, this indicated the exchange of Na+ and/or K+ in the groundwater with Mg2+ and/or Ca2+ in aquifer materials. If the index was negative, then the cation exchange occurred in the reverse order. Furthermore, if the absolute values of the index were greater, a stronger cation exchange occurred in the groundwater environment.



In the study area, we investigated hydrochemical characteristics by the change of CAI-1 along the groundwater flow path. Moreover, we calculated the hydrochemical facies of groundwater by using the AQQA software. The change of hydrochemical facies along the groundwater flow path better explained the hydrogeochemical characteristics of the groundwater.



Dansgaard (1964) proposed that the surplus of deuterium relative to the global meteoric water line (GWML, slope = 8) can be denoted by d, also known as the d-index (Equation (4)), and can apparently be used for indicating nonequilibrium conditions [26].


  d =  δ D  − 8 × δ  O     18   



(4)







The d-index can reflect the imbalance of the degree of evaporation intensity and the condensation process of rainfall [28].



Moreover, isotope exchange was accompanied by water–rock interactions in the groundwater environment. The isotope exchange did not significantly affect the δD value of the groundwater, and the oxygen isotope exchange caused δ18O enrichment; the d-index had a tendency to decrease in the groundwater environment [29]. There are several kinds of isotope exchange reactions [30], such as those shown in Equations (5)–(7).



The 18O exchange between water and calcite:


    CaCO  2   O     18     + H   2  O ⇌   CaCO  3     + H   2   O     18   



(5)







The 18O exchange between water and quartz:


  SiO  O     18     + H   2  O ⇌   SiO  2     + H   2   O     18   



(6)







The 18O exchange between water and anorthite:


    CaAl  2    Si  2   O 7   O     18     + H   2  O ⇌   CaAl  2    Si  2   O 8     + H   2   O     18   



(7)







In the groundwater environment, stronger water–rock interactions were accompanied greater isotope exchange, making the d-index smaller. In other words, the value of the d-index could be used to indicate the degree of isotope exchange between water and rock. The smaller d-index of groundwater or the greater difference in the d-index between that of groundwater and that of the recharge area suggested that the groundwater flow path rate was slow and that its stagnation time was long and may have been affected by evaporation [31].





4. Results and Discussion


4.1. Hydrochemical Characterization


As shown in Table A1, the groundwater had a concentration of Na+ ranging from 10.10 to 152.00 mg/L, and the mean concentration of Na+ was 58.05 mg/L. In general, Cl− and Na+ had a strong correlation in the groundwater environment; the mean concentration of Cl− was 25.71 mg/L, which was smaller than that of Na+, and may have been due to the cation exchange [1,5]. In the study area, calcite and dolomite were common carbonate minerals. Ca2+, Mg2+, and HCO3− in the groundwater mainly came from the dissolution of carbonate minerals; the mean Ca2+ concentration of 53.08 mg/L was higher than that of Mg2+ (14.70 mg/L), and the mean concentration of HCO3− was 260.67 mg/L. The aquifer matrix contained gypsum locally, the excess Ca2+ may have come from the dissolution of gypsum, and the mean SO42− concentration of 53.08 mg/L was less than that of Ca2+. In general, the major cations for the groundwater were Ca2+ and Na+, and the major anion was HCO3− in the study area. The hydrochemical facies of the groundwater were calculated by the AQQA software, as shown in Table 1. The dominant hydrochemical facies of groundwater were found to be the HCO3–Ca–Na, HCO3–Ca, and HCO3–Na types in the study area. Then, we analyzed the hydrogeochemical characteristics of the groundwater along the south–north and west–east profiles.




4.2. TDS Concentration Variations


Section A–A’ starts at the upper reaches of the Zhasake River and extends to the upper reaches of the Eelintu River with a total length of approximately 37 km (Figure 3a). In terms of the terrain topography, the terrain is slightly undulating along the section from 1475 to 1230 m until 1249 m, and the HL level is the lowest. The thickness of the Quaternary aquifer in the western part of HL is uniform with an average of 7 m. Section B–B’ starts at the upper reaches of the Qibusu River and extends to the northern mountain region with a total length of 31 km (Figure 3b). It has flat terrain with an elevation from 1276 to 1265 m. On both sides of the section, the thickness of the Quaternary strata is uniform at approximately 27 m, and the thickness of the Cretaceous sandstone is thin with an average thickness of 15 m. The Quaternary aquifer south of the lake mainly consists of lacustrine-pluvial and diluvial-pluvial sand, and the groundwater depth is shallow at 1–2 m.



Table A1 shows the hydrochemical parameters and isotopes (H, O, and Sr) of the water samples. There were six groundwater samples and two lake water samples from section A–A’. Among the five groundwater samples taken from Cretaceous pore-fissure water, the total dissolved solids (TDS) concentration began to increase and then decrease along the groundwater flow path northwest of HL (Figure 4a). The lake water had a TDS concentration of approximately 7.0 g/L due to strong evaporation [32,33]. Moreover, the Quaternary pore water (D01) east of HL with a depth of approximately 3.11 m had a TDS concentration of 536 mg/L, which was greater than that of the Cretaceous pore-fissure water.



For section B–B’, five groundwater samples were taken from the Quaternary aquifer, and one (D20) was taken from the Cretaceous aquifer. As shown in Figure 4b, the TDS concentration began to increase and then decrease along the groundwater flow path on both sides of the section until reaching the lake, and the TDS concentration in the lake water sample was up to 7.0 g/L. The D15 groundwater sample was from a location north of Qiaojia Lake (reedy marshes), and the groundwater depth was 1.36 m. The TDS concentration in phreatic water varied spatially, and was closely related with the strong evaporation conditions in the Northwest, China [32]. The TDS concentration of D15 was 787 mg/L, which may have been due to both groundwater recharge by the surface water of Qiaojia Lake and strong evaporation. Moreover, the groundwater (D23) depth was shallow at 2.85 m, which may have been due to evaporation, which resulted in a TDS concentration of up to 782 mg/L [4,32].



Both sections showed consistent changes in TDS concentration, except for the D01 groundwater sample. At both ends of the sections, groundwater was mainly recharged by rainfall with lower TDS concentrations. TDS concentrations began to increase and then decrease along the groundwater flow path. Closest to the lakeshore, groundwater became fresher because of mixing due to the convergence of flows from Cretaceous groundwater flow paths.




4.3. Hydrochemical Variations along Groundwater Flow Path


The major cations for the groundwater were Ca2+ and Na+, and the major anion was HCO3− in section B–B’. For the southern portion of section B–B’, the dominant hydrochemical facies of the Quaternary groundwater was the HCO3–Ca type, and gypsum was in a dissolution state; in contrast, calcite and dolomite generally tended to precipitate (Table 1). The three SIs of sample D15 were greater than those of D46 and D04, and CAI-1 was smaller. When combined with the results in the chapter of TDS concentration variation, it can be observed that D15 sample had a weaker water–rock interaction and stronger evaporation than the other two samples [4,5]. As shown in Table 1, the dominant hydrochemical facies of the samples from the northern portion of section B–B’ were the HCO3–Ca–Na, HCO3–Ca, and HCO3–Na types, and the SI of minerals was similar to that from the southern portion of section B–B’. The Ca2+ was mainly derived from the dissolution of gypsum, the CAI-1 of the D20 sample was −5.86, and a stronger cation exchange occurred between the dissolved Ca2+ in the groundwater and the absorbed Na+ on the surface of the clay minerals that released abundant Na+ into the groundwater. This result was consistent with the analysis of stable isotopes, which indicated that the D20 sample had a stronger water–rock interaction than the other samples.



Meanwhile, groundwater flow to the D23 sample indicated that calcite and dolomite had a stronger oversaturation and that the undersaturation of gypsum was weaker than at the other sampling locations. The CAI-1 of the D23 sample was positive, indicating that the dissolved Na+ in the groundwater exchanged absorbed Ca2+, and then the Na+ concentration decreased. The hydrochemical facies changed from the HCO3–Ca–Na type to the HCO3–Ca type, also suggesting that groundwater flow near the D23 sampling point was rapid and that it had weaker water–rock interactions. The hydrochemical facies of the D12 sample near the discharge area was of the HCO3–Ca type, the SI values slightly increased, and the cation exchange changed direction, which revealed stronger water–rock interactions and a slower groundwater flow in the groundwater environment compared to that at the other sampling locations.



The major cations in the groundwater were Ca2+ and Na+, and the major anion was HCO3− in section A–A’. As shown in Table 1, in the western portion of section A–A’, the hydrochemical facies of the groundwater samples were the HCO3–Ca, HCO3–Ca–Na, and HCO3–Na types, and the Na+ gradually replaced the Ca2+ along the groundwater flow path. The D37 sample was located in the upper reach of the Zhasake River, and the groundwater was mainly recharged by rainfall. From D37 to D55, the SI values of calcite and dolomite slightly decreased, and the dissolution of gypsum and the cation exchange became weaker, suggesting weaker water–rock interactions. In the groundwater flow area, gypsum in the D42 sample was in a dissolution state, and the dissolved state of calcite and dolomite tended towards equilibration. Meanwhile, a stronger cation exchange occurred between the dissolved Ca2+ in the groundwater, and Na+ was absorbed on the surface of the clay minerals; the hydrochemical facies was the HCO3–Ca–Na type. In the D26 sample, the cation exchange was basically unchanged, the SI values increased, and the hydrochemical facies was also of the HCO3–Ca–Na type. Near the discharge area, the SI values for calcite and dolomite were close to zero, the dissolved Ca2+ in the groundwater positively exchanged absorbed Na+, and the hydrochemical facies of the D09 sample was the HCO3–Na type.



As a whole, the major cations in the groundwater were Ca2+ and Na+, the major anion was HCO3−, and the hydrochemical facies changed cations along the groundwater flow path. The gypsum was actively dissolved in the groundwater; however, calcite and dolomite tended to precipitate, and hydrochemical formation was mainly influenced by both water–rock interactions and evaporation [1,5].




4.4. Stable Water Isotopes (δD and δ18O)


As shown in Figure 5, groundwater samples were located at the right of the global meteoric water line (GMWL, δD = 8δ18O + 10) and local meteoric water line (LMWL, δD = 6.4δ18O − 4.07) from Baotou, Inner Mongolia, China, and the lake samples basically fell on the LMWL [33]. In the study area, all water samples were located near the GMWL and LMWL. Evaporative enrichment at the open water surface is created by the enrichment of the heavier isotopes [34]. The lake water samples fell into the LMWL, indicating that the lake water was mainly recharged by atmospheric rainfall, and it had heavier isotopes, because open water is affected by intensive evaporation [6,35]. The groundwater samples plotted in the lower right from the GMWL and LMWL, indicating that groundwater was of a meteoric origin and a “δ18O shift” to a differing extent took place. as did a relatively strong water–rock interaction. This can be explained by an isotope exchange reaction [4,6,7,36].



As shown in Figure 4c, the stable isotope values (δ18O and δD) of the groundwater from the Cretaceous aquifer gradually decreased along the groundwater flow path from section A–A’, and the difference value of δ18O was positively correlated with the distance between sampling points. The groundwater sample D37 was located in the regional watershed with the lowest δ18O value, which had an obvious and significant influence on the groundwater. The d-index of sample D55 was −8.6‰ (Table 1), with a groundwater depth of approximately 6 m, suggesting that this area has stronger water–rock interactions and a slower groundwater flow rate.



On the other hand, the stable isotope values of the Quaternary groundwater gradually increased along the groundwater flow path in the south region of section B–B’ (Figure 4d). The groundwater sample D46 was located in the upper reach of the QPR, where the groundwater was mainly recharged by rainfall, and its stable isotopes were close to those for rainfall. The average d-index was 2.86‰, which indicated a rapid groundwater flow rate, and the δ18O and δD were gradually enriched, mainly due to evaporation. The situation in the north region of section B–B’ was opposite to that of the south, and the δ18O and δD of the groundwater gradually decreased along the groundwater flow path. In sample D20, taken from the Cretaceous aquifer with a groundwater depth of 19.4 m and a d-index of −10‰, the lateral recharge of the northern mountain area had a stronger water–rock interaction. Moreover, the d-indexes of samples D23 and D12 were 4.2‰ and −0.6‰, respectively, with shallower groundwater depths, suggesting that the groundwater chemistry was affected by both evaporation and water–rock interactions [33,34].




4.5. Sr Concentration and Sr Isotopic Characterization


4.5.1. Sr Isotope and Concentrations


Studies applying strontium isotopes have been used to determine the sources of solutes in groundwater [37,38], to understand the hydrochemical evolution of groundwater [39,40], and to quantify the contributions of different sources of groundwater [41,42]. Differences in 87Sr/86Sr ratios between the different aquifers and between the ratios in an aquiferous medium and the ratios in rainfall make strontium an ideal tracer for identifying groundwater flow paths and water–rock interactions, as well as for studying the influence of rainfall on groundwater recharge [43]. Based on previous studies of strontium isotopes for Cretaceous groundwater in the Ordos Basin [24,44], a mineral analysis by X-ray diffraction revealed that the matrixes of aquifers mainly consisted of quartz, K-feldspar, albite, calcite, dolomite, illite, and chlorite, and a gypsum-bearing layer was often found in aquifers as evidence of the presence of gypsum minerals. Moreover, Su (2011) analyzed the strontium concentrations and the 87Sr/86Sr ratio of minerals in the matrix of aquifers, suggesting lower strontium concentrations and higher 87Sr/86Sr ratios in the silicate minerals; however, carbonate and sulfate minerals were found to have the opposite characteristics [24].



In section A–A’, the strontium concentrations of the five groundwater samples ranged from 314 to 1941 μg/L, and the 87Sr/86Sr ratio ranged from 0.709848 to 0.711498 (Table A1). The strontium concentrations of the D09 sample was 1941 μg/L, and its 87Sr/86Sr ratio was 0.709848, suggesting that the source of strontium was mainly derived from the weathering dissolution of carbonate and sulfate minerals in the groundwater environment. The higher strontium concentration may have been affected by the Jurassic strata. The D37 sample had a higher 87Sr/86Sr ratio and lower strontium concentrations, which may have been due to the silicate minerals dissolved in the groundwater. Moreover, the higher 87Sr/86Sr ratio was close to that of rainfall, indicating that the groundwater was mainly recharged by rainfall. Combined with the sampling position, this situation was in agreement with the hydrogeological survey. As shown in Figure 4e, the 87Sr/86Sr ratio gradually decreased along the groundwater flow path because the dissolution of carbonate and sulfate minerals could have released a lower 87Sr/86Sr ratio and higher strontium concentrations into the groundwater, causing the strontium concentrations of D55 and D09 to increase.



As shown in Table A1, the strontium concentrations and the 87Sr/86Sr ratio were basically unchanged in both lake samples, and the 87Sr/86Sr ratio was close to the lower limit of rainfall (0.71097~0.711682), suggesting that the lake water mainly recharged by rainfall. The T03 and T04 samples were taken from lake-bottom sediments, where the strontium concentrations were found to be 450 and 225 μg/L, respectively, and the 87Sr/86Sr ratios were found to be 0.712705 and 0.715187, respectively (Table 2). These values were all greater than those of the near groundwater samples, indicating that lake-bottom sediments containing Sr minerals were less likely to dissolve into the lake.



Similarly, the strontium concentrations and the 87Sr/86Sr ratios of the groundwater samples ranged from 327 to 1318 μg/L and from 0.710288 to 0.711303, respectively, in section B–B’. The strontium concentrations and the 87Sr/86Sr ratio of the D20 sample were 1318 and 0.710288 μg/L, respectively. Moreover, the D20 and D12 samples were taken from the groundwater runoff area, and the strontium concentrations and the 87Sr/86Sr ratio were affected by mineral dissolution in the water–rock interactions. The results of the stable isotope (δ18O and δD) analysis revealed that groundwater (D46) was mainly recharged by rainfall, and its 87Sr/86Sr ratio was close to the lower limit of rainfall. As shown in Figure 4f, the strontium concentrations and the 87Sr/86Sr ratios increased from D46 to D15. Groundwater (D15) with a shallow depth may have been recharged by Qiaojia Lake, and its 87Sr/86Sr ratio approached the upper limit of rainfall, suggesting that the groundwater was mainly recharged by rainfall and that the higher strontium concentrations may have been due to the dissolution of carbonate and sulfate minerals. As a whole, the D46, D15, and D12 samples in section B–B’ were all taken from shallow groundwater, and their 87Sr/86Sr ratios were close to that of rainfall, indicating that shallow groundwater was mainly recharged by rainfall; the change in strontium concentrations was affected by the dissolution of different minerals in the water–rock interactions. The relationship between the 87Sr/86Sr ratio and δ18O provided an additional test of the regional flow hypothesis [45]. As shown in Figure 6, the 87Sr/86Sr ratio had positive relationship with δ18O as a whole. The 87Sr/86Sr ratio of groundwater increased with δ18O from D46 to D15, which may have been duo to evaporation along the groundwater flow path [35,39]. On the contrary, the 87Sr/86Sr ratio approximately decreased with δ18O from D37 to D09 in the Cretaceous aquifer, and the groundwater chemistry was controlled by water–rock interactions [37,45].



Moreover, the 87Sr/86Sr ratio of the lake-bottom sediments in the two sections ranged from 0.712705 to 0.715187; these values were smaller than those of weathering silicate (0.716–0.720) and greater than that of weathering carbonate (0.708). Yokoo (2004) found that the 87Sr/86Sr ratios of evaporite, carbonate, and silicate minerals were 0.71269, 0.71281, and 0.7141, respectively, by using the continuous extraction of sand minerals in loess plateaus and dune deserts [46]. A mineral isotope analysis of a similar area showed that bottom sediments containing strontium east of HL were mainly evaporite and carbonate minerals, and those west of HL were silicate minerals. Moreover, the T2 and T4 samples from northeast of HL had higher strontium concentrations (530 and 450 μg/g, respectively) than the other samples. The lower 87Sr/86Sr ratios were close to those of the bottom sediments of Dakebo Lake [47] and were similar to those of the matrixes of Cretaceous aquifers, such as in the Huanhe Formation [44].




4.5.2. Sr Isotope Characterization in Groundwater


In the study area, there was a large spatial difference in the dissolution characteristics of strontium and in the 87Sr/86Sr ratio in the groundwater (Table A1); these values were 314–1914 and 0.709848–0.711498 μg/L, respectively. The depths of groundwater for the D01 and D20 samples were 15.04 and 19.40 m, respectively. Their strontium concentrations were greater than 1000 μg/L, and their 87Sr/86Sr ratios were 0.709848 and 0.710288, respectively. The D37 sample had a lower strontium concentration of 382 μg/L and a higher 87Sr/86Sr ratio of 0.711498, with a depth of 24.97 m. As shown in Figure 7a, the strontium concentrations were negatively correlated with the 87Sr/86Sr ratios in the groundwater, and this relationship was similar to that of the matrix of the aquifers. In general, the 87Sr/86Sr ratio of the groundwater depended on that of the soluble minerals in water-bearing media [48]. In the study area, the 87Sr/86Sr ratio of the groundwater was higher when the source of strontium was from carbonate and sulfate minerals and from silicate minerals, which were important strontium-bearing minerals in the matrix of the aquifers. The hydrochemical formation of groundwater was controlled by silicate, carbonate, and sulfate leaching.



Studies have shown that the strontium concentrations of rainfall were lower (0.002~0.3 mg/L) than that of groundwater [49,50]. There was a positive relationship between the strontium concentrations and Cl− concentrations for five groundwater samples, as shown in the left bottom of Figure 7b, indicating that the strontium concentrations of the groundwater may have been affected by evaporation. On the other hand, carbonate had lower K and higher Ca mineral concentrations than other rock types and could be rapidly dissolved in groundwater; it had a higher strontium concentrations and a lower 87Sr/86Sr ratio than the other rock types [43,47]. As shown in Figure 7d, there was no significant relationship between Ca2+ and strontium concentrations, and the 87Sr/86Sr ratio gradually decreased as the mole ratio of Sr/Ca increased (Figure 7e). The ratio was gradually close to that of carbonate minerals, suggesting that the dissolution of carbonate minerals was not significant in the water–rock interactions.



Moreover, the higher mole ratios of Mg/Ca and Sr/Ca in the groundwater revealed that the dissolution of carbonate minerals was inconsistent (Figure 7c). The increased concentrations of Mg2+ and Sr2+ may have been due to dolomite gradually dissolving in the groundwater during calcite precipitation. However, the Sr concentrations were not significantly correlated with the concentration of SO42− (Figure 8a), and the 87Sr/86Sr ratio tended to decrease with increasing SO42− concentrations (Figure 8b). The 87Sr/86Sr ratios of the D42 and D09 samples of 0.709986 and 0.709848, respectively, were close to that of sulfate minerals (0.708), indicating that sulfate minerals may have been dissolved in the groundwater.



The relationship between the mole ratio of Sr/Ca and the 87Sr/86Sr ratio indicated that silicate minerals were dissolved in the groundwater (Figure 7e), i.e., there was a lower mole ratio of Sr/Ca associated with a higher 87Sr/86Sr ratio. The 87Sr/86Sr value was not significantly correlated with the mole ratio of Sr/(Na–Cl) or with the mole ratio of Sr/K (Figure 8c,d). When the 87Sr/86Sr ratio was higher and the mole ratios of Sr/(Na–Cl) and Sr/K were relatively lower, it may have been due to K-feldspar and albite dissolved in the groundwater.



Su et al. (2011) analyzed the evolution mechanism of the strontium isotope in Cretaceous groundwater in the Ordos Basin and found a higher 87Sr/86Sr ratio in K-feldspar (0.728059 and 0.723281) and in albite (0.712973 and 0.713064) [24]. In general, albite was found to dissolve in groundwater more easily than K-feldspar [51]. In the study area, the 87Sr/86Sr values were relatively close to those of albite, suggesting that the 87Sr/86Sr ratios of groundwater were more affected by the dissolution of albite. Edmunds et al. (2006) found that the 87Sr/86Sr ratios of rainfall were 0.71097–0.711682 and that lower Sr concentrations ranged from 0.011 to 0.079 μg/L, according to investigations of hydrogeochemical evolution and groundwater recharge in the Minqin Basin, Northwest China [52]. The 87Sr/86Sr ratios of most of the lake water samples and groundwater samples were smaller than those of the rainfall (Figure 9). The 87Sr/86Sr ratios of the D37, D12, and D55 samples were close to the average values of the rainfall, suggesting that the groundwater may have been recharged by rainfall. Moreover, the 87Sr/86Sr ratios of the groundwater ranged from those of silicate minerals to those of carbonate and sulfate minerals, indicating that hydrochemical formation was affected by silicate, carbonate, and sulfate minerals.






5. Conclusions


In this study, hydrochemical parameters, stable hydrogen and oxygen isotopes, and strontium isotopes were used to investigate hydrogeochemical characteristics and their change along the groundwater flow path. Based on the hydrogeochemical characteristics of groundwater, we could evaluate the groundwater quality and study the relationship between groundwater and HL for the sustainable use of water resources. We obtained the following main conclusions from this study:



(1) The major cations of the groundwater were Ca2+ and Na+, the major anion was HCO3−, and the hydrochemical facies were the HCO3–Ca, HCO3–Na, and HCO3–Ca–Na types. Cation exchange changed the cation component of the hydrochemical facies along the groundwater flow path. The groundwater samples came from the edge of HB with lower concentration of TDS, which increased and then decreased along the groundwater flow path. Closest to the lakeshore, groundwater became fresher because of mixing due to the convergence of flows from Cretaceous groundwater flow paths.



(2) The hydrochemical parameters and stable isotopes revealed that the hydrochemical formation of the groundwater was mainly affected by water–rock interactions, as well as by evaporation in shallow groundwater areas. The Sr isotope showed that the hydrochemical formation of the groundwater was controlled by silicate leaching. On the basis of an isotope analysis, we found that water–rock interactions and δ18O enrichment caused groundwater samples to deviate from the GMWL and LMWL. Hongjiannao Lake water had heavier isotopes, because open water was affected by intensive evaporation.
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Table A1. Statistical summary for the hydrochemical parameters and isotopes of water samples (sample locations shown in Figure 3).
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Sample

	
Na+

	
K+

	
Mg2+

	
Ca2+

	
Cl−

	
NO3−

	
SO42−

	
HCO3−

	
CO32−

	
TDS

	
pH

	
δD

	
δ18O

	
87Sr/86Sr

	
Sr2+




	
mg/L

	
μg/L






	
D46

	
22.1

	
2.31

	
11.7

	
54.4

	
9.92

	
20

	
22.6

	
236

	
0

	
380

	
7.38

	
−62.9

	
−8.3

	
0.710897

	
327




	
D15

	
64.2

	
9.73

	
40

	
87.7

	
46.6

	
2.12

	
55.4

	
481

	
0

	
787

	
7.59

	
−62.3

	
−8.2

	
0.711106

	
848




	
D04

	
10.1

	
1.55

	
10.1

	
49.3

	
4.98

	
3.71

	
23.5

	
182

	
0

	
285

	
8.05

	
−57.7

	
−7.7

	
/

	
/




	
D12

	
24.2

	
0.76

	
13.1

	
89.5

	
9.85

	
26.2

	
62.7

	
277

	
0

	
503

	
7.34

	
−71

	
−8.8

	
0.711303

	
389




	
D23

	
152

	
0.95

	
11.4

	
67.1

	
89.1

	
48.4

	
112

	
301

	
0

	
782

	
7.63

	
−80.6

	
−10.6

	
/

	
/




	
D20

	
34.3

	
0.57

	
9.47

	
36

	
5.08

	
28.5

	
14.3

	
192

	
0

	
320

	
7.66

	
−62.8

	
−6.6

	
0.710288

	
1318




	
D30

	
2308

	
43.8

	
78.1

	
7.53

	
1929

	
13.8

	
670

	
1402

	
536

	
6991

	
9.14

	
−26.6

	
−3.4

	
0.710491

	
281




	
D34

	
2336

	
44.4

	
80.6

	
6.88

	
1981

	
13.8

	
679

	
1439

	
544

	
7129

	
9.5

	
−25.4

	
−3.2

	
0.710454

	
273




	
D37

	
24.2

	
1.33

	
21.6

	
40.1

	
10.9

	
0.69

	
6.26

	
252

	
6.29

	
364

	
8.25

	
−61.6

	
−7.8

	
0.711498

	
382




	
D55

	
22.7

	
0.84

	
21.9

	
56.4

	
18.6

	
48.5

	
22

	
231

	
0

	
422

	
7.82

	
−66.2

	
−7.2

	
0.71131

	
627




	
D42

	
132

	
0.38

	
1.18

	
2.51

	
50.8

	
8.57

	
93.8

	
198

	
11

	
498

	
8.84

	
−63.7

	
−7.9

	
0.709986

	
314




	
D26

	
55.9

	
0.59

	
15.7

	
55.4

	
21.1

	
77.8

	
30.6

	
247

	
0

	
505

	
7.67

	
−71.5

	
−8.6

	
/

	
/




	
D09

	
122

	
0.72

	
5.45

	
10.5

	
29.1

	
10.7

	
47.1

	
261

	
0

	
487

	
8.03

	
−78.1

	
−9.2

	
0.709848

	
1914




	
D01

	
32.9

	
1.31

	
14.8

	
88

	
12.5

	
37

	
78.9

	
270

	
0

	
536

	
7.83

	
−61.3

	
−7.2

	
0.711069

	
463




	
D28

	
2323

	
48.4

	
80.6

	
6.88

	
1967

	
13.8

	
677

	
1406

	
563

	
7090

	
9.16

	
−28.4

	
−3.8

	
0.710522

	
291




	
D32

	
2305

	
44.3

	
79.3

	
5.61

	
1942

	
13.8

	
673

	
1406

	
551

	
7023

	
9.18

	
−27

	
−3.2

	
0.710491

	
307
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Figure 1. Location and hydrogeological condition of the study area. 
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Figure 2. Stratigraphic column of the study area. 
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Figure 3. Hydrogeologic profile of the A–A’ (a) and B–B’ (b) and sampling locations (refer to Figure 1 for locations in the caption). 
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Figure 4. Change in TDS concentrations and isotopes (H, O, and Sr) along the groundwater flow path (a, c, and e for section A–A’, b, d, and f for section B–B’). 
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Figure 5. Plot of δD and δ18O of groundwater and lake water. 
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Figure 6. Plot of the 87Sr/86Sr ratio versus δ18O. 
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Figure 7. Relationships among Sr concentrations, Sr isotopes, and other ion concentrations of groundwater (a–e). 
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Figure 8. Relationships between Sr isotopes and molar ratios between Sr and other ions of groundwater (a–d). 
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Figure 9. 87Sr/86Sr ratio from different sources—lake water and groundwater. 
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Table 1. Calculated results of hydrochemical type, saturation index, CAI-1 (chloro-alkaline) and d-index (surplus of deuterium relative to the GWML) (sample locations shown in Figure 3).
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Sample

	
Hydrochemical

	
Saturation Index

	
CAI-1

	
d-Index (‰)




	
Type

	
Calcite

	
Gypsum

	
Dolomite






	
D46

	
HCO3–Ca

	
0.11

	
−2.32

	
−0.1

	
−1.46

	
3.5




	
D15

	
HCO3–Ca

	
0.74

	
−1.89

	
1.49

	
−0.59

	
3.3




	
D04

	
HCO3–Ca

	
0.63

	
−2.31

	
0.93

	
−1.34

	
3.9




	
D12

	
HCO3–Ca

	
0.31

	
−1.74

	
0.13

	
−1.53

	
−0.6




	
D23

	
HCO3–Ca

	
0.37

	
−1.82

	
0.65

	
0.35

	
4.2




	
D20

	
HCO3–Ca–Na

	
0.14

	
−2.66

	
0.04

	
−5.86

	
−10




	
D37

	
HCO3–Ca

	
0.86

	
−2.99

	
1.5

	
−1.34

	
0.8




	
D55

	
HCO3–Ca

	
0.53

	
−2.37

	
0.99

	
−0.27

	
−8.6




	
D42

	
HCO3–Ca–Na

	
0.05

	
−3.06

	
−0.1

	
−1.61

	
−0.5




	
D26

	
HCO3–Ca–Na

	
0.39

	
−2.24

	
0.57

	
−1.68

	
−2.7




	
D09

	
HCO3–Na

	
0.06

	
−2.7

	
0.19

	
−3.22

	
−4.5




	
D01

	
HCO3–Ca

	
0.76

	
−1.67

	
1.1

	
−1.74

	
−3.7











[image: Table] 





Table 2. Strontium isotope and concentrations of lake-bottom sediments and minerals.






Table 2. Strontium isotope and concentrations of lake-bottom sediments and minerals.










	Sample
	Sr2+ (μg/g)
	87Sr/86Sr





	T01
	282
	0.713994



	T02
	530
	0.712538



	T03
	225
	0.715187



	T04
	450
	0.712705



	Silicate minerals weathering
	
	0.716–0.720



	Carbonate minerals weathering
	
	0.708
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