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Abstract

:

River bank filtration (RBF) under human supervision has been applied for groundwater recharge. This study clarified the characteristics of water composition and its origins during the reservoir water recharge RBF. The groundwater samples were collected during four periods: pre-recharge (June 2018), early recharge (November 2018), intermediate recharge (May 2019), and late recharge (October 2019). Hydrogeochemical methods (Piper diagram, chlor-alkali index, and ion correlation) and principal component analysis (PCA) were used to analyze the chemical evolution of groundwater in the aforementioned periods. TDS concentration tended to increase in the later stage due to the aggravation of carbonate rock dissolution and cation exchange adsorption. Results demonstrated a small, temporary influence of reservoir water on groundwater, characterized as the Ca–Mg–HCO3–SO4 and Ca–Mg–SO4–HCO3 types, both before and after the recharge. The research on water chemistry changes under different mixing ratios depicts that the continuation of the recharge process promotes mineral dissolution. Rock dissolution was the primary environmental control factor of groundwater components during the recharge period. This strengthened the water–rock reaction and caused potential risk impacts such as the increase of nitrate.
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1. Introduction


The over-exploitation of groundwater is a global challenge at present because it is jointly affected by increased water demand and the instability brought by climate change [1]. The uncertainty of water resources availability demands a solvent that can function both as the water storage area and an energy-efficient treatment process [2]. River bank filtration (RBF), which is also known as Bank filtrate or filtration (BF), has been a natural process for managed aquifer recharge (MAR) with low regulation cost and high efficiency in the removal of contaminants [3,4,5]. As reviewed by Dillon et al. [6], the aquifer recharge started at the end of the 18th century, when a few human intervention measures to improve the efficiency of groundwater recharge were adopted in some European countries; however, those processes were generally incidental and not well-managed. In addition to increased scientific research and practical experience, more MAR technics have been developed within the last 60 years [6]. MAR can be categorized into three types by the way of recharge: (i) infiltration method, (ii) direct injection method, and (iii) filtration method [6,7,8,9]. RBF is an induced recharge method and is considered as filtration in the abovementioned categorization [10].



When river water is replenished into the aquifer, it undergoes hydrogeochemical processes such as water–rock interaction, mixing, and cation exchange adsorption. These processes can lead to changes in groundwater chemistry by altering its components [10,11,12]. Studies in India and Finland have discovered the effect of ion exchange adsorption and water–rock interaction on groundwater chemistry during RBF replenishment [13,14]. In a specific location in Mexico, replenishing groundwater through river infiltration caused a change in its acid–base balance, resulting in an altered water–rock interaction [15]. During ecological water replenishment in Ejina Banner, the water chemistry type remained relatively stable, but with an increase in the concentration of major ions [16]. In an experimental study of infiltrating south-to-north water to replenish groundwater in the Yongding River, Beijing, researchers found that the replenishment process can change water–rock interaction [17].



It is a current research hotspot in RBF by using unique water sources. The infiltration of river water into the aquifer is affected by factors such as temperature and redox potential, resulting in changes in the concentrations of major ions and TDS in groundwater [18,19]. When using reclaimed water to replenish groundwater through RBF, mixing, water–rock interaction, and cation exchange are enhanced [20,21]. In addition, colloidal particles present in the soil can adsorb organic pollutants in reclaimed water [22,23]. The use of flood or rainwater to infiltrate and replenish groundwater through rivers can easily alter the redox conditions of groundwater, and thus, lead to further changes in hydrogeochemical processes [24,25]. The replenishment of reservoir water through rivers is highly dependent on the amount and timing of replenishment, resulting in a phased change in groundwater volume and chemical composition [26,27,28]. Although research on reservoir water replenishment tends to focus on the replenishment amount [29], there has been relatively less attention on studying the changes in groundwater chemistry. Therefore, it is crucial to investigate the changes in groundwater chemistry resulting from the river bank filtration of reservoir water to replenish groundwater.



The Hutuo River alluvial fan of the North China Plain is a critical local economic development zone, but ecological and environmental problems such as spring water cutoff and river drying are severe [30], which have attracted considerable attention from hydrogeologists [31]. To improve the situation, the Huangbizhuang Reservoir in the upper Hutuo River intermittently released water to the dry Hutuo River channel to recharge the groundwater by RBF. The purpose of this study was to analyze the characteristics and impacts of the intrinsic changes for using reservoir water to recharge groundwater by RBF. A conclusion on the possible environmental problems caused by groundwater recharge was reached to support water management strategies and to further increase both the quantity and quality of local groundwater resources.




2. Study Area


The Hutuo RBF area is located in the North China Plain. The river began to dry up after 1980, and the rainy season did not contribute much water. The investigation site covers the area from Huangbizhuang Town (in southwestern Hebei Province, China), to Zhengding County in the middle and lower reaches (38.15°–38.31° N, 114.21°–114.49° E), with an approximate area of 236.88 km2 (Figure 1). The temperate semi-humid and semi-arid continental monsoon climate is the dominant climate type in this region. The upstream average temperature for many years has been 6.4 °C. The average annual precipitation is 484.0 mm, whereas the spatial and temporal distribution of precipitation is uneven [32,33]. The rainy season (from June to August) accounts for 70–85% of the total annual rainfall [34]. The study area is located in the upper of the Hutuo River alluvial fan. The eastern part of this region is the groundwater divide, and the Huangbizhuang Reservoir is situated northwest of this zone. The groundwater in the study area flows from the northwest to the southeast, and the flow direction changes a little before and after water replenishment.



The groundwater in this section is a phreatic, slightly confined water aquifer group composed of the Holocene (Q4) and Upper Pleistocene (Q33) sediments. The aquifer primarily consists of quaternary cobbles, gravel, sand, laminated or lensed loam, and sandy loam. The aquifer is mainly composed of pebbles and gravel sand, and its upper part is dry. The southeast of the region has a thinning interlaced sedimentary zone, where the vadose zone is mainly composed of cohesive soil. In accordance with the drilling core test results and previous studies, the aquifer contains calcite, dolomite, rock salt, gypsum, and mirabilite [35,36,37,38]. The water table depth in this area is mainly 8.2–40.1 m. The bottom interface depth is generally 40–60 m. It is a single and two-layer aquifer structure, with good water permeability, and the water conductivity is more than 5000 m2/d. The sources of groundwater recharge mainly include atmospheric precipitation, lateral runoff, reservoir channel leakage, and channel infiltration recharge. In accordance with the local government policy, groundwater has not been exploited in recent years for level restoration [39]. Near the river bed, there are continuous sand, gravel, pebble layers, and partially viscous clay lens. The upper part is mainly fine sand and medium-coarse sand, with a thickness of 5–22 m and large permeability, which provides a great infiltration condition. In addition, the near-mountain plains are connected with the water bodies of mountain valleys and plains, and the lateral runoff conditions are good. The salinity of groundwater is less than 1 g/L. With the gradual transition of the southeast alluvial fans to the inter-fan and front-fan zones, the thickness of the aquifer decreases, the medium particles become finer, the clay layers of varying thickness are sandwiched between the layers, and the water permeability and water conductivity are significantly reduced (Figure 2).



With a severe drought condition in the Hutuo river, the study area is mainly recharged by the discharge of the Huangbizhuang Reservoir that implements a non-sustainable water drainage measure. The water drainage operation is carried out within a few months before the rainy season. Most of the water released leaks into the groundwater layer through the river channel, while the rest continues to flow to the downstream area. Hence, the study area is considered as the infiltration site. From 2018 to 2020, water had been intermittently recharged in the upper of the Hutuo River. The amount of monthly reservoir water discharge is shown in Figure 3. In June 2018, the amount of reservoir discharge was 352 × 104 m3. From October 2018 to February 2019, the discharge of reservoir water reached its peak, of which the maximum discharge was 0.478 × 108 m3 in December 2018. The total amount of water discharge in 2018 was 1.21 × 108 m3. Draining was not observed in March, April, November, and December of 2019. The maximum amount of water discharge and the total water discharge were 0.323 × 108 m3 and 1.21 × 108 m3, respectively, in 2019. The reservoir water release in 2019 was 900 × 104 m3 more than that in 2018. From June 2018 to December 2019, the total accumulated water release of the reservoir was 2.51 × 108 m3, with an average monthly replenishment of 0.13 × 108 m3.




3. Materials and Methods


3.1. Water Sample Collection


To research the changes in the chemical characteristics of groundwater caused by BRF of reservoir water, the reservoir water samples and groundwater samples at four different periods were collected. Their locations are shown in Figure 1. The reservoir water samples were collected in November 2018. The groundwater sampling time was June 2018 (pre-recharge), November 2018 (early recharge), May 2019 (intermediate recharge), and October 2019 (late recharge), and a total of 51 samples were collected. The groundwater samples were taken from wells for domestic and agricultural purposes, with a depth range of 35–70 m. The length of screen pipes in all sampling wells ranged from 1 to 10 m, and each sampling well had only one screen pipe rather than multiple screens. The distance between the bottom of the screen pipe and the total well depth ranged from 10 to 20 m in the study area. The samples were collected using pumps installed in these wells. Prior to sampling, several water volumes were removed. The polyethylene sampling bottles were purged with ultrapure water and subsequently rinsed thrice with local groundwater samples. For routine anion and cation determination, 1.5 L groundwater was collected. For trace element detection, 500 mL groundwater samples were collected, and to adjust pH < 2, 1:1 HNO3 was added.




3.2. Analysis and Testing


On-site water chemistry parameters were monitored using calibrated instruments. Total dissolved solids (TDS), temperature, DO, and pH of the water samples were measured on-site. The stopping criterion was the steady state of the measured values.



The cations K+, Na+, Ca2+, and Mg2+ were analyzed using inductively coupled plasma (ICP-900, Thermo, Waltham, MA, USA). The anions Cl−, SO42− and NO3− were analyzed using ion chromatography (ICS-900, Dionex, Sunnyvale, CA, USA), and the anions HCO3− and CO32− were analyzed using on-site titration. HCO3− concentrations in all groundwater samples were determined by the titration method using 0.0048 M H2SO4; methyl orange endpoint titration was adopted with a final pH of 4.2–4.4. CO32− concentrations were also analyzed by titration; phenolphthalein was used as an indicator of endpoint titration. The charge balance errors for all the samples were within 10%. The samples taken were sent to the Groundwater Mineral Water and Environmental Supervising and Testing Center of the Ministry of Natural Resources for testing.





4. Results


4.1. Hydrochemical Characteristics of Groundwater


The on-site water quality parameters such as pH and TDS of groundwater samples, as well as the analysis data of major ion compositions, are shown in Table 1. The average pH value of groundwater decreased from 7.82 to 7.69 (June 2018–October 2019), the maximum decreased from 8.10 to 7.85, and the medium value decreased from 7.86 to 7.67. The average TDS value of groundwater decreased from 737 mg/L to 710 mg/L (June 2018–October 2019), and the maximum decreased from 1183 mg/L to 1009 mg/L. The average concentration of TDS (mg/L) in June 2018 (pre-recharge) was 737 mg/L, which was reduced to 632 mg/L in November 2018 (early recharge), and then rebounded to a higher level of 753 mg/L in November 2019 (late recharge). DO and temperature changed slightly, and the average temperature and DO are approximately 14 °C and 7.3.



The overall distribution of the chemical types of groundwater in the study area is given by the average values of ion contents. Bicarbonate and sulfate water is the main type and their content is much higher than that of the other ions. The calcium and magnesium ion content is substantially larger than that of the other cations. Irrespective of the recharge, the general order of abundance of the major cations was Ca2+, Mg2+, Na+, and K+, whereas the abundance of major anions was that HCO3− and SO42− far exceeded Cl−. The June 2018 (pre-recharge) concentrations of major ions were the highest, whereas those of November 2018 (the early recharge) were the lowest. From November 2018 (early recharge) to October 2019 (late recharge), the concentrations of major ions increased gradually. From June 2018 (pre-recharge) to October 2019 (late recharge), the mean concentrations of HCO3- varied from 270.48 to 298.3 mg/L, and those of Mg2+ varied from 39.65 to 45.01 mg/L. The concentration of Mg2+ and HCO3− in the late recharge period is higher than that in the pre-recharge period, whereas it is the opposite for the other ions.



To minimize the seasonal variation of nitrate, the comparison was between the same seasons of the years. After recharging, the average concentration of nitrate in groundwater increased by 12.15 mg/L from 54.19 mg/L (June 2018, pre-recharge) to 66.34 mg/L (May 2019, intermediate recharge). Except for H1-07 and H1-19, the nitrate content of other wells decreased from June 2018 to May 2019. H1-19 was located in the farmer’s yard, and there was a sudden increase of nitrate caused by human pollution. Therefore, anthropogenic factors led to an increase in nitrate content.




4.2. Hydrochemical Facies


The Piper diagram has not been disturbed by human subjective factors [40], and is a common method to identify the main ion composition of water chemistry [41,42]. Piper plots are created using the main ion data for groundwater in the study area (Figure 4). Two samples in October 2019 (late recharge) and one sample in May 2019 (intermediate recharge) are scattered in the zone of the left lower triangle predominated by the bicarbonate-type. Two samples in June 2018 (pre-recharge) are scattered in the zone of the upper triangle where the sulfate-type predominates. The central diamond plot provides important information to discriminate between separate groups of samples. Most samples are scattered in the mixed-type zone, and such samples are the most common in groundwater chemistry in the recharge period. From June 2018 (pre-recharge) to October 2019 (late recharge), groundwater types in the study area were mainly Ca-Mg-HCO3-SO4 and Ca-Mg-SO4-HCO3, with no obvious change in chemistry. The results of the Piper plot reveal Ca2+ and Mg2+ as the main groundwater cations in the study area, and the Ca2+ content is the highest. Cation contents follow the order Ca2+ > Mg2+ > Na+ + K+. The anions are mainly HCO3− and SO42−.



The above analysis detected a slight change in the ion concentration of the study area after recharge. The follow-up of this study focuses on the above indicators to analyze the hydrochemical effects of groundwater after recharge. A small change was noticed in groundwater composition after recharge; therefore, the average recharge period (the average concentration of November 2018, May 2019, and October 2019) and June 2018 (pre-recharge) data were selected for principal component analysis to identify the control factors and scientifically deduce the water chemistry reaction caused by the recharge.





5. Discussion


Water–rock interactions and mixed interaction are the most important factors affecting the hydrogeochemical processes [43,44]. The test results of hydrogeochemistry are important data for studying its evolution mechanisms [45,46,47]. During the reservoir water recharge by RBF, groundwater is influenced by the mixed dilution of recharge water and water–rock interaction [48,49,50,51]. This study of groundwater through hydrogeochemistry can clarify the formation mechanisms and evolution of groundwater hydrochemical characteristics.



5.1. Hydrogeochemical Processes


The correlation between anions and cations and changes of the correlation coefficient can be used to reasonably speculate geochemical processes such as rock–water interaction [52,53]. In accordance with the drilling core test results and previous studies, the aquifer contains calcite, dolomite, rock salt, gypsum, and mirabilite in the study area [35,36,37,38]. The scale relationship of the main ions is plotted (Figure 5), and the correlation coefficients between different ions for each group of water samples are obtained. The scatter plot of Ca2+ and HCO3− (Figure 5a) shows that the two groups of groundwater samples, pre-recharge (R = 0.88) and recharge (R = 0.88), are strongly correlated. These two groups of water samples may have experienced weathering and dissolution of calcite, and this hydrogeochemical process can be expressed as R1. The scatter plots for Ca2+ and SO42− (Figure 5b) exhibit well-correlated groundwater samples for the pre-recharge (R = 0.77) group. Weathering and dissolution of gypsum during the formation of groundwater in this group is a highly important hydrogeochemical process, and the reaction is expressed as R2. The scatter plot of Mg2+ and HCO3− (Figure 5c) demonstrates two well-correlated groups of groundwater samples, pre-recharge (R = 0.78) and recharge (R = 0.79). The sample may have undergone dolomite dissolution, and the expression for this reaction is R3. The scatter plot for Na+ and HCO3− (Figure 5f) shows that pre-recharge (R = 0.65) is slightly correlated, whereas the pre-recharge groundwater (R = 0.91) is well correlated between Ca2+ and Na+ (Figure 5g). The pre-recharge groundwater group experiences calcite dissolution and cation exchange. That is, Ca2+ in groundwater exchanges the adsorbed Na+ during rock formation. The correlation between Na+ and SO42− in the pre-recharge groundwater group (R = 0.78) is good (Figure 5e). The dissolution of mirabilite may affect the distribution of chemical elements in the pre-recharge groundwater group. The dissolution reaction equation for mirabilite is shown in R4. The pre-recharge groundwater group (R = 0.95) has strong correlations in the scatter plots for Na+ and Cl− (Figure 5d). The dissolution of salt rock also occurs in this group and is expressed as Equation R5.


CaCO3 + CO2 + H2O = Ca2+ + 2HCO3−



(1)






CaSO4 = Ca2+ + SO42−



(2)






CaMg(CO3)2 + 2CO2 + 2H2O = Ca2+ + Mg2+ + 4HCO3−



(3)






Na2SO4·10H2O = 2Na+ + SO42− + 10H2O



(4)






NaCl = Na+ + Cl−



(5)







There is a strong correlation between Na+ and Cl−, which indicates the main source of Na+ and Cl− to be the dissolution of halite. In theory, the ratio of Na+ and Cl− contents thus obtained should be 1:1, but most of the groundwater sampling points in this area are located in the lower right of the line y = x (Figure 5d). This means Na+ content in the groundwater samples is greater than the Cl− content. This is because Ca2+ and Mg2+ in the water are exchanged with Na+ adsorbed in the rock formation, and the content of Na+ in the water is more than that of Cl−. The equation for this reaction is R6.


Ca2+ (in water) + 2Na+ (clay bound) = 2 Na+ (in water) + Ca2+ (clay bound)



(6)







Ratio plots were used to further investigate the origins of the ions and the major hydrogeochemical processes. If the ions are controlled only by the dissolution of gypsum and carbonate rocks, (SO42− + HCO3−) and (Ca2+ + Mg2+) are equal [54,55]. The (SO42− + HCO3−) and (Ca2+ + Mg2+) ion proportional relationship should be located at the 1:1 line in the scatter plot (Figure 6). If y = x, the curve represents the dissolution line of carbonatite and gypsum. The water sample points in Figure 6 tend to be distributed downward, and almost all the points fall into the area with a relatively high content of (SO42− + HCO3−). This indicates the occurrence of pronounced cation exchange in this area, that is, the ion exchange of Ca2+ + Mg2+ dissolved in water and Na+ is adsorbed by clay.



Chloro-alkaline indices (CAI) can be used to characterize the strength of ion exchange during the chemical evolution of groundwater [52], with the expressions R7 and R8. A negative index means Ca2+ or Mg2+ in groundwater is ion-exchanged with Na+ in the aqueous medium. If the ratio is positive, then Na+ in groundwater is ion-exchanged with Ca2+ or Mg2+ in the aqueous medium. The magnitude of the absolute value of the chlor-alkali index can also characterize the strength of the ion exchange.


   CAI _ 1 =      Cl  –  −    ( Na   +     +   K   +  )     Cl  –     



(7)






   CAI _ 2 =      Cl  −  −     Na  +     +   K   +          SO  4   2 −       + HCO   3 -     + CO   3   2 –       + NO   3 –       



(8)







Figure 7 shows the changes in CAI-1 and CAI-2 indices for the two groups of water sampling points. Most of the water sample points are greater than 0 from the perspective of the CAI index, except for a few points where indices are less than 0. Some pre-recharge and few recharge points are ion exchange between Ca2+ or Mg2+ in the groundwater and Na+ in the aqueous medium, and most of the points are ion exchange between Na+ in the groundwater and Ca2+ or Mg2+ in the aqueous medium. The average values of CAI-1 and CAI-2 of the water sampling points reveal that the pre-recharge samples are slightly lower than that of the recharge group, and the intensity of ion exchange in the recharge stage is higher than that of the pre-recharge stage.



Samples close to the 1:1 equilibrium line in (Ca2+ + Mg2+)/(HCO3–) and (Ca2+ + Mg2+)/(SO42–) are obvious evidence to conclude that Ca2+ and Mg2+ in the groundwater mainly come from sulfate dissolution [55,56,57]. The samples are mostly distributed above the straight line 1:1 (Figure 8). This indicates the occurrence of short-term dilution after the recharge of the reservoir, and also an increase in the salt leaching and filtration of groundwater, in addition to the cation exchange effect.



Gibbs [58] divided the chemical effects of groundwater into three categories by comparing the relationship between Na+/(Ca2+ + Na+) and TDS and between Cl−/(Cl− + HCO3−) and TDS: “evaporation control type,” “water-rock interaction type,” and “precipitation control type.” Many researchers have used Gibbs diagrams to study the sources of water chemical components and to analyze the formation mechanisms of water chemistry [59,60,61]. The Gibbs diagram for the study area was drawn (Figure 9), and the main controlling factors of the groundwater hydrochemical composition were analyzed. All points are in the area controlled by water–rock interaction. The formation of regional hydrochemical types is predominantly controlled by water–rock interactions, and evaporation has little impact on water regional hydrochemical types.



Principal component analysis was performed on the pre-recharge and recharge data, and the correlation matrix was found using the Kaiser–Meyer–Olkin (KMO) test. The test results reveal the suitability of the two groups of data for principal component analysis (Table 2). Table 2 illustrates that in pre-recharge, F1 accounts for 65.58% of the total variance and is characterized by the association with TDS, Na+, Ca2+, Mg2+, SO42−, and Cl−. The correlation coefficients were all above 0.85, but the correlation with HCO3− was weak (the correlation coefficient is as low as 0.32). Hence, F1 can be a direct reason for the increase in TDS concentration in groundwater. F1 appears as the dissolution of gypsum and halite and the ion exchange process which plays a dominant role in groundwater pre-recharge. F2 contributes to 23.32% of the total variance, which depicts a significant positive correlation with HCO3−. F2 has a low correlation with other components that characterize the groundwater hydrochemical environment and indicates only the dissolution of carbonate. In the recharge period, F1 had a direct positive correlation with Na+, Mg2+, TDS, Ca2+, Cl−, and HCO3−. The correlation coefficient with HCO3− increased from 0.32 to 0.92, and the variance contribution of F1 is 61.75%, which is 3.83% lower than pre-recharge. This indicates the dissolution of carbonates such as calcite and dolomite. If other factors such as groundwater pressure extraction or human activities are excluded, the presumed reason for the reduced correlation coefficient can be the short-term dilution effect of the reservoir’s supplementary on groundwater.



For F1, the correlation coefficient of HCO3− increased from 0.32 (pre-recharge) to 0.92 (recharge), whereas the SO42− correlation coefficient decreased from 0.85 (pre-recharge) to 0.24. This indicates the dissolution of dolomite and calcite and the mixed dilution of recharge water. For F2, the SO42− correlation coefficient increased from −0.18 to 0.82. This is because the groundwater chemical reaction was affected during recharge, resulting in the dissolution of mirabilite.




5.2. The Change of Groundwater Quality during Water Recharge


A mixing model with the help of the MIX module in the PHREEQC software was established. Research on water chemistry changes under mixing ratios was studied. By setting different mixing ratio schemes, the software’s own phreeqc.dat database is used to calculate the saturation index and the amount of mineral phase transfer. The scenario at the beginning of the simulation is set to a 9:1 ratio of groundwater to recharge water, and the ratio of recharge water is gradually increased until the final simulation. Set June 2018 (pre-recharge) groundwater samples as the groundwater sample and reservoir water as the recharge sample. The specific mixing plan is shown in Table 3.



Cation exchange adsorption in the recharge area is weakened, and mixing also promotes Na+ and Cl− entering groundwater in recharge with an increase in the proportion of recharge water. The concentration change trend of the same ion components in different ratios is compared (Table 4). This reveals a gradual decrease in the ion concentration of each component in the mixed groundwater and the dilution effect as the main factor during the recharge process.



The saturation index of mineral phases in each mixed solution calculated by different mixing schemes can be used to analyze the changing trend of the water–rock reaction after recharge. The saturation index of all minerals decreases gradually with the increase of water recharge proportion (Table 5). This results in the increase of mixing proportion in the unsaturated dissolution of all minerals, in which the saturation index (negative value) of dolomite and halite decreases significantly. When the proportion of recharge water between calcite and dolomite is 10–30%, the saturation index is more than 0 (positive value); therefore, the mixed solution is still saturated and insoluble for calcite and dolomite. When the proportion of recharge water increases to 40%, the saturation index suddenly changes to negative. As the proportion of recharge water continues to increase, calcite and dolomite become unsaturated. Consequently, the continuation of the recharge process promotes mineral dissolution.





6. Conclusions


This study focused on the river bank filtration (RBF site at the upper of the Hutuo River Alluvial Plain, North China, and reasonably analyzed the hydrochemical changes of groundwater during the period of bank infiltration recharge. From June 2018 (pre-recharge) to October 2019 (late recharge), groundwater in the study area was mainly of type Ca–Mg–HCO3–SO4 and Ca–Mg–SO4–HCO3, with no obvious change in chemistry. As the concentration of various ions in groundwater decreased, the short-term dilution effect of groundwater recharge temporarily improved its quality. Anthropogenic factors lead to the increase of nitrate content in some wells. Reservoir water recharge will further promote groundwater–rock reaction and filtration by RBF. The ion proportional relationship diagram and principal component analysis demonstrate the dissolution of calcite, dolomite, gypsum, mirabilite, and halite in the pre-recharge stage. The recharge stage mainly experienced the dissolution of calcite and dolomite. The ion-pair scatter plot of Na+ and Cl− and the chlor-alkali index reveal cation exchange as one of the main hydrogeochemical processes in the study area. Some pre-recharge and few recharge points are ion exchange between Ca2+ or Mg2+ in the groundwater and Na+ in the aqueous medium, and most of the points are ion exchange between Na+ in the groundwater and Ca2+ or Mg2+ in the aqueous medium. The intensity of ion exchange in the recharge stage was higher than that of the pre-recharge stage. The research of water chemistry changes under mixing ratios discloses the dilution effect as the main factor during the recharge process. Calcite and dolomite become unsaturated as the proportion of recharge water continues to increase, which in turn, promotes mineral dissolution.



The results of this study are promising and suggest a successful application of the combination of these techniques to decipher the characteristics and impacts of intrinsic changes for using reservoir water to recharge groundwater by RBF. The quantity and quality of local groundwater resources can be increased by the reservoir water supplement in RBF.
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Figure 1. Scope of the study area. 
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Figure 2. Hydrogeological profile of Section A-A′. 
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Figure 3. Amount of monthly reservoir discharge. 
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Figure 4. Piper diagram of groundwater in four stages of the recharge area. 
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Figure 5. Relationship between the main ion pairs in groundwater. (a) Relationship between Ca2+ and HCO3−. (b) Relationship between Ca2+ and SO42−. (c) Relationship between Mg2+ and HCO3−. (d) Relationship betweenNa+ and Cl−. (e) Relationship betweenNa+ and SO42−. (f) Relationship between Na+ and HCO3−. (g) Relationship between Na+ and Ca2+. 
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Figure 6. Scatter plot of the correlation between SO42− + HCO3− and Ca2+ + Mg2+. 
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Figure 7. Changes in CAI-1 and CAI-2 of water samples. (a) CAI-1 in the two groups of water samples. (b) CAI-2 in the two groups of water samples. 
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Figure 8. Correlation comparison of (Ca2+ + Mg2+)/HCO3− and (Ca2+ + Mg2+)/SO42−. (a) Relationship between SO42− and (Ca2+ + Mg2+). (b) Relationship between HCO3− and (Ca2+ + Mg2+). 
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Figure 9. Gibbs diagram of the research area. (a) The relationship between Na+/(Na+ + Ca2+) and TDS. (b) The relationship between Cl−/(Cl− + HCO3−) and TDS. 
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Table 1. Concentrations of Inorganic Ions of Samples (mg/L).
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Time

	
June 2018

	
November 2018

	
May 2019

	
October 2019




	
Number of Sample Points

	
11

	
11

	
14

	
14




	
Inorganic Ions

	
Max

	
Min

	
Mean

	
Median

	
Max

	
Min

	
Mean

	
Median

	
Max

	
Min

	
Mean

	
Median

	
Max

	
Min

	
Mean

	
Median






	
K+

	
3.67

	
1.72

	
2.65

	
2.70

	
4.09

	
1.51

	
2.65

	
2.54

	
3.19

	
1.10

	
2.70

	
2.82

	
3.18

	
0.99

	
2.71

	
2.87




	
Na+

	
76.15

	
28.27

	
39.87

	
35.63

	
51.92

	
22.39

	
34.12

	
31.82

	
52.26

	
28.72

	
37.98

	
37.33

	
52.62

	
30.12

	
38.62

	
37.32




	
Ca2+

	
226.00

	
119.20

	
148.15

	
142.20

	
195.20

	
69.10

	
126.68

	
124.80

	
207.60

	
95.07

	
152.17

	
156.05

	
217.51

	
99.90

	
148.58

	
147.02




	
Mg2+

	
66.79

	
31.67

	
39.65

	
36.81

	
59.80

	
23.43

	
36.43

	
32.19

	
56.69

	
24.62

	
39.12

	
40.61

	
70.84

	
29.31

	
45.01

	
39.82




	
Cl−

	
210.60

	
39.66

	
77.12

	
54.75

	
106.80

	
37.11

	
61.81

	
61.27

	
110.00

	
38.42

	
67.78

	
67.59

	
109.51

	
40.71

	
68.99

	
68.79




	
SO4-

	
350.80

	
157.90

	
224.47

	
221.90

	
231.10

	
144.00

	
182.00

	
172.80

	
263.00

	
143.90

	
218.41

	
223.05

	
255.70

	
140.60

	
207.10

	
210.55




	
HCO3⁻

	
361.90

	
186.60

	
270.48

	
284.30

	
347.50

	
193.70

	
254.45

	
233.70

	
441.00

	
206.00

	
302.46

	
296.00

	
480.38

	
196.93

	
317.13

	
298.37




	
CO32-

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND

	
ND




	
NO3-

	
99.02

	
21.81

	
54.19

	
56.53

	
103.80

	
10.51

	
45.45

	
35.68

	
149.80

	
4.35

	
66.34

	
66.00

	
152.90

	
3.94

	
66.66

	
69.93




	
DO

	
7.98

	
3.35

	
7.32

	
7.39

	
8.0

	
3.34

	
7.23

	
7.35

	
8.0

	
4.04

	
7.28

	
7.06

	
7.99

	
3.56

	
7.31

	
7.38




	
TDS

	
1183

	
610

	
737

	
703

	
895

	
433

	
632

	
630

	
1045

	
505

	
745

	
738

	
1088

	
547

	
753

	
714




	
pH

	
8.10

	
7.61

	
7.82

	
7.86

	
7.94

	
7.51

	
7.72

	
7.75

	
7.73

	
7.31

	
7.50

	
7.51

	
7.93

	
7.45

	
7.69

	
7.67




	
temperature

	
15.8

	
11.9

	
13.8

	
14.3

	
14.2

	
15.5

	
12.1

	
14.1

	
14.5

	
15.9

	
11.4

	
13.9

	
14.3








Note: ND—not detected.
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Table 2. Results of Principal Component Analysis.
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Time

	
Pre-Recharge

	
Recharge




	
Factors

	
Fac_1

	
Fac_2

	
Fac_1

	
Fac_2






	
Na+

	
0.90

	
0.33

	
0.94

	
0.38




	
Ca2+

	
0.89

	
0.35

	
0.85

	
0.55




	
Mg2+

	
0.87

	
0.28

	
0.95

	
−0.14




	
Cl−

	
0.88

	
0.11

	
0.88

	
0.09




	
SO42−

	
0.85

	
−0.18

	
0.24

	
0.82




	
HCO3−

	
0.32

	
0.81

	
0.92

	
0.33




	
TDS

	
0.92

	
0.39

	
0.89

	
0.58




	
Kaiser–Meyer–Olkin Measure of Sampling Adequacy

	
0.71

	
0.68




	
Cumulative variance (%)

	
65.58

	
88.90

	
61.75

	
83.02
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Table 3. Recharge Schemes with Different Mixing Ratios.
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Water Type

	
Mixing Ratio






	
Groundwater

	
0.9

	
0.8

	
0.7

	
0.6

	
0.5

	
0.4

	
0.3

	
0.2

	
0.1




	
Recharge Water

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8

	
0.9
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Table 4. Simulation Results of Main Ion Components in Different Ratios (mg/L).
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	G:R
	9:1
	8:2
	7:3
	6:4
	5:5
	4:6
	3:7
	2:8
	1:9





	Na+
	38.34
	37.03
	35.7
	34.39
	33.05
	31.74
	30.41
	29.11
	27.76



	HCO3−
	248.27
	236.62
	224.97
	213.26
	201.48
	189.71
	177.82
	165.81
	153.65



	Mg2+
	32.712
	31.2
	29.688
	28.176
	26.664
	25.152
	23.6232
	22.0968
	20.568



	Ca2+
	122.36
	115.4
	108.44
	101.48
	94.52
	87.48
	80.48
	73.4
	66.32



	SO42−
	216
	161.37
	155.71
	150.05
	144.29
	138.62
	132.86
	127.11
	121.34







Note: G:R—the ratio of Groundwater (G): Recharge water (R).
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Table 5. Simulation Results of SI in Different Ratios.
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	G:R
	9:1
	8:2
	7:3
	6:4
	5:5
	4:6
	3:7
	2:8
	1:9





	calcite
	0.03
	0.03
	0.02
	−0.02
	−0.1
	−0.21
	−0.36
	−0.59
	−0.96



	dolomite
	0.05
	0.06
	0.02
	−0.07
	−0.23
	−0.47
	−0.8
	−1.27
	−2.04



	gypsum
	−0.08
	−0.16
	−0.25
	−0.35
	−0.47
	−0.6
	−0.75
	−0.95
	−1.2



	halite
	−0.23
	−0.48
	−0.76
	−1.05
	−1.42
	−1.85
	−2.37
	−3.07
	−5.23



	mirabilite
	−2.04
	−2.12
	−2.21
	−2.34
	−2.49
	−2.65
	−2.79
	−2.92
	−3.21







Note: G:R—the ratio of Groundwater (G): Recharge water (R).
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