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Abstract

:

Riverbank filtration (RBF) is increasingly being used as a relatively cheap and sustainable means to improve the quality of surface water. Due to the obvious differences in physical, chemical, and biological characteristics between river water and groundwater, there are strong and complex physical, chemical, and biogeochemical effects in the process of bank filtration. In this paper, multivariate statistical analysis was used to identify the spatial variation of hydrogeochemical groundwater in the process of bank filtration. Firstly, the evolution process of groundwater hydrochemistry during the filtration process was identified through factor analysis. According to the results, the evolution of groundwater hydrochemistry in this area is attributable to four main types of reactions: (1) Leaching; (2) Regional groundwater influence; (3) Aerobic respiration and denitrification; and (4) Mn (IV)/Fe (III)/SO42− reduction. According to the similarity of the geochemistry, the flow path could be divided into four different hydrochemical zones through cluster analysis, revealing the evolution law of groundwater hydrochemistry and its main influencing factors during riverbank infiltration. Large hydraulic gradient in The Zone Strongly Influenced by River Water (The first group) resulted in a weak effect of leaching on groundwater chemistry. Reoxygenation and microorganism respiration occurred in The Zone Moderately Influenced by River Water (The second group), The Zone Weakly Influenced by River Water (The third group), and The Zone Strongly Influenced by Regional Groundwater (The fourth group), resulting in fluctuations in Eh and pH values of groundwater. As a result, sulfate reduction and Mn (IV) and Fe (III) reduction alternated along the flow path. The Zone Strongly Influenced by Regional Groundwater (The fourth group) groundwater chemistry was mainly affected by regional groundwater.
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1. Introduction


The growth of populations near rivers and the development of industry and agriculture make rivers vulnerable to industrial wastewater, intensive agricultural pesticide runoff and urban sewage [1,2]. RBF is a technique in which water is purified by passing it through riverbanks. This technique increases the availability of water sources by stimulating groundwater recharge by rivers. At the same time, it effectively removes suspended solids, bacteria, viruses, and heavy metals through natural attenuation processes to achieve efficient improvement of water quality [3,4,5]. Therefore, RBF is widely used. However, RBF through groundwater pumping leads to groundwater redox zonation along the water flow path [6,7]. Consequently, O2, NO3−, Mn (IV), Fe (III), and SO42− are reduced successively to form redox zonation, as shown in Figure 1 [8,9]. Redox zonation during bank filtration will be at different scales and have different zonation characteristics [10].



The sequential reduction reactions during RBF can also lead to incomplete removal of organic carbon, suspended solids and inorganic contaminants, possibly leading to the presence of metals and metalloids in infiltrating river water [11]. For example, during RBF, oxides or hydroxides of iron and manganese are reduced and dissolved, and arsenic adsorbed on the surface of the medium or co-precipitated is released into groundwater [12]. This leads to the deterioration of groundwater quality and poses a serious threat to water supply security. Therefore, although RBF can remove various water pollutants, it may also damage the quality of bank filtrate and affect human and animal health. Therefore, it is important to investigate redox zonation during RBF to improve the understanding of river pollutants migration and their removal [13,14]. However, many factors affect the formation of redox zonation, such as light, temperature, pH, redox potential, oxygen, and organic carbon that affect microbial activity, river stage and groundwater level, intensity pumping, lithology, and the structure of aquifer medium and groundwater recharge conditions [15,16,17,18,19,20]. In addition, some interaction processes control the transport, fate, and reactivity of inorganic substances, including sorption, dissolution, precipitation, and mixing [11]. This may affect groundwater quality. However, it is difficult to accurately describe the complex process of water chemical evolution by analyzing the effect of single index on redox zoning.



Large datasets generated through long-term surveys and water quality monitoring projects are often difficult to analyze and explain. It is essential to extract meaningful information, such as spatio-temporal changes, important parameters, and potential pollution sources, from datasets using statistical methods without losing useful information [21,22]. Statistical analysis based on multivariate statistical theory, such as correlation matrix (CM), cluster analysis (CA), principal component analysis (PCA), factor analysis (FA), and discriminant analysis (DA), can be used to study the relationship and influence between variables. By extracting the mathematical characteristics of the data, water quality factors can be described macroscopically, and the spatiotemporal distribution of hydrochemistry can then be analyzed [23]. This improves the understanding of the geological origin and environmental origin of soluble ions and metals in water [24].



The CM can identify the relationship between parameters to understand the main factors affecting the distribution of these parameters in groundwater resources. PCA, FA, CA and are effective methods for discovering dispersed common trends and anomalies, reducing the initial dimension of the dataset, and improving the understanding of the geological and environmental sources of soluble ions and metals in water [25,26]. FA and CA have been widely used to identify chemical processes that affect water chemistry to delineate different chemical regions [27]. Choi classified redox zones in vertical order using FA and CA and determined the main geochemical processes affecting each zone [28]. Rui Zuo used PCA to analyze the similarities and differences of redox index in horizontal and vertical directions and divide redox zone [29]. However, previous studies were limited to local areas near the riverbank, and the whole flow path of river water infiltration was not analyzed.



The Kaladian riverside well field in Songyuan City, Northeast China, provides drinking water to residents. However, eutrophication and nitrogen pollution in river water are becoming more and more serious, and groundwater in the riverside well field is also facing potential risk of nitrogen pollution. The aquifer medium of the riverside well field is rich in primary minerals of high iron and manganese, and the content of iron and manganese in groundwater generally exceeds the standard. This area has primary low-quality groundwater characterized by high contents of iron and manganese ions. By analyzing the spatial distribution characteristics of groundwater environment indices and chemical components, previous studies have classified groundwater redox zones in water flow paths during bank filtration using traditional methods [16,30,31,32]. However, previous studies did not comprehensively consider the influence of DOC concentration, pH value and other factors on sensitive elements in water flow paths during bank filtration. The effects of leaching and mixing on hydrochemistry were also less considered. In this study, taking the riverside well field in Songyuan, northeast China as the study area, MSA was used to further analyze the hydrochemical data, evaluate the hydrogeochemical effect, and determine key factors controlling groundwater quality in the process of river water infiltration. The results are expected to help managers to establish a better groundwater management model and understand the causes of iron and manganese pollution in groundwater by dividing hydrogeochemical zones to control groundwater pollution.
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Figure 1. Electron acceptor thermodynamic sequence of organic carbon oxidation in saturated regions [8,16,31]. 






Figure 1. Electron acceptor thermodynamic sequence of organic carbon oxidation in saturated regions [8,16,31].
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2. Materials and Methods


2.1. Site Description


The study area is located in northeast China. It has a flat terrain with elevation between 131 m and 136 m. The annual average temperature in the study area is 4.7 °C, the annual average rainfall is 425.7 mm, and the annual evaporation is 1594 mm. As the largest river system in Jilin Province, the Second Songhua River flows through the north of the study area from southeast to northwest. The water depth and width of the river surface are 400–450 m and 3–7 m, respectively. The annual average runoff is 476.0 m3/s. During the dry season, which generally occurs in May, the minimum runoff is 63.3 m3/s, and the water level is 130.12 m. During the wet season, which usually occurs in August, the maximum runoff is 6750 m3/s and the water level is 134.96 m. The annual water level varies from 1.8 m to 4 m, with strong seasonal variations. It is higher during July–September and lower during October–March. The content of fine particles in the nearshore riverbed (within 100 m from shore) is high, and the vertical permeability is poor. The Kv value is 4.82~6.57 m/d, with an average of 5.82 m/d. In the far-bank riverbed (100~400 m from shore), the content of coarse particles in the surface sediments is high, the vertical permeability is better, and the Kv value is large, 36.39~59.37 m/d, with an average of 48.93 m/d.



The groundwater is mainly hosted in the 17–20 m phreatic aquifer. The aquifer has a loose sand and gravel structure, with good sorting and roundness. The upper and lower parts are composed of fine sand and medium sand, respectively, with a thin layer of silty clay in the middle. The phreatic aquifer has good permeability, and its permeability coefficient is 28.14~72.79 m/d, with an average of 48.01 m/d. The floor of the aquifer is a continuous and stable clay layer of 24 m thickness.



Groundwater recharge is primarily facilitated by river water infiltration and regional groundwater lateral runoff, and discharge mainly occurs through artificial exploitation and lateral discharge. Due to the long-term mining in the water source, the groundwater drawdown funnel in the long axis direction is approximately parallel to the second Songhua River, and the funnel center is located near the C5-C6 pumping wells, as shown in Figure 2.




2.2. Sampling and Analysis


The observation network of river water and groundwater established in previous studies [30]. 12 observation wells were arranged in the direction of river water infiltration to recharge groundwater (Figure 2). Monitoring point NS1 was set up in the riverbed for observations at 4 m below the riverbed. The area near the riverbank is the most obvious gradient of hydrodynamic conditions and environmental changes in the process of river water infiltration, and it is also the most active area of biogeochemistry, so the detection wells are densely arranged. Near-shore monitoring points NS1, NS2, NS3, NS4, NS5, and NS6 were set at 0 m, 2 m, 5 m, 8 m, 14 m, and 30 m away from the river, and the far-shore monitoring points FS1, FS2, FS3, FS4, FS5, and FS6 were set at 200 m, 420 m, 700 m, 850 m, and 1110 m away from the river. The well depth and filter depth of all monitoring points were 7.5 m and 6–7.5 m, respectively. Regional Groundwater detection wells RG1 and RG2 were set up in two regions at distances of 2100 m and 2700 m from the riverbank, with a depth of 12 m and a filter depth of 10.5–12 m.



In this study, river water and groundwater samples were collected in September 2018. The river water samples were collected at 20 cm below the river surface. Before collection, the sampling wells were pumped to more than three times the volume of water in the well pipe, and the sampling bottles were washed three times. Subsequently, samples were collected in the bottles at a rate of <5 L/min.



Groundwater samples for K+, Na+, Ca2+, Mg2+, Cl−, SO42−, HCO3−, NO3−, and NH4+ analyses were loaded into polyethylene bottles. Concentrated sulfuric acid was added to groundwater samples for NH4+ analysis in order to adjust the pH to <2. Groundwater samples for Mn2+ analysis were loaded into brown glass bottles and dilute hydrochloric acid was added to adjust the pH to <2. Samples for DOC were filtered with a 0.45 μm aluminum membrane and loaded into brown glass bottles, and its pH was adjusted to <2 by adding concentrated sulfuric acid. Isotope samples were filtered through a 0.22 μm filter membrane, packed into polyethylene bottles, and stored at −4 °C. δ2 H, δ18O stable isotope samples using 500 mL thick-walled polyethylene bottles, sampling with sealing film sealed, stored at −4 °C environment.



T, DO, Eh, pH, total dissolved solids (TDS), and electrical conductivity (EC) were measured on-site using the Hach HQ40d portable multimeter (Hach Company, Loveland, CO, USA). Fe2+ and HS− concentrations were measured on-site using Hach DR1900. The concentrations of K+, Na+, Ca2+, Mg2+, Cl− and SO42− in river water and groundwater were measured using an ion chromatograph (881 Compact IC pro, Metrohm, Switzerland) at the Institute of Water Resources and Environment, Jilin University (Changchun, China). The concentration of Mn2+ in water was tested using an atomic absorption spectromete. The mass concentrations of NO3− and NH4+ in water were tested using a continuous flow spectrometer (San++, Skalar, Netherlands) at the Institute of Water Resources and Environment, Jilin University (Changchun, China). The δ2 H and δ18O values were tested using a laser isotope meter (L2140-i, Picarro, USA) at the Third Institute of Oceanography, Ministry of Natural Resources (Xiamen, China), with accuracies of ±0.50 and ±0.20‰, respectively. This paper verified hydrochemical analysis by examining ion balance.



The mass concentration of DOC in water was tested using a TOC analyzer (TOC-LCPH Shimadzu, Japan) at the Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences (Changchun, China).




2.3. Multivariate Statistical Analysis (MSA)


MSA, which includes PCA, FA, CA, DA, and other commonly used methods, is conducted to determine the genesis of groundwater, speculate pollution sources, and analyze hydrogeochemical processes. In this study, FA was used to analyze the T, Eh, DO, TDS, electrical conductivity (EC), pH and main hydrochemical indexes (K+, Na+, Ca2+, Mg2+, Cl−, SO42−, NO3−, HCO3−, Fe2+, Mn2+, NH4+), dissolved organic carbon (DOC), and δ2H /δ18O values of river water and groundwater samples. Then, hierarchical CA (HCA) was conducted to analyze the scores of the main factors. In this paper, FA and CA was applied using IBM SPSS Statistics 25.



2.3.1. Factor Analysis (FA)


R-type FA is a type of data simplification technique. By studying the original variables with good interrelationship, the basic data structure is represented by simplified common factors, which are irrelevant or orthogonal to each other [23,33]. FA mainly involves the following steps. Firstly, the correlation matrix of the original data is calculated. Then, the eigenvalues and eigenvectors are calculated, and a set of mutually perpendicular principal component (PC) axes are designed. Finally, the new group of variables is extracted through rotating the axis defined by PCA [34,35,36]. The maximum variance method rotates the variables such that the loading of all variables of the factor is close to 1, 0, and −1. Loadings close to 1 reflect strong correlation with the main factor, and surface factors close to 0 indicate no significant correlation with the variables [33,37,38,39]. Variables with rotating loads greater than 0.5 are considered significant [36].




2.3.2. Cluster Analysis (CA)


CA is an unsupervised multivariate technique, which can be used to classify objects with similar characteristics. HCA can be used to cluster objects with similar properties through successive aggregation according to the similarity between variables or samples [40,41]. In this process, the most similar observations are first connected, and the next most similar observations are then linked. The difference between observations is represented by the Euclidean distance. The greater the Euclidean distance, the smaller the similarity between observations [37,42]. When CA is applied, the original data matrix set is normalized to dimensionless values to replace the original variables, and the Euclidean distance is then calculated. An appropriate link algorithm is used to cluster and isolate objects with larger distances [34,43,44,45]. In this study, the Euclidean distance and nearest domain method were used for CA. The sample position is regarded as a variable and the factor score is regarded as an object. The tree diagram provides an image summary of the clustering results, showing the grouping and proximity, and reducing the dimension of the original data. Overall, the FA and CA of groundwater samples in September 2018 were performed in SPSS. 25 to identify the hydrological and geochemical effects and their influencing factors in the process of river water infiltration.






3. Results and Discussion


3.1. Hydrodynamics of River Water and Groundwater


According to the observation data of river level from 2016 to 2018 (Figure 3), the annual variation of river level is between 1.0 and 3.2 m. The high-water level appears from July to September, and the low water level appears from October to March of the next year. In point NS1-NS6 near the coast, the groundwater level responds quickly to changes in river levels. The groundwater level along NS1–NS6 ranges from 2.8 m to 3.0 m, clearly affected by changes in river level. The water level along FS1–FS6 ranged from 0.9 m to 1.8 m, weakly affected by changes in river level. In particular, FS3–FS6 is located within the depression cone, and the water level is greatly affected by pumping instead of river levels.



In September 2018, the hydraulic gradients along the river to NS1 (within 2 m from the bank), NS1–NS6 (2–30 m from the shore), NS6–FS3 (30–420 m from the shore), and FS3–FS4 (420–700 m from the shore) were 79.53‰, 8.62‰, 2.12‰, and 2.63‰, respectively.




3.2. Distribution of δ2H and δ18O in River Water and Groundwater


In this study, the 2H and 18O stable isotope data of atmospheric precipitation in Harbin station of Global Network of Isotopes in Precipitation (GNIP), which is about 150 km away from the study area, are used as Figure 4. The data are analyzed by least squares regression (LSR) to obtain LWML. The Global Meteoric Water Line (GMWL) and LMWL are shown in Figure 4.



Samples of river water and 11 wells (NS2, NS4, NS5, NS6, FS1, FS2, FS3, FS4, FS6, RG1 and RG2) were collected to test δ2H and δ18O values. River water is the main recharge source of groundwater in the study area. The Second Songhua River originates in the Changbai Mountain (altitude: 2750 m). Affected by the elevation, hydrogen and oxygen isotopes are relatively depleted in the river water, with average δ18O and δ2H values of −9.28‰ and −71.24‰, respectively. The regional groundwater is affected by evaporation, and the hydrogen and oxygen isotopes are relatively enriched, with average δ18O and δ2H values of −8.08‰ and −68.67‰, respectively.



The δ18O and δ2H values of groundwater increased gradually along the flow path, and the values along NS1–FS2 were closer to those of river water. The average values of δ18O and δ2H from NS1 to FS2 were −8.89‰ and −71.72‰, respectively. The δ18O and δ2H values along FS3–FS6 were higher than those along NS1–FS2 but significantly lower than those at FS6, with average values of −8.39‰ and −70.47‰, respectively. The δ18O and δ2H values at FS6 were close to those of the regional groundwater, with values of −6.62‰ and −60.77‰, respectively. Overall, the variation of δ18O and δ2H values along the horizontal indicates that the recharge intensity of river water to groundwater decreases gradually along the flow path, and the recharge intensity of regional groundwater increases gradually.




3.3. Hydrochemical Indexes in River Water and Groundwater


3.3.1. Eh and DO


The Eh value of river water was 146 mV and DO content was 8.32 mg/L. The regional groundwater was found to be under a reducing environment. The average Eh and DO content of regional groundwater were −151.62 mV and 0.68 mg/L, respectively. The Eh of groundwater widely fluctuated, ranging from −48 mV to −220 mV. The average Eh from the river to FS1 was relatively low at −164.29 mg/L, and the average Eh along FS2–FS6 was relatively high at −77.93 mg/L. The fluctuation of DO was relatively small, ranging from 0.48 mg/L to 1.33 mg/L.




3.3.2. pH


The pH values of river water and regional groundwater were 7.76 and 7.11, respectively. The pH value of groundwater is affected by many factors such as recharge and discharge conditions, oxidation and reduction, and human activity, and fluctuates widely along the direction of river water infiltration. Between 420 m and 700 m from the shore, the pH value of groundwater decreased to the lowest, with an average of 7.31.




3.3.3. NO3− and NH4+


The average values of NO3−-N and NH4+-N in river water were 2.28 mg/L and 0.14 mg/L, respectively. NO3− in regional groundwater was generally below the detection limit, and the average value of NH4+-N was 2.01 mg/L. The NO3−-N concentration in groundwater decreased rapidly to the lowest value (0.02 mg/L) at NS1, and the NO3−-N concentration along NS1–FS6 fluctuated slightly, with an average of 0.97 mg/L. The NH4+-N concentration increased significantly from the river to NS1, whereas it showed little change along NS1–FS6, with an average of 1.52 mg/L.




3.3.4. Mn2+ and Fe2+


The contents of Mn2+ and Fe2+ were very low in river water but very high in regional groundwater. The concentrations of Mn2+ and Fe2+ in river water were lower than 0.1 mg/L, and those in regional groundwater were 6.03 mg/L and 12.46 mg/L, respectively. Mn2+ and Fe2+ in groundwater were higher along the direction of water infiltration, reaching the peak at NS6 and NS2, respectively, after which they decreased along the flow path. The concentrations of Mn2+ and Fe2+ in FS3 and FS4 increased significantly, and the concentrations of Mn2+ and Fe2+ along FS4–FS6 first decreased and then increased.




3.3.5. SO42−


The average concentrations of SO42− in river water and regional groundwater were 29.42 mg/L and 62.65 mg/L, respectively. The fluctuation of SO42− content from the river to NS5 was small, with an average value of 32.90 mg/L. The content of SO42− gradually decreased to 11.18 mg/L along NS5–FS2 and significantly increased from 11.18 mg/L to 74.95 mg/L along FS2–FS4. The content of SO42− decreased significantly from 74.95 mg/L to 26.87 mg/L along FS4–FS5 and showed little change along FS5–FS6.




3.3.6. Cl− and Na++K+


The concentrations of Cl− and Na++K+ in river water were 14.04 mg/L and 17.86 mg/L, respectively, while those in regional groundwater were 142.90 mg/L and 156.16 mg/L, respectively. The concentrations of Cl− and Na++K+ in groundwater gradually increased along the flow path, reaching the highest values in FS6 at 92.37 mg/L and 63.26 mg/L, respectively.




3.3.7. Ca2+, Mg2+, and HCO3−


The average values of Ca2+, Mg2+, and HCO3− within 80 m from the shore were 68.19 mg/L, 11.59 mg/L, and 10.69 mg/L, respectively, while the average values within 80–1100 m from the shore were 103.14 mg/L, 19.53 mg/L, and 27.25 mg/L, respectively. In the process of river water infiltration, the hydraulic gradient gradually decreased, the seepage velocity decreased, and the time of water passing through the sediments increased. With the weathering and hydrolysis of carbonate and silicate minerals by groundwater, Ca2+, Mg2+, and HCO3− were enriched in groundwater.





3.4. Factor Analysis


In this study, FA was performed on 20 chemical parameters, including pH, Eh, DO, EC, TDS, T, main hydrochemical indexes (K+, Na+, Ca2+, Mg2+, Cl−, SO42−, HS−, NH3+, NO3−, Mn2+, Fe2+, HCO3−), and δ2H, δ18O values. The Kaiser-Meyer-Olkin (KMO) test and Bartlett’s test of sphericity were performed, and the results showed that the KMO values were greater than 0.5. Regarding the KMO test, the general value of above 0.5 indicates acceptable applicability, and for the Bartlett’s sphericity test, sig = 0 indicates that the hydrochemical parameters of the sample are suitable for FA. The eigenvalues of the four factors were greater than 1 and the cumulative contribution rate was 92.6%, which showed that the extracted main factor represented most of the information of the original data. According to the absolute value of factor loadings, the factor load of each variable was divided into strong (>0.75), medium (0.75–0.5), and weak (0.5–0.3) [46]. Based on these criteria, each factor was defined, and the results indicate that major factors governing the groundwater quality of this aquifer are leaching (F1), groundwater influence (F2), aerobic respiration and denitrification (F3), and Mn (IV)/Fe (III)/SO42− Reduction (F4).



The variance contribution rate of factor 1 (F1) is 33.75% as shown in Table 1. F1 shows strong positive loading for Ca2+, NH4+, HCO3−, Mg2+, EC, and TDS. Strong positive loadings show high linear correlation between factors and variables. Some studies have shown that the type of bicarbonate water is mainly produced by the dissolution of calcite, dolomite, and gypsum. It was found that the content of Ca2+, Mg2+, HCO3−, SO42− and TDS increased in the bank filtration system of Hulan River in China and Ganges River in India. It was found that the content of Ca2+, Mg2+, HCO3−, SO42− and TDS increased due to leaching [47,48]. The score for F1 also increases along the direction of river recharge to groundwater. As water flows, leaching enhances the dissolution of aquifer minerals, forming new hydrochemical characteristics. Therefore, F1 represents the effect of mineral leaching.



Factor 2 is composed of δ2H, Cl−, δ 18O, and Na++K+ with variance contribution rate of 23.77%, which are positively correlated with F2. There are significant differences in δ2H, δ18O values and Na+, K+, Cl− concentrations between river water and regional groundwater. Meanwhile, δ2H and δ18O stable isotopes are often used as tracers to analysis groundwater recharge sources. Therefore, F2 indicates the effect of regional groundwater.



The total variances of Eh, DO, NO3−, HS−, DOC, and T in F3 were 20.43%. Eh, DO, and NO3− showed strong positive loadings at 0.98, 0.91, and 0.87, respectively. T and DOC showed medium positive loadings (0.65 and 0.64, respectively). Under the condition of sufficient organic carbon in groundwater, aerobic bacteria use O2 to oxidize organic carbon. When oxygen supply is limited, facultative anaerobic bacteria use NO3− and O2 as electron acceptors. With the decrease of O2 level, specific anaerobic bacteria begin to use non-oxygen electron acceptors [9]. Denitrifying bacteria are ubiquitous in groundwater and the key limiting factors are the concentration and availability of oxygen and electron donors [6]. The ΔG° (W) of aerobic respiration and denitrification is similar. It often constitutes the same zoning. Therefore, F3 represents the effect of aerobic respiration and denitrification.


CH2O + O2 = CO2 + H2O



(1)






5CH2O + 4NO3− + 4H+→2N2 + 7H2O + 5CO2



(2)







F4, which explains 14.65% of the total variance (Table 1), showed strong positive loading for SO42−, medium positive loading for Fe2+, Mn2+, and strong negative loading pH. The concentrations of O2 and NO3− in groundwater decreased due to aerobic respiration and denitrification in the process of river water infiltration, which further induced a reducing environment, following which Mn (IV) and Fe (III) reduction and sulfate reduction occurred. The reduction of Mn (IV) and Fe (III) is generally believed to occur successively at low ΔG° (W), and the boundary is distinct. As Eh decreases, sulfate reduction begins to occur in groundwater [49,50].


CH2O + 8H+ + 4Fe(OH)3 (s)→4Fe2+ + 11H2O + CO2



(3)






CH2O + 4H+ + 4MnO2 (s)→2Mn2+ + 3H2O + CO2



(4)






2CH2O + SO42−+ H+→HS− + 2H2O + 2CO2



(5)







Fe (III) reduction and sulfate reduction often accompany or alternate each other. Fe2+ produced by Fe (III) reduction is adsorbed on the mineral surface to inhibit Fe (III) reduction. S2− produced by sulfate reduction can form FeS precipitates with Fe2+ and promote the reduction of Fe (III) minerals. Therefore, a certain sulfate reduction rate may be a necessary condition for iron reduction in aquifers. Based on the equilibrium conditions of Fe (III) and sulfate reduction, it is concluded that simultaneous reduction of Fe (III) and sulfate is thermodynamically possible, and sulfate reduction may even occur before Fe (III) reduction [4]. The pH value of pore water also has a strong control on whether iron (III) or sulfate reduction is beneficial. For the same minerals and the same reactant concentration, low pH is more conducive to the reduction of Fe (III) in groundwater and high pH is more conducive to the reduction of SO42− in groundwater. Therefore, F4 represents Mn (IV) and Fe (III) reduction and sulfate reduction [6]. According to the variance of each factor, the main factors affecting groundwater chemistry are leaching and regional groundwater mixing, followed by aerobic respiration and denitrification. In contrast, Mn (IV) and Fe (III) reduction and sulfate reduction have the least influence on groundwater chemistry.




3.5. Cluster Analysis


According to the similarity between factor scores, groundwater was divided into four groups through CA, and the results of HCA are presented in Figure 5.



The first group (C1) includes NS2, NS4, NS5, NS6, and FS1 (within 80 m from shore), which are closer to river water. Figure 6 shows that river water and C1 are mainly controlled by factor F3. F3 has high scores in river water but low scores in observation wells in the C1, indicating that the two can be separated through F3 (aerobic respiration and denitrification). The second group (C2) included FS2 (within 80–200 m from shore) mainly controlled by F1 and F4. The F4 score dropped to the lowest and F1 score was higher. The results indicate that C2 can be distinguished by sulfate reduction and leaching. The third group (C3) including FS3, FS4 (within 200–700m from shore) is mainly controlled by factor F4. The increase of F4 factor score to the highest value indicates that C3 can be distinguished by Mn (IV) and Fe (III) reduction. The fourth group (C4) included FS6 (within 700–1100 m from the shore), mainly controlled by F2. The increase of the score of F2 to the highest value indicates that C4 can be distinguished by regional groundwater mixing. Therefore, according to the geochemical similarity, the flow path can be divided into four different hydrochemical zones.



The δ18O and δ2H values in C1 indicate that river water infiltration is the main source of recharge, so C1 is a Strongly Influenced by River Water Zone. The values of δ18O and δ2H were −9.42‰ and −74.59‰, respectively, which were slightly higher than those of river water (δ18O and δ2H were −9.28‰ and −71.24‰, respectively), indicating that river water infiltration and precipitation were the main recharge sources of C2. The values of δ18O and δ2H in C4 decreased to −6.63‰ and −60.77‰, indicating that lateral groundwater recharge in the region increased significantly. The values of δ18O and δ2H in C4 decreased to −6.63‰ and −60.77‰, indicating that lateral groundwater recharge in the region increased significantly.



In summary, groundwater could be divided into four main geochemical zones by CA: (1) C1: the Zone Strongly Influenced by River Water; (2) C2: the Zone Moderately Influenced by River Water; (3) C3: the Zone Weakly Influenced by River Water; and (4) C4: the Zone Strongly Influenced by Regional Groundwater. This is similar to the results obtained by Su, et al. using the traditional hydrogeochemical analysis method [16].





4. Hydrogeochemical of Each Geochemical Zones


4.1. The Zone Strongly Influenced by River Water (C1)


River water infiltration transports a large amount of DO into groundwater. As oxygen and organic carbon oxidation can provide the most energy for microorganisms, microorganisms tend to preferentially consume O2 to oxidize organic carbon [9]. When sufficient organic carbon is available, aerobic bacteria will continue to use DO until it is depleted, which explains the rapid decrease of DO concentration from 8.32 to 0.48 mg/L when river water infiltration reached NS2. After the depletion of DO, facultative anaerobic bacteria (aerobic or anaerobic bacteria) use NO3− as an electron acceptor, in which explains the rapid reduction of NO3−-N from 2.28 to 0.73 mg/L when river water infiltrated NS2. F3 representing aerobic respiration and denitrification exhibited high scores in river water and low scores in C1 (Figure 7), indicating the occurrence of strong aerobic respiration and denitrification during the infiltration of river water in C1, and O2 and NO3− from were depleted in river water, resulting in extremely low DO and NO3− concentrations in C1 groundwater.



The variation of Mn2+ from NS1 to NS2 was the largest, increasing from 0.20 mg/L to 0.96 mg/L, and the variation of Fe2+ from NS5 to NS6 was the largest, increasing from 0.05 mg/L to 3.81 mg/L. SO42− decreased from 37.86 mg/L to 26.23 mg/L from NS4 to NS6. In addition, the fluctuation of F4 scores in the coastal zone (Figure 7) indicates that Mn (IV), Fe (III), and SO42− reduction occurred in this zone. But the scores of F1 and F4 were negative for the river and C1 and showed little change. Groundwater in this area is mainly affected by aerobic respiration and denitrification, while Mn (IV), Fe (III), and SO42− reduction and leaching have little effect on groundwater chemistry.



In summary, strong aerobic respiration and denitrification occurred within 2 m from the bank when river water infiltrated the strong influence zone of river water. NS2–NS3 (2–5 m from the bank) was the main Mn (IV) reduction zone, and NS5–NS6 (15–30 m from the bank) was the main Fe (III) reduction zone. Sulfate reduction was relatively weak along NS4–NS6 (8–30 m from the bank), which also showed that under the dual impact of pH and Eh, sulfate reduction can accompany or even occur ahead of Fe (III) reduction. The reduction of Mn (IV), Fe (III), and SO42− was relatively weak in C1, which may be because the low DOC concentration affects the activity of microorganisms. The average DOC concentration in C1 was 8.98 mg/L, while that in C2, C3, and C4 was 23.32 mg/L).




4.2. The Zone Moderately Influenced by River Water (C2)


With the decrease of groundwater hydraulic gradient (from 8.62‰ to 2.12‰), the flow velocity decreased, the recharge ratio of river water decreased, and the recharge ratio of regional groundwater and precipitation increased. The decrease of flow velocity leads to the increase of the influence of leaching on hydrogeochemistry and the increase of Ca2+, Mg2+ and HCO3− concentrations. Strong sulfate reduction accompanied by Fe2+ precipitation occurred. Moreover, SO42− concentration decreased from 30.42 to 11.18 mg/L and Fe2+ concentration decreased from 1.74 mg/L to 0.28 mg/L.



The score of F4 decreased to the lowest and that of F1 increased significantly, indicating that C2 was mainly controlled by sulfate reduction and mineral leaching (Figure 8).



It is worth noting that Eh in the medium influence zone of river water was −63.00 mV, which is higher than that in C1 (average of −164 mV), but the intensity of sulfate reduction was significantly higher than that of Fe (III) reduction and sulfate reduction in C1. The average pH value in C2 was 8.83, which is significantly higher than the average pH value in NS6–FS1 (average of 7.67). This is due to the presence of CaCO3 in sediments and its buffering effect on pore water pH, gradually increasing pH. As the reduction of Mn (IV), Fe (III), and SO42− is not only affected by redox conditions, but also by mineral species and groundwater pH, and there was no significant change in the mineral composition of the aquifer along the flow path, the change from Fe (III) reduction to sulfate reduction in groundwater is more likely to be explained by the increase of pH, which favors sulfate reduction over Fe (III) reduction [6,51].




4.3. The Zone Weakly Influenced by River Water (C3)


The average concentrations of Fe2+ and Mn2+ in the band were 12.78 mg/L and 5.39 mg/L, respectively, which were significantly higher than those in C1 and C2. The concentration of SO42− was 64.62 mg/L, which was significantly higher than that of C1 and C2. Reoxygenation of groundwater changes the redox conditions from sulfate reduction to Mn (IV), Fe (III) reduction [35,36]. There are three main reasons for the reoxidation of the groundwater in the process of river water infiltration. (1) Oxygen-containing rainwater enters the groundwater through the permeable unsaturated zone. (2) Oxygen directly diffuses into the groundwater through the unsaturated zone. (3) Groundwater level oscillation and bubble inclusion. Among them, groundwater level oscillation and air inclusion are the main reasons for groundwater reoxidation. The groundwater is still dominated by Fe (III) mineral reduction, and the concentration of Fe2+ increases.



NO3− and O2 supplied vertically in reductive groundwater are consumed rapidly. Consequently, a low amount of Fe2+ is directly oxidized and precipitated by O2 in groundwater. The groundwater is still dominated by Fe (III) mineral reduction, and the concentration of Fe2+ increases. SO42− concentration has little effect on the equilibrium between SO42− and Fe (III) reduction. This equilibrium is mainly controlled by groundwater redox conditions, groundwater pH, and mineral species. As the mineral species of the aquifer along the flow path did not change significantly, pH was the main factor affecting the balance between sulfate reduction and Fe (III) reduction. The dissolved CO2 produced by microbial consumption of organic carbon in groundwater reduces the pH value of groundwater, resulting in the decrease of pH to 7.31 in C2, which is significantly lower than that of C2 (pH 8.83). In the Fe2+ rich environment, the pH value of pore water strongly controls the occurrence of Fe (III) or sulfate reduction, which also leads to the terminal electron-accepting process (TEAP) from sulfate to Fe (III) [6,51]. The score of F4 increased to the highest value, indicating strong Mn (IV) and Fe (III) reduction (Figure 9).



The groundwater hydraulic gradient of FS4 is 2.63‰, higher than that of FS3 (2.12‰). The greater the flow rate of groundwater, the shorter the contact time between groundwater and aquifer minerals, and the weaker the effect of leaching on groundwater chemistry, resulting in lower concentrations of Ca2+, Mg2+, HCO3− and other components in groundwater. In C3, the score of F1 significantly varies between FS3 and FS4, which also indicates a difference in the effect of leaching on groundwater chemistry (Figure 9).



In the zone, and the changes of Na+, Cl−, NO3−, and DO concentrations were relatively small. The low scores of F2 and F3 in the weak influence zone of river water indicated that the mixing effect, aerobic respiration, and denitrification had weak effects on groundwater chemistry.




4.4. The Zone Strongly Influenced by Regional Groundwater (C4)


The concentrations of Na+, K+, and Cl− were high in the regional groundwater. Further, their concentrations increased along FS5–FS6 in C4 due to the mixing effect of regional groundwater. The high score of F2 indicates that the mixing effect of regional groundwater is the main influencing factor of groundwater chemistry in C4 (Figure 9).



The concentrations of Fe2+ and SO42− in FS5 were 0.04 mg/L and 26.87 mg/L, respectively, which are significantly lower than those in the weak influence zone of river water. This suggests that strong SO42− reduction occurred in the strong influence zone of regional groundwater, accompanied by the precipitation of Fe2+.



The Eh value at FS5 (850 m away from the bank) in the strong influence zone of regional groundwater was −145, which is significantly lower than that in the weak influence zone of river water (−65.5). The enhancement of reducing groundwater conditions is more conducive to SO42− reduction. At the same time, the pH value of FS5 was 9.62, which is significantly higher than that of the weak influence zone of river water (7.31). High pH is also conducive to SO42− reduction. Furthermore, HS− from SO42− reduction precipitates with Fe2+, decreasing the concentration of Fe2+ in groundwater. The scores of F4 in the C4 were low, significantly differing from those in C3 also suggests that sulfate reduction occurred in this place.



The concentrations of Ca2+, Mg2+, HCO3− and other components in groundwater in C4 increased. This is because C4 is located far away from the center of the funnel, the hydraulic gradient is reduced, the flow rate is slowed down, the contact time between groundwater and aquifer minerals is prolonged, and the leaching effect on groundwater chemistry is strengthened. The increase in F1 indicates the enhancement of dissolution and filtration in the strong influence zone of regional groundwater (Figure 9).





5. Conclusions


The MSA method was used to analyze hydrogeochemical interactions between river water and groundwater during river water infiltration. Through FA, the following main factors controlling groundwater quality were extracted: (1) leaching (2) regional groundwater influence (3) aerobic respiration and denitrification (4) Mn (IV) and Fe (III) reduction and sulfate reduction. Through HCA, the study area was divided into four different hydrogeochemical influence areas (C1–C4), and the main influencing factors in each region were identified by factor scores. The main influencing factors of groundwater chemical change were comprehensively analyzed by combining the results of MSA analysis with hydrochemical indexes, hydrodynamic conditions, and recharge and discharge conditions.



The results show that the zone strongly influenced by river water (C1) is mainly controlled by aerobic respiration and denitrification, the zone moderately influenced by river water (C2) is mainly controlled by sulfate reduction, the zone weakly influenced by river water (C3) is mainly controlled by Mn (IV) and Fe (III) mineral reduction, and the zone strongly influenced by regional groundwater (C4) is mainly controlled by regional groundwater mixing. The leaching effect is mainly affected by the hydraulic gradient of groundwater.



This study evaluated the hydrogeochemical effect and determined the key factors controlling groundwater quality during Bank filtration. The research results are expected to help managers establish a better groundwater management model for riverside well field. In the future research, multivariate statistical analysis will be used to analyze the influence of seasonal variation on hydrogeochemistry in the process of reservoir bank filtration.
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Figure 2. Distribution of wells in the study area (a); administrative division of the study area (b); flow paths and zone division by the hydrogeology condition (c); monitoring wells in the nearshore zone (d): modifications of those reported by Su et al. (2020). A-A’ represents the groundwater dynamic monitoring profile that is nearly consistent with the direction of river water infiltration into groundwater [16]. 
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Figure 3. Water level dynamics of river and groundwater. [16]. 
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Figure 4. Distribution of δ18O~δ2H Values in River Water and Groundwater. 
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Figure 5. Plots of the variation of factor scores and Hierarchical diagram of groundwater sampling locations. 
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Figure 6. Plots of four factor scores showing the distribution of HCA-derived clusters: (a) factor 1 vs. factor 2; (b) factor 1 vs. factor 2; and (c) factor 1 vs. factor 3. 






Figure 6. Plots of four factor scores showing the distribution of HCA-derived clusters: (a) factor 1 vs. factor 2; (b) factor 1 vs. factor 2; and (c) factor 1 vs. factor 3.



[image: Water 14 03800 g006]







[image: Water 14 03800 g007 550] 





Figure 7. Factor scores and component concentrations in C1. 
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Figure 8. Factor scores and component concentrations in C1 and C2. 
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Figure 9. Factor scores and component concentrations in C2, C3 and, C4. 
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Table 1. Factor analysis for shallow groundwater samples in November (n = 13) a.
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Variable

	
Components b




	
F1

	
F2

	
F3

	
F4






	
Ca2+

	
0.94

	
0.24

	
−0.06

	
0.10




	
NH4+

	
0.91

	
0.06

	
−0.28

	
−0.21




	
HCO3−

	
0.91

	
0.37

	
0.07

	
0.17




	
Mg2+

	
0.88

	
0.33

	
−0.10

	
0.21




	
EC

	
0.80

	
0.51

	
−0.03

	
0.30




	
TDS

	
0.80

	
0.51

	
−0.03

	
0.30




	
δ2H

	
0.18

	
0.96

	
0.02

	
0.21




	
Cl-

	
0.40

	
0.91

	
0.00

	
0.00




	
δ18O

	
0.28

	
0.85

	
−0.11

	
0.36




	
NA++K+

	
0.55

	
0.82

	
−0.02

	
0.11




	
Eh

	
0.00

	
0.05

	
0.98

	
0.13




	
NO3−

	
−0.05

	
−0.34

	
0.91

	
−0.12




	
DO

	
−0.44

	
0.01

	
0.87

	
−0.06




	
HS−

	
−0.46

	
−0.10

	
−0.72

	
−0.30




	
DOC

	
0.62

	
0.40

	
0.65

	
0.08




	
T

	
−0.31

	
−0.02

	
0.64

	
−0.30




	
SO42−

	
0.00

	
0.01

	
−0.16

	
0.91




	
pH

	
−0.10

	
−0.33

	
−0.23

	
−0.75




	
Fe2+

	
0.57

	
0.45

	
−0.03

	
0.67




	
Mn2+

	
0.61

	
0.46

	
−0.07

	
0.61




	
Variance/%

	
33.75

	
23.77

	
20.43

	
14.65




	
Cumulative/%

	
33.75

	
57.52

	
77.95

	
92.61








Notes: a Factor loadings (Varimax rotation) b Extraction: principal components.
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