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Abstract

:

To assess the groundwater−river water interaction in a point-bar alluvial aquifer as a crucial step in site assessment for riverbank filtration, hydrochemical and hydrogeologic investigations were performed on a riverine island at the low reach of the Nakdong River, South Korea. The site was evaluated for the application of large-scale bank filtration. Unconsolidated sediments (~40 m thick) of the island comprise fine- to medium-grained sand (upper aquifer), silty sand with clay intercalations, and sandy gravel (lower aquifer) in descending order. The intermediate layer represents an impermeable aquitard and extends below the river bottom. A total of 66 water samples were collected for this study; groundwater (n = 57) was sampled from both preexisting irrigation wells, and three multi-level monitoring wells (each 35 m deep). Groundwater chemistry is highly variable, but it shows a distinct hydrochemical change with depth: shallow groundwater (<25 m deep) from the upper aquifer is characteristically enriched in NO3− and SO42−, due to agricultural contamination from the land surface, while deeper groundwater (>25 m deep) from the lower aquifer is generally free of NO3− and relatively rich in F. The lower aquifer groundwater is also higher in pH, and concentrations of K+, Mg2+, and HCO3−, indicating that the aquifer is likely fed by regional groundwater flow. Such separation of groundwater into two water bodies is the result of the existence of an impermeable layer at intermediate depth. In addition, the hyporheic flow of river water is locally recognized at the upstream part of the upper aquifer as the zone of low TDS (Total Dissolved Solids) values (<200 mg/L). This study shows that the study site does not seem to be promising for large-scale riverbank filtration because 1) the productive, lower aquifer is not directly connected to the bottom of the river channel, and 2) the upper aquifer is severely influenced by agricultural contamination. This study implies that the subsurface hydrogeologic environment should be carefully investigated for site assessment for riverbank filtration, which can be aided by a detailed survey of groundwater chemistry.
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1. Introduction


Riverside alluvial aquifers are a target of bank filtration in many countries [1,2,3,4,5,6]. The river bank filtration (RBF) has been frequently used as a pre-treatment process for domestic water supply, to overcome various surface water quality problems [7,8,9,10,11,12,13]. In many European countries, a significant amount of drinking water supply is obtained by RBF: for example, 80% in Switzerland, 50% in France, 48% in Finland, 40% in Hungary, 16% in Germany, and 7% in the Netherlands [14,15]. Recently, many Asian countries such as India [16,17,18] and China [4,5,19,20] have also become interested in the use of RBF. RBF has also been used in a few localities in South Korea (e.g., Changwon City, 80,000 m3/day; Gimhae City, 180,000 m3/day) [21,22,23,24,25,26].



In RBF, a large portion of water from a nearby stream or river is filtered through alluvial sediments during induced flow toward pumping wells. During filtration, significant changes in water chemistry occur via physical and biogeochemical processes [27,28,29]. Thus, the successful implementation of RBF technology is fully dependent on the site-specific conditions of hydrogeology (esp., the flow path and thickness of the aquifer) and water quality [1,30,31,32,33,34]. The zone of hyporheic exchange also plays an important role in governing contaminant exchange and transformation [35,36,37,38,39,40]. More specifically, the performance of RBF is controlled by many factors such as well type, pumping rate, flow paths, and travel time of water to wells, thickness and hydrogeological properties of alluvial sediments (and soil), quality of surface water and background groundwater, and biogeochemical reactions occurring in aquifer sediments [4,5,9,13,41,42,43,44].



However, riverside alluvial deposits are often used for agricultural activities in many countries, including South Korea, causing significant contamination of alluvial aquifers [45,46]. Therefore, in addition to the site-specific hydrogeology, the groundwater quality of an alluvial aquifer should be carefully examined for the sustainable use of RBF.



The current study on hydrogeology and water chemistry on a riverine island was initiated to evaluate the potential use of large-scale RBF technology in the study area. The main aims of this study are to: (1) examine groundwater chemistry in relation to the geologic section of an alluvial aquifer; (2) understand the groundwater−river water interaction in a point-bar sedimentary environment; (3) evaluate the applicability of large-scale bank filtration. In particular, the sequence of alluvial sedimentary strata was carefully examined to explain the observed hydrochemical features.




2. Study Area


The study area is a small riverine island in Gimhae City at the low reach of the Nakdong River, South Korea (Figure 1a) and it has been evaluated for the application of large-scale (180,000 m3/day) bank filtration using a number of horizontal collector wells in gravel aquifer [47]. The Nakdong River is the longest river in South Korea (about 506 km long with a watershed of about 23,000 km2), and flows from the Taebaek Mountains to the South Sea or the Korean Strait. The climate of Gimhae City is temperate monsoon with an annual average precipitation of about 1300 mm, of which more than 70% occurs during the summer months (June through September). The air temperature is highest in August (24 °C) and lowest in January (−2 °C), with an annual average of 12 °C. The study area is surrounded by mountains with elevations up to about 280−380 m above sea level (asl) at the northeast, southeast, and northwest. The topography of the island is relatively flat, and it ranges from 2.6 m asl at the northeastern part, to 6.8 m asl at the central part (Figure 1b). The flat island has been used for year-round agricultural activities (especially for strawberry production); thus, large amounts of synthetic fertilizers are applied on the fields during the growing season (spring through fall) and even during winter, using greenhouses.



In the study area, the Nakdong River meanders strongly from south to north, and then from north to south. The Miryang River joins the Nakdong River from the north to the south as a tributary, and a small tributary also joins the Nakdong River from the southeast and the northwest (Figure 1c). The deepest of the Nakdong river channel near the island in this study is −17.8 m asl [47]. The island in this study was recently formed by the point-bar accretion of alluvial sediments at the direct upstream of the confluence. A comparison of topographic maps printed after 1950 shows that there was a dynamic change of sedimentation and subsequent erosion over approximately the past 70 years (Figure 1c); the island was formed by extensive sedimentation before 1991, and then it was separated into two islands before 2006 by erosion along the confluence with a small northwest-trending tributary. Our study was initiated in 2006 with the installation of multilevel monitoring wells. The island has been frequently flooded in recent years.




3. Materials and Methods


A total of 66 water samples, including river water (n = 4), pond water (n = 5), and groundwater (n = 57) were collected for this study (see Figure 1a for localities). Alluvial groundwater was sampled from preexisting irrigation wells (n = 36) with known depths (26 samples from depths between 5 and 22 m, and 10 samples from depths between 30 and 42 m) and from three multi-level monitoring wells (n = 21). Core drilling was conducted to a depth of 35 m below the ground surface to install the multi-level monitoring wells. The monitoring wells were constructed with polyethylene tubes (0.5 cm diameter) with variable lengths with 5 m intervals (i.e., seven tubes (samplers) in each well). The tips of the tubes were wrapped with a stainless steel screen to allow groundwater inflow.



Water samples were collected using peristaltic pumps after sufficient purging (at least more than two well volumes). Unstable parameters such as pH, redox potential (Eh), dissolved oxygen (DO), and temperature were measured in situ using a flow-through chamber to minimize contact with the air. Alkalinity was measured by using an acid titration method. Samples for chemical analysis were immediately filtered through 0.45 µm cellulose membranes. Sampling bottles were soaked in 1:1 diluted HCl solution for 24 h, washed three times with deionized water, and washed again prior to each sampling with the filtrates.



Samples for the analysis of major cations and dissolved forms of silica, Fe, and Mn were acidified to pH < 2 by adding several drops of ultra-pure nitric acid. The samples were kept at 4 °C. The cations, silica, Fe, and Mn were analyzed using ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy; Perkin Elmer Optima 3000), while major anions were analyzed using ion chromatography (Dionex 120). The quality of chemical analysis was carefully examined by taking and analyzing blanks and duplicate samples, and by checking ion balances. Statistical analysis of data such as Mann-Whitney U test was performed using Statistica software (version 10). Maps showing the spatial distribution of the potentiometric head levels and some hydrochemical parameters were drawn by using a kriging method in Surfer 12 software (version 12).




4. Results and Discussion


4.1. Subsurface Geology and Hydrogeologic Condition


The alluvial sediments in the study area overlie bedrocks consisting of Yucheon group volcanic rocks (mainly, andesitic rocks and tuffs) and granitoids of the Cretaceous age [25,47]. Geologic logging showed that unconsolidated alluvial deposits (approximately 40−42 m thick) of the island comprise fine- to medium-grained sand, silty sand with clay intercalations, and sandy gravel, in descending order (Figure 1b). Silty sand with clayey intercalations occurs at intermediate depths between approximately 23−30 m below the land surface, and they represent an impermeable layer. This clayey silt layer is considered to represent deposition during the stage of sea level rise (around 5.4−8.0 ka) before the transition toward a prodelta terrestrial environment [26,48]. The transverse cross sections (A–A’ to E–E’) show that (1) the intermediate layer as an aquitard seems to extend continuously below the river bottom and (2) toward the downstream direction (i.e., the confluence with the Miryang River), the thickness of an impermeable silty layer at intermediate depth tends to increase, while the upper sandy layer tends to generally decrease in thickness (Figure 1b). Except for the area adjacent to the river, the top of the upper sandy layer is generally covered with silt-rich sediment of thickness variations by recent frequent flooding, which forms the surface soil for agricultural activities [47,48].



Groundwater for agricultural use on the island is pumped from the upper sandy layer (upper unconfined aquifer) and the deeper sandy gravel layer (lower confined aquifer); among these aquifers, the lower aquifer is more productive [47]. Hydrogeologic pumping tests conducted in the study island showed that the lower sandy gravel aquifer (thickness = 9 to 19 m) has hydraulic conductivity values (K) ranging from 2.6 × 10−4 to 2.9 × 10−4 m/s [47], which agrees with the values (about 3 × 10−4 m/s) reported at an RBF site that is about 12 km upstream of the study area [24].



Figure 2 shows the distribution of potentiometric head levels (m asl) measured in the upper and lower aquifers during the period of this study. The potentiometric head levels are clearly different in the island between the upper sandy aquifer and the lower aquifer (Figure 2). In the upper sandy aquifer, the pattern of groundwater levels tends to correspond to topographic features; higher groundwater levels occur at central and eastern parts of the island, although pumping of groundwater for irrigation locally results in the drawdown of groundwater levels. It is also noteworthy that lower groundwater tables are observed at the southwestern part of the island (Figure 2), which may indicate the presence of the lateral flow of river water (i.e., hyporheic flow). Thus, the upper aquifer represents an unconfined condition, with groundwater recharge from the infiltration of rain and irrigation water. On the other hand, potentiometric head levels measured in the lower aquifer overall tends to direct from northeast toward the river, and tend to be slightly higher than those for the upper aquifer (Figure 2). We consider that groundwater in the lower aquifer represents a regional groundwater flow discharging to the river under a confined condition. Therefore, it is obvious that the two aquifers in the study area have different hydrologic conditions.




4.2. General Hydrochemistry


Hydrochemical data of four kinds of water samples (n = 66) are summarized in Table 1. The amount of total dissolved solid (TDS) in the water samples ranges widely from 87.4 to 901 mg/L. The dissolved oxygen (DO) is generally higher in river water and pond water, than groundwater.



The plots on a Piper diagram (Figure 3) show that the water samples are highly variable in hydrochemical characteristics, widely ranging from the Ca−Cl(−NO3) type to the Na−HCO3 type. The chemical composition of river water is similar to that of the upper aquifer groundwater; river water and the upper aquifer groundwater are dominantly of the Ca−Na−HCO3−Cl type. The lower aquifer groundwater is also variable in chemical features, ranging from the Na−HCO3 type to the Ca−Mg−HCO3−Cl type. Groundwater samples could not be collected from the intermediate silty-clayey layer.



However, careful examination of data shows that there is a noticeable difference in anionic composition between the upper aquifer groundwater and the lower aquifer groundwater: the lower aquifer groundwater tends to be relatively enriched in HCO3−, but it also tends to be more depleted in SO42− and NO3−. In cationic composition, the lower aquifer groundwater also tends to be relatively higher in Mg than the upper aquifer groundwater. The tendency of the enrichments of NO3− and SO42− in many samples of the upper aquifer groundwater are attributed to the infiltration of contaminants from agricultural activities [49,50,51,52,53].



To compare the hydrochemical characteristics of pond water, river water, upper aquifer groundwater, and lower aquifer groundwater in the study area, we examined the data with box plots (Figure 4). The statistical differences in hydrochemical parameters between water groups were also tested by the Mann–Whitney U test. The main findings are as follows Figure 4: (1) most of the parameters examined are not statistically different (p-Values > 0.05) between the upper aquifer groundwater and the surface water, except DO, K, and F−, and (2) the lower aquifer groundwater is statistically higher in pH, EC, TDS, K+, Mg2+, and F− but is lower in SO42− and NO3− (see also Table 2).The higher pH and TDS values, together with higher concentrations of K+, Mg2+, and F− in the lower aquifer groundwater, indicate the influence of regional groundwater flow (i.e., base flow) whose chemistry is largely controlled by water–rock interactions. On the other hand, the enrichments of SO42− and NO3− in the upper aquifer groundwater reflect the influence of anthropogenic contamination.




4.3. Vertical Change of Hydrochemistry


Combined with the interpretation of groundwater flow using the spatial distributions of potentiometric head levels in the study area, the vertical change of hydrochemical parameters of water samples was further examined to elucidate potential pathways of water flow (Figure 5). A remarkable change of hydrochemistry with depth is observed for pH, TDS, Na+, K+, Mg2+, HCO3−, Cl−, SO42−, NO3−, and F−. The pH values of a few groundwater samples from the upper sandy aquifer are remarkably low (<6.5), compared to those of surface water (i.e., pond water and river water). Most groundwater samples from the upper unconfined aquifer are typically enriched in NO3. These two observations indicate the acidification of groundwater due to nitrification [54,55,56,57].



On the other hand, a few groundwater samples from the lower confined aquifer tend to be enriched in K+, Mg2+, HCO3−, and F (Figure 5). In particular, fluoride is relatively enriched (up to 1.1 mg/L) in the lower aquifer groundwater. In South Korean groundwater, such enrichment of fluoride was interpreted as the result of dissolution of F-bearing silicate minerals during water–rock interaction [56,58,59,60]. The enrichments of Na and Cl (and increasing TDS) in some samples from the lower gravel aquifer are possibly due to remnant seawater that was entrapped in the intermediate silty clay layer during the sea level rise, and that has been subsequently washed out during the deposition of recent point-bar sediment [26,61].



Interestingly, the enrichments of dissolved Fe and Mn are observed in many samples from the upper aquifer (Figure 6). It is noticeable because high concentrations of dissolved Fe or Mn frequently create a problem in the use of RBF technology [62,63]. Many groundwater samples from the upper aquifer are significantly lower in DO values than river water and pond water, approaching sub-oxic conditions (DO < 4 mg/L). These observations can be interpreted as the oxidation of organic matter preferentially beneath agricultural lands [27,64], which facilitates the sub-oxic condition to derive the reductive dissolution of Fe- and Mn-hydroxides.




4.4. Evaluation of Potential Flow Paths


Based on the distribution pattern of some hydrochemical parameters in the upper and lower aquifers (Figure 7), we attempted to evaluate potential flow paths in the studied riverine island. The parameters (pH, TDS, Na+, K+, Mg2+, HCO3−, NO3−, and F) were selected based on their features, which show a meaningful difference between the two aquifers. The results were also compared with the groundwater flow suggested from the distribution of potentiometric head levels (see Figure 2).



4.4.1. Flow Path 1: Hyporheic Flow


The hyporheic zone is defined as the region beneath and alongside a stream bed, where the mixing of surface water with groundwater occurs via hyporheic flow or underflow [38,39,65]. At the southwestern and western part (i.e., upstream part) of the island, a zone of low TDS (< 200 mg/L) and Mg concentrations occurs locally in the upper unconfined aquifer. As suggested by the distribution of potentiometric head levels in the upper aquifer (see Figure 2), this zone is thought to represent the zone of horizontal hyporheic flow that results in the dilution of the upper aquifer groundwater. In this zone, other parameters such as Na+, K+, and HCO3− tend to decrease.




4.4.2. Flow Path 2: Regional Groundwater Flow


Figure 7 shows that most parameters examined, except NO3−, tend to be higher in the lower aquifer than the upper aquifer. Such parameters (pH, TDS, Na+, K+, Mg2+, HCO3−, and F−) generally increase with water–rock (silicates) interaction [59]. Thus, together with the interpretation of the distribution of potentiometric head levels for the two aquifers in the island (see Figure 2), the hydrochemical distinction between the lower aquifer groundwater and the upper aquifer groundwater evidences that the two aquifers on the island are separated and not interconnected with each other, because of the presence of a silty clay layer at intermediate depth.



In the productive lower aquifer, the zone of higher concentrations of TDS, Na+, K+, Mg2+, HCO3−, and F− occurs toward the middle northeastern part of the island (Figure 7). This zone generally corresponds to the zone with higher potentiometric head levels (Figure 2) and possibly represents the initial discharge zone of regional groundwater flow (i.e., base flow). However, more in-depth surveys on the recharge and flow of groundwater in the study area are needed.





4.5. Potential Evaluation of the Use of River Bank Filtration


The successful implementation of RBF technology requires a detailed, site-specific investigation of the hydrogeological and biogeochemical characteristics of aquifer and water quality status. In recent years, the construction of an RBF facility has been considered in the study site, with a target of the lower aquifer for the water supply by pumping. However, the current study on the hydrogeological and hydrochemical characterization of a riverine alluvial aquifer shows that there are two separate aquifers that are different in hydrochemical characteristics. Furthermore, geologic loggings show that the lower confined aquifer (at depths between approximately 25 and 40 m) is not directly connected to the bottom of the river (see Figure 1b). Our data also indicate that the lower aquifer groundwater possibly recharges from regional groundwater flow (base flow). Thus, direct induced flow of a large proportion of river water cannot be expected to occur toward the lower productive aquifer. A recent hydrogeologic study in a nearby bank filtration site [26] also suggested that the lower gravel aquifer seems to be hydraulically isolated from the upper sandy aquifer. As an alternative to bank filtration, the upper aquifer (<25 m thick) can be considered; however, the aquifer is significantly contaminated by agricultural activities and is higher in dissolved Fe and Mn. In summary, we consider that the study site seems to be less promising for the application of large-scale riverbank filtration.





5. Summary and Conclusions


In this work, we characterized the geology, hydrochemistry, and hydrogeology of a riverine alluvial aquifer in the low reaches of the Nakdong River in South Korea. The use of bank filtration was designed to pump water from the lower productive aquifer. The major summary and implications of this study are given below.



	
The island that was studied was recently formed by point-bar sedimentation and subsequent erosion near the confluence of the Miryang River to the Nakdong River. The alluvial sediments are about 40 m thick and consist of fine- to medium-grained sand (upper aquifer; depth to about <25 m), silty sand with clay intercalations, and sandy gravel (lower aquifer; at depths between approximately 25 and 40 m) in descending order. Due to the presence of the intermediate layer as an aquitard that extends below the bottom of the river, the upper unconfined aquifer and lower confined aquifer are not hydrologically interconnected. Measurements of potentiometric head levels in the two aquifers support the different hydrogeologic conditions of the two aquifers in the riverine island.



	
Dissolved Mn is originated from agricultural activities on the surface, and likely, recharges from the direct infiltration. The separation of the two alluvial aquifers are also indicated by hydrochemical characteristics. Groundwater chemistry on the small island is highly variable, from Ca−Cl(−NO3) type to Na−HCO3 type. The upper aquifer groundwater is highly contaminated by nitrate and dissolved Fe in rainwater, and hyporheic flow of river water. The zone of horizontal hyporheic flow is recognized by the zone of low TDS and Mg2+ concentrations in the upper aquifer. On the other hand, the lower aquifer groundwater is enriched in TDS, Na+, K+, Mg2+, HCO3−, and F−, likely due to the water–rock interaction during regional groundwater flow. The quality of the lower aquifer is also influenced by remnant seawater under freshening.



	
The results of this study indicate that the lower aquifer is not directly connected to the river channel. Therefore, sustainable large-scale bank filtration is not promising at the study site. This study implies that careful examination of groundwater chemistry can be very helpful to evaluate the potential of the use of RBF.
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Figure 1. (a) Location of sampling sites in the study area at the lower reach of the Nakdong River, (b) The geological cross sections (A–A’ to E–E’ in (a)), and (c) Temporal dynamic change of sedimentation (modified after Daewoo Construction Co. [47]). bgl = below ground level. 
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Figure 2. Locations of the measurements of potentiometric head levels, and the contours showing potential groundwater flow in the upper and lower aquifers in the study island. asl = above sea level, bgl = below ground level. 
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Figure 3. Piper’s diagram of surface and ground water samples (n = 66) in the study area. 
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Figure 4. Box plots to compare the hydrochemical parameters of pond water, river water, upper aquifer groundwater, and lower aquifer groundwater samples in the study area. The notation with an asterisk shows that there is a significant difference (p-Value < 0.05) between neighboring groups, based on the Mann–Whitney U test. 
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Figure 5. Vertical changes in some hydrochemical parameters with depth, showing notable differences in hydrochemistry between groundwater samples from the upper and lower aquifers. bgl = below ground level. 
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Figure 6. The relationship of dissolved iron (Fetotal); (a) and manganese (Mntotal) (b) to dissolved oxygen (DO) in groundwater. 
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Figure 7. The spatial distribution of some hydrochemical parameters, showing distinct hydrochemical features between the groundwater from the upper aquifer and the lower aquifer in the study area. 
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Table 1. Statistical summary of hydrochemical data of water samples from the study area.
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Title

	

	
pH

	
EC (μS/cm)

	
DO

	
Na+

	
K+

	
Ca2+

	
Mg2+

	
Cl−

	
NO3−

	
SO42−

	
HCO3−

	
F−

	
Fe

	
Mn

	
SiO2

	
TDS




	
Unit: mg/L






	
Pond water (n = 5)

	
Min

	
6.8

	
150

	
5.4

	
6.6

	
3.1

	
21.3

	
5.1

	
5.9

	
1.3

	
6.2

	
101

	
0.5

	
0.0

	
0.1

	
9.0

	
200




	
Median

	
7.5

	
183

	
6.4

	
12.4

	
4.2

	
26.7

	
6.6

	
13.7

	
1.4

	
15.0

	
128

	
0.5

	
0.0

	
0.1

	
21.8

	
277




	
Max

	
8.2

	
239

	
8.9

	
27.5

	
4.7

	
38.2

	
7.5

	
25.6

	
3.1

	
31.3

	
186

	
0.5

	
0.1

	
0.7

	
34.2

	
277




	
STD

	
0.6

	
33.6

	
1.7

	
8.1

	
0.6

	
6.4

	
1.0

	
7.7

	
0.7

	
9.1

	
35.3

	
0.0

	
0.0

	
0.3

	
9.0

	
39.1




	
River water (n = 4)

	
Min

	
6.9

	
130

	
8.5

	
11.0

	
3.7

	
15.7

	
3.5

	
13.1

	
10.0

	
15.5

	
54.9

	
0.5

	
0.0

	
0.0

	
1.2

	
129




	
Median

	
7.7

	
269

	
9.3

	
39.5

	
5.6

	
26.1

	
6.3

	
57.3

	
11.8

	
48.7

	
98.4

	
0.5

	
0.0

	
0.0

	
10.6

	
310




	
Max

	
7.9

	
305

	
9.5

	
43.2

	
5.8

	
26.6

	
6.4

	
58.3

	
13.3

	
50.1

	
101

	
0.5

	
0.0

	
0.0

	
33.0

	
328




	
STD

	
0.5

	
77.5

	
0.4

	
14.9

	
1.0

	
5.3

	
1.4

	
22.3

	
1.8

	
16.8

	
22.2

	
0.0

	
0.0

	
0.0

	
13.9

	
93.7




	
Upper (5 to 22 m deep) aquifer groundwater (n = 38)

	
Min

	
5.4

	
159

	
1.1

	
8.6

	
1.8

	
11.1

	
3.8

	
10.7

	
1.4

	
4.8

	
32.0

	
0.0

	
0.0

	
0.0

	
2.2

	
163




	
Median

	
6.5

	
240

	
2.8

	
23.2

	
2.9

	
24.9

	
6.5

	
30.9

	
2.7

	
35.3

	
111

	
0.4

	
2.0

	
2.7

	
16.2

	
268




	
Max

	
7.8

	
488

	
7.4

	
110

	
12.4

	
67.3

	
13.7

	
92.6

	
180

	
70.7

	
291

	
0.6

	
27.7

	
7.0

	
31.2

	
568




	
STD

	
0.6

	
89.2

	
1.4

	
19.7

	
2.2

	
11.6

	
2.6

	
17.4

	
32.1

	
15.2

	
59.6

	
0.2

	
6.4

	
2.0

	
7.5

	
96.4




	
Lower (25 to 42 m deep) aquifer groundwater (n = 19)

	
Min

	
6.2

	
69.8

	
0.9

	
7.6

	
1.3

	
7.5

	
2.0

	
9.8

	
1.4

	
8.7

	
44.2

	
0.4

	
0.0

	
0.0

	
2.4

	
87.4




	
Median

	
7.3

	
331

	
2.7

	
32.8

	
6.3

	
20.0

	
11.4

	
51.5

	
1.4

	
25.3

	
186

	
0.5

	
0.5

	
0.2

	
11.1

	
381




	
Max

	
8.1

	
776

	
7.9

	
205

	
22.7

	
57.0

	
20.3

	
171

	
17.6

	
55.7

	
418

	
1.1

	
19.4

	
5.4

	
30.0

	
901




	
STD

	
0.5

	
160

	
1.9

	
51.9

	
5.4

	
14.0

	
5.3

	
41.6

	
4.3

	
13.5

	
92.9

	
0.2

	
4.7

	
1.6

	
8.1

	
186








Max = maximum, Min = minimum, STD = Standard deviation, Max = maximum, Min = minimum, STD = Standard deviation.
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Table 2. Statistical summary of hydrochemical data obtained from multilevel monitoring wells (MLWs) in the study area.
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Aquifer

	

	
pH

	
EC (μS/cm)

	
DO

	
Na+

	
K+

	
Ca2+

	
Mg2+

	
Cl−

	
NO3−

	
SO42−

	
HCO3−

	
F−

	
Fe

	
Mn

	
SiO2

	
TDS




	
mg/L






	
Upper (5 to 22 m deep) aquifer groundwater (n = 12)

	
Min

	
6.4

	
164

	
1.8

	
11.1

	
2.9

	
11.1

	
3.8

	
12.7

	
1.4

	
15.5

	
87.0

	
0.4

	
0.0

	
0.1

	
5.9

	
191




	
Median

	
7.3

	
198

	
3.2

	
24.5

	
4.2

	
19.7

	
5.3

	
25.3

	
2.0

	
24.1

	
124

	
0.5

	
0.2

	
0.7

	
9.2

	
236




	
Max

	
7.8

	
462

	
7.4

	
110

	
12.4

	
67.3

	
13.2

	
66.9

	
180

	
51.1

	
291

	
0.6

	
3.8

	
3.4

	
19.6

	
568




	
STD

	
0.4

	
105

	
1.7

	
28.0

	
2.8

	
14.5

	
2.5

	
15.8

	
51.3

	
15.4

	
53.9

	
0.0

	
1.1

	
0.9

	
4.1

	
129




	
Lower (25 to 42 m deep) aquifer groundwater (n = 9)

	
Min

	
7.3

	
147

	
1.9

	
10.7

	
3.2

	
9.3

	
4.4

	
14.0

	
1.4

	
12.1

	
94.6

	
0.4

	
0.1

	
0.0

	
2.4

	
184




	
Median

	
7.6

	
299

	
4.0

	
38.7

	
6.3

	
16.6

	
7.0

	
51.5

	
1.4

	
34.1

	
133

	
0.5

	
0.2

	
0.1

	
10.6

	
325




	
Max

	
8.1

	
776

	
7.9

	
205

	
22.7

	
35.1

	
13.8

	
171

	
10.5

	
55.7

	
418

	
0.8

	
1.6

	
0.4

	
21.3

	
901




	
STD

	
0.3

	
188

	
2.0

	
63.7

	
6.8

	
7.9

	
3.8

	
50.0

	
3.0

	
15.8

	
109

	
0.2

	
0.5

	
0.1

	
6.9

	
227




	
p-Value *

	
0.049

	
0.169

	
0.602

	
0.310

	
0.069

	
0.310

	
0.111

	
0.049

	
0.049

	
0.862

	
0.193

	
0.023

	
0.508

	
0.000

	
0.917

	
0.129








Max = maximum, Min = minimum, STD = Standard deviation. p-Value * was obtained from the Mann–Whitney U-test to compare hydrochemical data between upper aquifer and lower aquifer (Bold characters denote the significant differences (p-Value < 0.05)).
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