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Abstract: A field study was carried out to investigate the feasibility of a riverbank filtration site
using two vertical wells on the Nakdong River, South Korea. The riverbank filtration site was
designed to have eleven horizontal collector wells in order to supply 280,000 m3/day. This field
study provided more insight into the fate of the dissolved organic matter’s characteristics during
soil passage. The vertical production wells (PWs) were located in different aquifer materials
(PW-Sand and PW-Gravel) in order to determine the depth of the laterals for the horizontal
collector wells. The turbidity of the riverbank filtrates from the PW-Sand (0.9 NTU) and PW-Gravel
(0.7 NTU) was less than 1 NTU, which was the target turbidity of the riverbank filtrate in this
study. The iron concentrations were 18.1 & 0.8 and 25.9 £+ 1.3 mg/L for PW-Sand and PW-Gravel
respectively, and were higher than those of the land-side groundwater. The biodegradable organic
matter-determined biochemical oxygen demand in the river water was reduced by more than 40%
during soil passage, indicating that less microbial growth in the riverbank filtrate could be possible.
Moreover, the influence of the pumping rates of the vertical wells on the removal of dissolved organic
matter and the turbidity was not significant.

Keywords: dissolved organic matter; fluorescence excitation-emission matrix; LC-OCD; Nakdong
River; riverbank filtration

1. Introduction

Climate change influences both water availability and water quality through floods and
droughts [1]. In Korea, the characteristics of water sources and their availability have been affected
by economic growth, insufficient water management, and uncertainties due to climate change [2].
Therefore, it will become more difficult to secure clean water during extreme meteorological
events. Korea is also included among the world’s water-stressed nations between 2000 and 2025 [3].
South Korea is heavily dependent on its surface water for sources of drinking water, and approximately
more than 90% of its drinking water comes from a river or man-made reservoir. The rainfall from June
to September provides nearly 70% of the regional drinking water supply [4]. The mean annual rainfall
is 1274 mm, and heavy rainfall that occurs during the summer leads to water shortages during the
dry season (spring). Environmental accidents, including the contamination of tap water sources in the
1990s, raised many concerns and caused people in Korea to be reluctant to use tap water as drinking
water [2]. Therefore, there is a need to find other water resources that are safe and to improve the
public view of tap water quality.

When surface water’s characteristics change due to extreme weather events, conventional water
treatments have difficulty securing high quality water resources. To secure high quality water resources,
alternative water resources such as managed aquifer recharge (MAR) systems were investigated [5].
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MAR systems use natural water treatments and are effective at removing biodegradable organic matter.
MAR systems such as riverbank filtration (RBF) are emerging in Korea as an alternative solution [2].
RBF is a water treatment process that uses the physical, chemical and biological degradation processes
of aquifers [6,7], and it is a nature-friendly water treatment process that removes pollutants without
using chemicals [8]. RBF is also effective at alleviating the production of disinfection by-products
and reducing trace organic contaminants [9-11]. In addition, it is also suitable for water safety and
management [8,12]. In the early 2000s, a RBF system was first introduced to improve the water quality
of drinking water resources in South Korea, especially in the regions where there was poor water
quality for a decade due to the wastewater effluents discharged from local industries. A number
of chemical spills had occurred in the river, which caused people to lose confidence in tap water
quality [5].

A number of cities located downstream of the Nakdong River (Busan, Korea) are vulnerable to
various water pollution sources and the seasonal water quality changes. Therefore, it is necessary
to improve their water treatment system by improving the water source’s quality. Currently, there
are three drinking water treatment plants that are currently providing water via RBF using the
Nakdong River (Table 1). The city of Changwon, which is on the Nakdong River in Korea, has been
providing 80,000 m3/day of drinking water since 2006 using RBF systems with vertical and horizontal
collector wells. This system was the first RBF site installed to supply drinking water in South Korea.
The city of Gimhae, South Korea, is currently providing 127,000 m®/day via RBF (designed capacity:
180,000 m3/day). Moreover, the Korea Water Resources Corporation (K-Water, Dajeon) in South Korea
is currently investigating potential RBF sites that can supply 680,000 m?/day to cities including Busan
that are located near the lower part of the Nakdong River. This field study of two vertical wells will be
used for the design of the horizontal collector wells that contribute part of the water supply to the city
of Busan.

Table 1. Riverbank filtration sites located along the Nakdong River, South Korea.

City Capacity (m3/day) Since Specification
Changwon 70,000 2006 43 vertical wells
Changwon 10,000 1998 7 vertical wells

Haman county 20,000 2005 18 vertical wells
Gimhae 180,000 2017 9 horizontal collector wells

Before the installation of eleven horizontal collector wells, which provide 280,000 m3/day, the field
study was carried out using two vertical wells to investigate the quality of RBE. To improve the
post-treatment requirements after the RBF, there is a need to investigate the water quality of RBF
filtrates, including the dissolved organic matter’s characteristics. Previously, Lee et al. [5] investigated
the performance of RBF filtrates by comparing river water quality. However, there were no studies
conducted on the fate of dissolved organic matter characteristics during RBF from a field study in
South Korea. Moreover, there has been no report on using vertical wells to determine the depths of the
laterals for horizontal collector wells.

The objective of this study was to conduct a detailed investigation of the characteristics of
dissolved organic matter during soil passage using two vertical wells along the Nakdong River,
South Korea (January to June, 2011). This study also investigated the removal efficiency of dissolved
organic matter and the turbidity of two vertical wells whose screens are located at different depths (i.e.,
sand and gravel layers). The performances of the vertical wells at different pumping rates were also
investigated. The water quality characteristics from two different vertical wells helped to determine
the depth of the laterals for horizontal collector wells, even when there were other factors that needed
to be considered (such as quantity).
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2. Materials and Methods

2.1. Field Site

Figure 1 shows the schematic diagram of a vertical well site, which consisted of two production
wells (PWs) and land-side groundwater monitoring wells (GMWs). The pilot RBF site consisted of two
PWs and two GMWs at the sand and gravel layers. The two PWs were located at 30 m from the river,
and the well screens were 6 m long. The well depths for the PW-Sand and PW-Gravel were 18 and
27 m below the land surface, respectively. Horizontal collector wells were planned to be installed at
the site; therefore, two vertical wells were located at two different depths/aquifer layers that consisted
of different materials (e.g., sand or gravel) to investigate the water quality characteristics. Two GMWs
at the same depths as the PWs screens were located 380 m from the PWs (PW-Sand and PW-Gravel) in
order to compare the riverbank filtrates. A bank filtration (BF) simulator, developed as a part of the
NASRI project (Germany), was used to estimate the shortest (i.e., minimum) travel time at different
pumping rates (Table 2) [13]. It was reported that there was a small discrepancy, below 5%, when the
numerically computed shortest travel time from the bank filtration simulator was compared to that
of the MODFLOW model [14]. The shortest travel times estimated in the bank filtration simulator
were used to determine the shortest travel time of the flow paths from the surface water to the well.
Further information on the mathematical algorithms behind the BF simulator is given elsewhere [15].
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Figure 1. Schematic diagram of the vertical wells installed at different depths and the groundwater
monitoring wells.

Table 2. Estimation of the shortest travel times (days) and the shares of riverbank filtrate and
groundwater estimated by the bank filtration (BF) simulator.

Pumping Rate (m3/day) Surface: Groundwater (%) The Shortest Travel Time (days)
2000 63:33 1
1300 60:40 2
1000 54:46 3
700 46:54 4

2.2. Analytical Methods

The dissolved organic carbon (DOC) concentrations were analyzed using a total organic carbon
(TOC) analyzer (TOC-V CPN, Shimadzu, Kyoto, Japan). For the DOC analysis, the samples were
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filtered using a 0.45-um membrane filter (Whatman, Clifton, NJ, USA) and then analyzed using the
TOC analyzer.

The ultraviolet absorbance at the 254 nm wavelength (UVA;s4) is a useful indicator for predicting
the trihalomethane (THM) formation potential [16] and characterizing the aromaticity of natural
organic matter [17]. UVAjs4 was measured using a spectrophotometer (DR5000, Hach, Loveland, CO,
USA). The biochemical oxygen demand (BODs) was analyzed according to the standard methods [18].
The fluorescence excitation-emission matrix (EEM) spectra and liquid chromatography-organic carbon
detection (LC-OCD) were used to determine the dissolved organic matter’s characteristics. For the
fluorescence EEM spectra, the sample was filled with a quartz cuvette (Hellma, Plainview, NY,
USA) and the fluorescence intensity was measured using a fluorescence spectrophotometer (L545,
Perkin Elmer, Waltham, MA, USA). The spectrophotometer scanned emission wavelengths between
280 nm and 600 nm with excitation wavelengths between 200 nm and 400 nm at 10-nm intervals.
The four selected peak regions that were found in this study were aromatic protein-like substances T1
(excitation 220-240 nm and emission 330-360 nm), tryptophan protein-like substances T2 (excitation
270-280 nm and emission 330-360 nm), fulvic-like substances A (excitation 230-260 nm and emission
400-450 nm), and humic-like substances C (excitation 300-340 nm and emission 400—450 nm) [19].
LC-OCD (DOC-LABOR, Karlsruhe, Germany), which consists of a size-exclusion chromatography
column (HW-555, GROM Analytik + HPLC GmbH, Herrenberg, Germany) with ultraviolet and organic
carbon detectors, was used to classify the dissolved organic matter into five different organic matter
fractions (biopolymers, humic substances, building blocks, low molecular weight neutrals, and low
molecular weight acids) according to their molecular weights. Further details of the fractions that were
determined via LC-OCD are reported elsewhere [20].

3. Results and Discussion

3.1. Turbidity

The turbidity of river water significantly varied during the time of the study, but the turbidity of
the riverbank filtrates from PW-Sand and PW-Gravel was fairly stable with levels less than 1.0 NTU
(Figure 2, one-way variance (ANOVA) p < 0.05). The high turbidity removal has been proven to be
effective when using RBF [21]. Even when the turbidity of the river was higher than 60 NTU (data are
not shown) in this study, the turbidity of the riverbank filtrate was below 1 NTU, which was the target
turbidity of the riverbank filtrate in this study, indicating fairly stable riverbank filtrates.
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Figure 2. The turbidity of the vertical wells installed at different depths (production well (PW)-Sand
and PW-Gravel).
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3.2. Iron and Manganese

Iron and manganese were investigated during RBF and compared to the river water and
groundwater monitoring wells. The iron concentration in the river water was 1.2 & 0.9 mg/L, which
was lower than the samples collected from the PW-Sand (18.1 £ 0.8 mg/L) and the PW-Gravel
(25.9 +£ 1.3 mg/L) during the time of the study (Figure 3). The iron concentrations between the two
production wells were different because the PW-Sand and the PW-Gravel were located at different
layers (e.g., sand or gravel). This study showed that the gravel layer had higher iron concentrations
compared to those of the sand layer. The iron concentrations from production wells (PW-Sand
and PW-Gravel) were higher than those of the groundwater (GMW-Sand: 14.1 & 1.1 mg/L and
GMW-Gravel: 10.3 £ 0.9 mg/L). Previous studies reported the occurrence of high iron concentrations
in MAR [22,23]. The amount of manganese in the river water was 0.2 mg/L, but it was higher in the
RBEF filtrate samples (PW-Sand (1.5 £ 0.1 mg/L) and PW-Gravel (2.6 & 0.8 mg/L)). Oxide-forming
metals such as iron and manganese are easily mobilized as result of the reduced zone occurring during
soil passage. We observed that dissolved oxygen (DO) dropped from 12 mg/L (Nakdong River) to
below 0.5 mg/L (PW-Sand and PW-Gravel) during RBF (Figure 4). The high concentrations of iron and
manganese that were observed in the RBF filtrates were due to the reduced conditions that occurred
during soil passage. It was necessary to treat the riverbank filtrates that have very high levels of iron
and manganese, and the riverbank filtrate needs to be treated at below 0.3 mg/L for iron in order to
meet South Korean Guidelines for drinking water. The high concentrations of iron and manganese
in the riverbank filtrates must be reduced by existing drinking water treatment plants, even though
they were not designed to treat iron. The most common method in the ex situ removal of iron is
oxidation followed by filtration, and the removal can be simply carried out by aeration followed by
rapid sand filtration.
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Figure 3. Iron concentrations of the vertical wells (PW-Sand and PW-Gravel).
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Figure 4. Changes in the dissolved oxygen during riverbank filtration.

3.3. Bulk Organic Matter

3.3.1. Biochemical Oxygen Demand (BODs)

The dissolved organic matter consisted of non-biodegradable and biodegradable organic matter
fractions. In this study, BOD5 was used to investigate the changes in the biodegradable organic matter
during RBF. BOD5 decreased during soil passage and was lower than that of the river. The removal
efficiencies of BODs were 64 and 40% for PW-Sand and PW-Gravel, respectively. The significant
reduction of DO during soil passage reflected the biodegradation of bulk organic matter during soil
passage. The DO reduction as a result of biodegradation was also reported during soil passage [24].
Biodegradable organic matter determined by BODs was effectively removed during RBF which can
reduce the occurrence of bio-regrowth and disinfection byproducts using less chlorine in distribution
systems. There are limited treatments available (e.g., biological activated carbon, slow sand filter, etc.)
to remove biodegradable organic matter during drinking water treatment processes. Therefore, RBF is
an efficient treatment technology suitable for providing biostable water.

3.3.2. Dissolved Organic Carbon and UVAysy

The DOC was used to investigate the fate of dissolved organic matter during RBE. As shown in
Table 3, DOC was effectively reduced. The reduction was not different from BOD and DO. The DOC
is known to be the fraction that is most often removed by biodegradation during soil passage and it
corresponds to the DO reduction [24]. The removal of DOC during RBF was 50 and 57% for PW-Sand
and PW-Gravel, respectively. It is clear that the removal of DOC was effective during RBE. UVAys4 is a
useful tool to characterize the dissolved organic matter characteristics and can be used as an indicator
of its aromaticity and hydrophobicity. The reduction of UVA;s4 was clearly observed during RBF,
thus indicating the attenuation of the aromaticity in dissolved organic matter. The UVAjs54 levels were
significantly high at 0.36 and 0.23 cm ! for GMW-Sand and GMW-Gravel, respectively, indicating
the high amount of aromatic compounds in the organic matter. Allochthonous dissolved organic
matter, which consists of more humic-like compounds including polycyclic aromatics, is strongly
associated with the formation of THMs [25]. Therefore, the mixing effects from groundwater that
contained high concentrations of humic substances should be minimized at this site in order to reduce
the THM formation potential during treatment of the riverbank filtrate. In this study, it is important
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to investigate the effect of the portion of groundwater in the pumped water, which is a mixture of
riverbank filtrate and land-side groundwater.

Table 3. UV254 and dissolved organic carbon (n = 10).

UVAjzs4 (em™1) DOC (mg/L)
Nakdong River 0.038 £ 0.005 1.9+0.1
PW-Sand 0.010 £ 0.008 0.7+0.1
PW-Gravel 0.012 £ 0.004 0.6 +0.1
GMW-Sand 0.36 £ 0.09 05+0.1
GMW-Gravel 0.23 £0.03 07+£02

3.3.3. Dissolved Organic Matter’s Characteristics

The characteristics of the dissolved organic matter between surface water (Nakdong River),
riverbank filtrates, and land-side groundwater were different. The fluorescence EEM spectra of
the Nakdong River, PW-Sand and PW-Gravel were used to investigate dissolved organic matter’s
characteristics during soil passage. As previously mentioned, there are peaks at known wavelengths
that represent protein-like substances and humic-like substances. The protein-like substances were
also reported to indicate the presence of biodegradable organic matter [11]. The protein-like substances
that were contained in the river water were attenuated in the RBF filtrate. Figure 5 demonstrated
that the Fluorescence EEM intensities of the protein-like substances (T1 and T2) in the river water
were reduced by more than 50% for the PW-Sand and PW-Gravel during soil passage. In addition,
the reductions in the intensities of protein-like substances were similar to those of the DOC removals
that are shown in Table 3 (PW-Sand: 63% and PW-Gravel: 68%). The fulvic-like and humic-like
substances in groundwater were relatively high compared to those of PW-Sand and PW-Gravel. It was
found that the humic-like substances in the Nakdong River were relatively low. In the case of land-side
groundwater, it was confirmed that humic-like substances were dominant. The origins of aquatic
humic-like substances are different from one another, and dissimilar properties could also result in high
DOC [26]. The high fulvic-like and humic-like substances that were detected in PW-Gravel may be due
to the influence of land-side groundwater, which contained high amounts of humic-like substances.

LC-OCD was used to investigate the changes in the dissolved organic matter’s characteristics
in the RBF filtrates according to their molecular weights. The biopolymers in the river water were
significantly degraded compared to other DOM fractions (Figure 6). A previous study reported
that biodegradation was found to be an important mechanism for removing biodegradable organic
matter including biopolymers during soil passage [10]. As shown in Figure 6, biopolymers were
relatively high in the Nakdong River. In the RBF filtrates taken from PW-Sand and PW-Gravel,
the dissolved organic matter fractions with relatively high molecular weights, such as biopolymers
and humics, were effectively removed during RBF. In particular, the biopolymers can be easily used as
a carbon source for microorganisms; therefore, the biodegradation during soil passage is an important
mechanism for supplying biologically stable water. It is important to understand the dissolved organic
matter characteristics in riverbank filtrates using advanced organic matter characterization tools such
as fluorescence EEM and LC-OCD. The humic-like substances were relatively high in the riverbank
filtrate; therefore, post-treatments should focus on the removal of humics and biological filtration may
not be necessary since most of the biodegradable organic matter was effectively removed. Based on the
fluorescence EEM and LC-OCD results, RBF could effectively remove biodegradable organic matter,
such as biopolymers, including protein-like substances.
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Figure 5. Fluorescence excitation-emission matrix (EEM) spectra: (a) river water, (b) PW-Sand, (c)
PW-Gravel, (d) Groundwater (GW)-Sand, (e) GW-Gravel, and (f) the location of the EEM peaks for

four groups of substances.
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Figure 6. The changes of the organic matter fractions (biopolymers, humic substances, building blocks,
neutrals, and acids) determined using liquid chromatography-organic carbon detection (LC-OCD) for
river water, PW-Sand, PW-Gravel, GW-Sand, and GW-Gravel.

3.4. Effect of Different Pumping Rates

The pumping rates of the two vertical wells were varied for two weeks in order to investigate the
impact of the shortest travel times on the removal of dissolved organic matter. The BF simulator, part of
the NASRI Project (Germany), was used to estimate the shortest travel times at different pumping
rates (Table 2) [13-15]. The different pumping rates (700, 1000, 1300 and 2000 m?/day) that were tested
in this study showed that there were no significant changes in the removal of turbidity, ammonia (data
not shown), and DOC (Figure 7).
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Figure 7. Changes in the dissolved organic carbon (PW-Sand) at different pumping rates (700, 1000,
1300 and 2000 m3/day, n = 2).
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The removal of ammonia and DOC are associated with biodegradation, which occurs
predominantly within a few meters of infiltration [27]. Therefore, longer travel times may enhance
the removal of slowly biodegradable organic matter that requires a longer time to degrade. However,
there were no significant changes in the removal of dissolved organic matter when the estimated travel
time increased from 1 to 3 d.

The iron concentrations with different pumping rates were also investigated. The iron
concentrations were 18.1 £ 0.8, 17.2£ 0.5, 14.7 £ 0.9, and 14.5 &+ 0.6 mg/L at 2000, 1300, 1000 and
700 m3/day, respectively. As the pumping rates decrease, there is more land-side groundwater in the
pumped water, containing relatively lower iron concentrations (Table 2), indicating the higher fraction
of land-side groundwater in the riverbank filtrate. As the pumping rates were changed, the water
quality in the riverbank filtrates could also be influenced by the groundwater portion.

4. Conclusions

RBF is a robust water treatment method, which provides a degree of bulk organic matter removal
and protection against water contamination. This study was carried out to investigate the feasibility
of horizontal collector wells, and two vertical PWs were used to assess the water quality of filtrates
during soil passage and the influence of land-side groundwater. Based on the field studies described
in this paper, the following conclusions can be drawn:

- The turbidity was effectively removed via RBE although there were significant turbidity increases
in the river water.

- The iron concentrations from the RBF wells (i.e., PW-Sand and PW-Gravel) were higher than
those of the groundwater monitoring wells (GMW-Sand and GMW-Gravel) and were 18.1 &+
0.8 and 25.9 £ 1.3 mg/L for the PW-Sand and PW-Gravel, respectively, during the study. The
occurrence of a high iron concentration was due to the biodegradation of dissolved organic
matter, which led to the reduced redox potential during soil passage. The reduced zone occurred
between the river and RBF wells, which enhanced the mobilization of iron under more reducing
conditions compared to that of land-side groundwater.

- Asaresult of the dissolved organic matter characteristics via LC-OCD and fluorescence EEM,
the biopolymers contained in the river were effectively removed while passing through the
aquifer. It was also confirmed that most of the humic components, which are difficult to reduce
biologically and were detected from the land-side groundwater, could influence the quality of the
RBEF filtrate.

- The RBF wells (PW-Sand and PW-Gravel) in this study did not show any changes with respect to
turbidity and DOC at different pumping rates (700, 1000, 1300 and 2000 m?/day).

- Vertical wells at different layers (sand and gravel layers in the aquifer) were tested in this study
in order to determine the depth of the laterals for the horizontal wells. This study used vertical
wells in order to investigate the RBF site before the construction of the horizontal collectors,
which usually cost much more than vertical wells.
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