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Abstract: Approximately 40,000 chemical products are currently used in Korea; these products
can contaminate the groundwater/soil, the surrounding environment, and organisms for extended
periods of time. In this study, a hydrological field survey, a water quality analysis, and groundwater
modeling were performed to identify the source and transport path of pollution that was caused by
inorganic matter and artificial sweeteners, especially acesulfame, in the groundwater of an agricultural
area in Chungnam Province, Korea. In the study area, a higher concentration of acesulfame displayed
a spatial distribution similar to nitrate-nitrogen concentration. The characteristics of the groundwater
flow and the distribution of the acesulfame were simulated using the Visual MODFLOW Classic
Interface ver. 2014.1 and the MT3DMS module, respectively. The modeled area was divided into
hilly (southern), residential (northwest), and agricultural (northeast) zones. The stream’s boundary
was set to be the drainage channel in the southern hilly zone. From the simulation, we found that
acesulfame spread actively from the source for 1–3 years before it reached equilibrium in the northern
part of the model domain (the area downstream of the stream’s boundary). The concentration of
acesulfame in the agricultural zone of the model domain decreased after five years, and it reached
the steam boundary and residential zone within 10 years. After 10 years, most of the acesulfame was
discharged from the agricultural zone and the hilly zone, while the concentration in the residential
zone was approximately the same. Acesulfame is considered to be a potential indicator of man-made
contamination for use in the management of groundwater quality.
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1. Introduction

With the development of industries, the use of a diverse range of chemicals has increased and
presents an environmental contamination risk. Since 2009, the residues of artificial sweeteners in the
environment have been actively investigated using various water samples, including sewage water,
wastewater, river water, and groundwater [1,2]. Research on artificial sweeteners as indicators of
wastewater has continuously been carried out [3]. Table 1 shows the concentrations of artificial
sweeteners, such as acesulfame, cyclamate, saccharin, and sucralose, in groundwater in some
countries [4–8]. Acesulfame, which has low adsorption in soil due to its high solubility and low
adsorption [2] and is highly persistent due to the low biodegradation during sewage treatment [5,9–11],
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is known to be a pollutant in groundwater and surface water due to sewage inflow [12,13]. The Swiss
Federal Research Center for Agroecology and Agriculture in Zurich has reported that acesulfame is a
highly persistent material that is detected in high concentrations in the environment and can be used
to track wastewater. In Switzerland, the acesulfame that had not been eliminated from the wastewater
treatment plants, and was quite persistent in surface waters, showed an increased concentration
with a high density of population in the catchment area and a decreased concentration in the water
throughflow area, and it was consistently detected in untreated and treated wastewater samples
(12–46 µg/L), in most surface waters samples, in 65% of the investigated groundwater samples, and
even in several tap water samples (up to 2.6 µg/L).

Table 1. The concentration of artificial sweeteners in groundwater in some countries.

E.U. [4] Switzerland [5] Germany [6] U.S. [7] Serbia [8]

Acesulfame - 0.2–6.9 0.4–1.1 - 0.09–0.31
Cyclamate - - 0.01–0.13 - 0.09–0.13
Saccharin - - 0.01–3.8 - 0.006–0.08
Sucralose <0.01–0.092 <LOD–0.6 <LOQ–0.1 0.0008–2.0 <LOQ

LOD: Limit Of Detection, LOQ: Limit Of Quantification.

Medicinal substances in groundwater have been studied in European countries, the United
States, China, etc. [14–18]. Some medicinal materials have also been studied in Korea [19,20]. The
use of veterinary medicines, which leave residues in the environment, is increasing [21]. Numerous
studies [22–24] have focused on antibiotics, since antibiotic-resistant bacteria have continuously been
detected in the environment. In 2011, the World Health Organization (WHO) [25] highlighted the
need for studies monitoring the spread of antibiotics and their propagation pathways. Antibiotics in
animals account for approximately 50% of the total antibiotic use worldwide [26]. In the U.S., between
6350 and 13,380 tons of antibiotics are used on farm animals each year [27]. Bartelt-Hunt et al. [28],
Batt et al. [29], Hu et al. [22], and Watanabe et al. [30] studied the animal medicinal substances
found in groundwater that was collected from animal husbandry farms and detected antibiotics,
such as sulfonamides, microlides, and tetracyclines. In particular, sulfamethazine, a sulfonamide
antibiotic, was detected at a relatively high concentration along with monensin, a feed additive, and
hormonal drugs. Barnes et al. [31] found various medicinal substances, including antibiotics and
hormones, in 80% of river water samples and 95% of groundwater samples. In particular, in 2002, a
high concentration of sulfamethazine was found in the groundwater in agricultural and livestock areas.

Nitrate, which is one of the most common inorganic pollutants in groundwater, creates a
significant water-quality problem in diverse land-use areas, especially in agricultural regions [32].
Nitrate in groundwater originates from non-point sources like inorganic fertilizers and point sources
like sewage from septic tanks and animal/human excrement [33–35]. Kim et al. [36] reported the
significant potential of nitrate pollution in groundwater by the application of nitrogen fertilizer
(>250 N kg/ha) in agricultural areas of Korea. Cheong et al. [37] characterized nitrate contamination
in groundwater in the Gimpo agricultural area in Korea, by using a risk assessment method.

In Korea, the residual status, the behavioral characteristics, and the risk assessment of medicinal
substances have been studied by investigating livestock and marine products, as well as the
environment [38,39]. In particular, the National Institute of Environmental Research (NIER) has
studied the residual state and behavior of medicinal substances in the environment several times.
For instance, between 2008 and 2011, they monitored medicinal substances in water systems and
surveyed the production/use of medicines in Korea through an ‘Investigation on the residual
status and the chemical analysis methodology of residual medicinal substances’. In the context
of this investigation, 40 medicinal chemicals, including analgesics, antipyretics, anti-inflammatories,
disinfectants, anti-depressants, and beta-blockers for human use, antibiotics, antimicrobials, analgesics,
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antipyretics, and anti-inflammatories for human/animal use, and antibiotics and antimicrobials for
animal use, were surveyed in groundwater [40,41].

Korea’s Groundwater Act prescribes 19 water quality standards for 19 chemicals including nitrate
nitrogen (nitrate-N) [42]; however, it needs to include more water quality standards for medicinal
substances, artificial sweeteners, pesticides, etc. The NIER [43] found two representative indicators
among the drinking water quality standards for agricultural areas in Korea: nitrate-N and the total
coliform group. Korea’s Animal and Plant Quarantine Agency conducted a survey on the behavior of
drugs for animals in the soil and groundwater around livestock farms for two years (2009–2010) and,
in the groundwater around pig and poultry farms, found a high concentration of medicinal substances
for livestock, such as sulfamethazine and sulfonamide-based antibiotics [20].

This study examined the characteristics and distribution of acesulfame and other pollutants
in the groundwater in a rural area in Chungnam Province, Korea. For this study, groundwater
samples from eight wells were collected three times in 2017. Water quality analyses (cations, ions, and
artificial sweeteners), a hydrogeological survey (a slug test and a tracer test), a grain size analysis,
and groundwater modeling were carried out. Temperature, pH, and electrical conductivity (EC) were
measured in the field. K+, Na+, Ca2+, Mg2+, HCO3

−, CO3
2−, SO4

2−, Cl−, acesulfame, cyclamate, and
saccharin were analyzed in the laboratory. For this study, nitrate-N concentrations by the previous
study [43] were also compared with the acesulfame concentrations.

2. Materials and Methods

The study area, S village in O Myeon, Buyeo-gun, Chungcheongnam-do province, is composed of
a hilly zone (southern part of study area) at an altitude of ~230 m above the mean seal level (a m.s.l.),
a residential zone that is 20–40 m a m.s.l., and an agricultural zone that is 0–20 m a m.s.l. Streams flow
from the south to the northeast. The main pollution sources are the farmland, surrounding sloped
forest orchards that mostly produce chestnuts and one livestock farm that uses composted manure.
The total watershed has an area of 458,567 m2. Farmland covers 226,466 m2, which is 49.6% of the
total area; this farmland is 70% paddies, 18% dry agricultural land, and 12% orchard [43]. Rice, garlic,
sesame, onions, potatoes, sweet potatoes, etc., are cultivated in the agricultural area. Eight wells (BS-3,
BS-5, BS-6, BS-8, BS-9, BS-M1, BS-M2, and BS-M3) were sampled three times in May, August, and
October in 2017 (Figure 1).
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2.1. Water Quality Analysis

Groundwater samples from eight wells were collected for a laboratory analysis with the
physicochemical components (pH, EC, and water temperature) in a stabilized state and at the same
locations for an in situ water quality analysis (Figure 1). The samples were filtered using 45-µm filter
paper. In addition, the samples that were used for a cation analysis were treated with a 0.05 N nitric
acid solution in order to prevent the adsorption of the cations on the sample bottle. The filtered samples
were stored in 200-mL sterilized bottles and refrigerated at or below 4 ◦C as they were transported to
the laboratory for analysis. Four cations (K+, Na+, Ca2+, and Mg2+) and four anions (HCO3

−, CO3
2−,

SO4
2−, and Cl−) in the groundwater samples were analyzed by using an inductively-coupled plasma

atomic emission spectrometer (Model ICP-IRIS, Thermo Jarrell Ash Co., Cambridge, MA, USA) and ion
chromatography (Model DX-500, Dionex Co., Sunnyvale, CA, USA), respectively, in the Core Research
Facilities at Pusan National University (PNU). We also analyzed the artificial sweeteners acesulfame,
cyclamate, and saccharin. The artificial sweeteners and the triclosan were analyzed by using an Agilent
1200 HPLC (Agilent Technologues, Santa Clara, CA, USA) for liquid chromatography, and an Agilent
6460 triple-quadrupole mass spectrometer (Agilent Technologues, Santa Clara, CA, USA) for detection,
in the laboratory of the Department of Environmental Engineering at PNU (Table 2).

Table 2. The laboratory analysis of the artificial sweeteners and the triclosan (negative mode).

Conditions

LC

Column ZORBAX Eclipse XDB-C18 (4.6 × 150 mm, 3.5 µm)

Column temp. 40 ◦C

Mobile-phase A: 5 mM ammonium acetate in methanol
B: 5 mM ammonium acetate in water

Flow rate 0.4 mL/min

Gradient program Min 0 1 4 16.9 17

B (%) 60 60 10 01 60

Injection vol. 10 µL

MS/MS

Ionization mode Negative ion electrospray

Gas temp. 250 ◦C

Gas flow rate 10 L/min

Sheath gas temp. 380 ◦C

Sheath gas flow rate 10 L/min

Capillary voltage 4000 V

Nebulizer pressure 40 psi

2.2. Hydrogeological Survey

Hydraulic conductivity can be determined by using hydraulic field tests for bedrock aquifers, such
as a pumping test, a slug test, and a water pressure test, and hydraulic field tests for unconsolidated
formations, such as a con penetration test [44–46], a pumping test [47,48], a slug test, and a grain size
analysis [49]. Specifically, the hydraulic conductivity of contaminated soils can be evaluated by [50,51].
In this study, the hydraulic conductivity values were determined by a using grain size analysis and a
slug test. Besides this, a tracer test was carried out to estimate the longitudinal dispersivity and the
velocity of solutes.

2.2.1. The Grain Size Analysis and the Slug Test

A sieve analysis of dry grains was performed using sieve numbers of up to 200 (0.074 mm), and
the size of grains that were smaller than 0.074 mm was determined using a laser grain size analysis.
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First, the samples were sifted in order of grain size, and then, the material that passed through the
sieves was weighed. Table 3 shows the sieve numbers and the mesh sizes that were used in this study.

Table 3. The sieve numbers and mesh sizes.

Sieve No. 8 10 20 40 60 100 140 200

Mesh size (mm) 2.36 2 0.84 0.425 0.25 0.15 0.105 0.074

The hydraulic conductivity, K (LT−1), can be estimated using four empirical formulas (Table 4)
that follow from the grain size analysis based on Equation (1) [52]:

K =

(
g
µ

)
× β × v(n)× d2

e (1)

where g is the gravitational acceleration (LT−2); µ is the kinematic viscosity (L2T−1); β is a dimensionless
coefficient that depends on the texture, particle shape, rock composition, anisotropy, etc.; v(n) is the
porosity function; n is the porosity (dimensionless); and de is the effective diameter of the porous
medium (L). In this study, the µ value of groundwater was applied based on the average temperature
of groundwater (15 ◦C).

Table 4. The empirical formulas for the grain size analysis.

Author β υ(n) de Grain Range

Hazen [53] 6 × 10−4 (1 + 10(n − 0.26)) d10 0.1 mm < de < 3 mm, U < 5

Beyer [54] 6 × 10−4log(500/C) 1 d10 0.06 mm < de < 0.6 mm, 1 < U < 20

Kozeny [55] 8.3 × 10−3 n3/(1 − n)2 d10 Coarse sand

Sauerbrei [56] 3.75 × 10−3 n3/(1 − n)2 d17 Sand and sandy clay, de < 0.5 mm

U: d60
d10

.

A slug test is a cost-effective hydraulic field test that is used to obtain the hydraulic parameters.
During the test, a dummy or water is instantaneously inserted into the water of the borehole, and
the change in the water level is measured. From the moment when the dummy rises above the
water, the water level recovery is measured. Hydraulic parameters are commonly estimated using the
Hvorslev [57], Bower and Rice [58], or Cooper–Bredehoeft–Papadopulos [59] method.

2.2.2. Tracer Test

Common tracers in groundwater surveys include chloride (Cl−), bromide (Br−), lithium (Li+),
ammonium (NH4

+), magnesium (Mg2+), potassium (K+), iodide (I−), and sulfate (SO4
2−). The dye

tracers fluorescein, pyranine, lissamine FF, rhodamine B, rhodamine WT, and sulfo-rhodamine B have
high detectability, enable rapid field analysis, are low cost, and have low toxicity [60].

In this study, a natural gradient tracer test was used, which is one of the multi-well tracer tests.
The test needs one injection well and at least one observation well. For the test, a small amount of tracer
is inserted into the aquifer in order to monitor its transport through the natural groundwater flow. In
principle, the observation and injection wells should be arranged perpendicular to the direction of flow.
However, this method is not suitable if there is a long distance between the injection and observation
wells. The equation used for the tracer test analysis using TRAC ver. 1.7 [61] is:

C(x, t) =
M0

Aω

[
2√

4πDLT
exp

(
− (−ut)2

4DLt

)
− µ

2DL
exp

(
ux
DL

)
er f c

(
(x + ut)√

4DLT

)]
exp(−λt) (2)
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where M is the injection tracer’s mass (kg), u is the pore water velocity (m/s), A is the groundwater
flow section (m2), ω is the effective porosity (0 < ω < 1), DL is the longitudinal dispersion coefficient
(m2/s), erfc is the error function, t is time, r is the radial distance (m), x is the distance between the
injection and monitoring wells along the x-axis (m), and λ is the decay constant (1/s).

2.3. Groundwater Modeling

Groundwater modeling simulates the groundwater flow in porous or fractured saturated media in
order to estimate or predict the groundwater quantity and/or quality in aquifers in steady and transient
states. The world’s most popular software for groundwater modeling is Visual MODFLOW. It uses the
finite difference method that is equipped by MODFLOW [62] and simulates the solute transport of
non-reactive and reactive chemical constituents in 3D using the MT3DMS [63] and RT3D [64] packages.
The MT3DMS package can precisely describe the transport of miscible contaminants in groundwater
and takes into account advection, dispersion, and diffusion, as well as some basic chemical reactions.
Various boundary conditions and external sources or sinks can be applied, and it is able to interpret
the spatial concentrations of bio-chemical reactive multi-species pollutants such as BTEX (Benzene,
Toluene, Ethylbenzene, Xylene) and chlorinated organic materials. The basic equation for non-reactive
and reactive solute transport is:

∂Ck
∂t

=
∂

∂xi

(
Di,j

∂Ck
∂xi

)
− ∂

∂xi
(viCk) +

qs

Φ
Csk +

N

∑
k=1

rc, k = 1, 2, 3 . . . (3)

where Ck is the concentration of pollutants in the groundwater; r is the species reaction term; t is time
(T); xi is the coordinate distance (L); Di is the hydraulic dispersion coefficient (L2T−1); vi is the void
flow rate (LT−1); qs is the volumetric flux, with a positive value for sources and a negative value for
sinks; Csk is the concentration of sources and sinks; and rc is the chemical reaction term (adsorption,
biodegradation, etc.).

Particle tracking is a simple method that is commonly used to estimate the groundwater flow and
contaminant pathways and to approximate the transport of contaminants by advection without using
the complex MT3DMS and RT3D packages. Traditionally, particle tracking by the first-order Euler
algorithm is given by:

xn+1 = xn +
∆t
R

vx(xn, yn, zn), yn+1 = yn +
∆t
R

vy(xn, yn, zn), zn+1 = zn +
∆t
R

vz(xn, yn, zn) (4)

where xn+1, yn+1, and zn+1, as well as xn, yn, and zn are the coordinates x, y, and z of the particles at
the (n + 1)th step and the nth step, respectively; vx, vy, and vz are the linear velocities of the particles
at the nth step; R is the retardation factor of the adsorption reaction in the solute transport equation;
and ∆t is the time step range of the solute behavior, which is usually determined by Equation (5), the
Courant condition:

|∆t| ≤ γcR×MIN
(

∆t
vx

,
∆y
vy

,
∆z
vz

)
(5)

where γc is the Courant number, which is the number of cells and represents the transport distance of
one particle in any direction during one time step of forward particle tracking for positive ∆t values
and backward particle tracking for negative ∆t values. Forward particle tracking chiefly predicts
the range across which the contaminant will spread from a known source, while backward particle
tracking is used to identify the source and transport pathway of a contaminant when the source
is unidentified.

In this study, Visual MODFLOW software was used to simulate the groundwater flow and the
acesulfame transport in the study area.
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3. Results

3.1. Water Quality

The physicochemical component pH displayed a mean values of 6.01 with minimum (5.43) at
BS-M2 and the maximum (6.86) at BS-M3. The physicochemical components EC displayed a mean
value of 468 µS/cm with the minimum (172 µS/cm) at BS-3 and maximum (919 µS/cm) at BS-9. The
groundwater types were classified into the [Ca-HCO3] type, which was dominant in the residential
zone, and the [Na-HCO3] type, which was dominant in the agricultural zone (Table 5).

Table 5. The physicochemical properties and the groundwater types in the residential and
agricultural zones.

Well No.
T pH EC Water Type
◦C - µS/cm

Residential zone

BS-3
1st 16.0 5.56 172 Na-HCO3
2nd 19.1 5.98 584 Na-Cl
3rd 17.2 6.03 231 Na-HCO3

BS-M1
1st 18.0 6.12 393 Ca-HCO3
2nd 19.8 6.66 555 Ca-HCO3
3rd 16.3 6.34 615 Ca-HCO3

BS-M2
1st 17.31 5.43 272 Ca-HCO3
2nd 18.75 5.88 242 Ca-HCO3
3rd 16.83 5.94 277 Ca-NO3

BS-M3
1st 16.38 6.09 575 Ca-HCO3
2nd 21.5 6.86 799 Ca-HCO3
3rd 16.2 6.02 649 Ca-HCO3

Agricultural zone

BS-5
1st 17.46 5.47 330 Na-HCO3
2nd 20.5 5.87 539 Na-HCO3
3rd 18.8 5.52 373 Na-HCO3

BS-6
1st 17.94 6.31 288 Na-HCO3
2nd 19.08 5.78 412 Na-HCO3
3rd 17.6 5.77 344 Ca-HCO3

BS-8
1st 16.9 5.99 428 Na-NO3
2nd 19.05 6.08 545 Na-NO3
3rd 17.4 5.74 390 Na-NO3

BS-9
1st 17.05 6.13 597 Ca-Cl
2nd 19.18 6.22 919 Ca-Cl
3rd 17.1 6.51 713 Ca-HCO3

Min. 16.0 5.43 172
Max. 21.5 6.86 919
Mean 18.0 6.01 468

Groundwater samples were collected from the eight wells BS-3, BS-5, BS-6, BS-8, BS-9, BS-M1,
BS-M2, and BS-M3 for analyses in May, August, and October 2017. Acesulfame was detected in all
eight samples from the first, second, and third surveys, with mean values of 102 ng/L (8.1–345 ng/L),
577 ng/L (17.3–2695 ng/L), and 214 ng/L (10.3–764 ng/L), respectively (Table 6). Cyclamate was
detected in all eight samples from the first survey with a mean value of 249 ng/L (13.5–860 ng/L);
however, it was only detected in the BS-M1 sample from the second survey and in the BS-9 and BS-M1
samples from the third survey. Saccharin was detected in some of the samples from the first survey,
while it was detected in all eight samples from the second and third surveys with mean values of
257 ng/L (68.1–1156 ng/L) and 134 ng/L (12.7–236 ng/L), respectively.
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Table 6. The concentrations of artificial sweeteners and agrichemicals (unit: ng/L).

Constituents
Residential Zone Agricultural Zone

BS-3 BS-M1 BS-M2 BS-M3 BS-5 BS-M6 BS-8 BS-9

Acesulfame
1st 25.8 40.4 8.1 345 17.9 11.7 38.1 330
2nd 108 89.7 23.5 1408 120 17.3 156 2695
3rd 13.9 764 10.3 47.4 55.7 11.3 88.5 720

Cyclamate
1st 214 27.1 13.5 77.5 24.6 103 860 674
2nd N.D. 367 N.D. N.D. N.D. N.D. N.D. N.D.
3rd N.D. 337 N.D. N.D. 441 N.D. N.D. 3467

Saccharin
1st 47.4 121 36.9 11.9 N.D. 273 N.D. N.D.
2nd 96.7 1156 114 68.1 116 286 87.4 135
3rd 204 97.8 56.5 173 236 199 12.7 88.9

N.D.: Not Detected.

For comparing with the acesulfame concentrations (8.1–2690 ng/L), the nitrate-N concentrations
(1.8–29.2 mg/L) were examined, which were detected in 29 wells during October 2014 [43]. Both
acesulfame and nitrate-N showed similarly high concentrations in the residential zone, moving towards
the stream in the northern region (Figure 2). Spatially, a higher concentration of acesulfame was similar
to the nitrate-nitrogen concentration [65]; this showed levels in excess of Korea’s drinking water
criterion for nitrate-N concentration (10 mg/L) at 17 of the 29 wells, with a mean value of 12.72 mg/L
and a median value of 12.6 mg/L (Table 7).
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3.2. Hydrogeological Results 

For the grain size analysis, soil samples were collected from within a 1-m radius of eight wells. 
After removing more than 30 cm of the topsoil, the soil, except for the organic matter, was collected. 
Using the four empirical equations given in Table 5 and based on a de between 0.047 mm (BS-8) and 

Figure 2. The distribution of the concentration of (a) nitrate-N and (b) acesulfame.

Table 7. The concentrations of nitrate-N (unit: mg/L).

Well S-01 S-02 S-03 S-04 S-05 S-06 S-07 S-08 S-09 S-10

Nitrate-N 1.8 3.8 4.4 3.9 4.7 6.2 8.4 4.9 11.1 12.6

Well S-11 S-12 S-13 S-14 S-15 S-16 S-17 S-18 S-19 S-20
Nitrate-N 15.9 14.6 11.2 13.2 14.7 17.1 29.2 7.9 4.5 8.2

Well S-22 S-26 S-27 S-28 S-29 S-30 S-31 S-32 S-33
Nitrate-N 14.6 19.2 20.9 17.4 26.1 24.0 23.3 20.2 5.0

3.2. Hydrogeological Results

For the grain size analysis, soil samples were collected from within a 1-m radius of eight wells.
After removing more than 30 cm of the topsoil, the soil, except for the organic matter, was collected.
Using the four empirical equations given in Table 5 and based on a de between 0.047 mm (BS-8) and 0.661
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mm (BS-6) with a mean of 0.194 mm, we obtained mean K values that ranged from 2.678 × 10−5 m/s
(BS-8) to 1.124 × 10−2 m/s (BS-6), with a mean K value of 1.65 × 10−3 m/s (Figure 3, Table 8).
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Table 8. The hydraulic conductivity values based on the empirical grain size analysis (unit: m/s).

Well d60 d50 d30 d17 d10 (de) Hazen Beyer Sauerbrei Kozeny Mean

BS-3 1.845 0.722 0.301 0.139 0.079 9.038 × 10−5 4.282 × 10−5 1.595 × 10−4 1.128 × 10−5 7.599 × 10−5

BS-5 2.086 1.179 0.483 0.287 0.183 4.842 × 10−4 2.831 × 10−4 6.763 × 10−4 6.046 × 10−5 3.760 × 10−4

BS-6 4.758 3.821 2.464 2.026 0.661 6.348 × 10−3 4.165 × 10−3 3.364 × 10−2 7.926 × 10−4 1.124 × 10−2

BS-8 0.671 0.444 0.200 0.090 0.047 3.040 × 10−5 1.778 × 10−5 5.555 × 10−5 3.396 × 10−6 2.678 × 10−5

BS-9 2.117 1.162 0.412 0.218 0.112 1.834 × 10−4 9.303 × 10−5 3.880 × 10−4 2.290 × 10−5 1.718 × 10−4

BS-M1 3.253 2.537 1.469 0.509 0.326 1.451 × 10−3 9.333 × 10−4 1.792 × 10−3 1.621 × 10−4 1.085 × 10−3

BS-M2 2.050 1.135 0.467 0.249 0.087 1.103 × 10−4 5.214 × 10−5 5.078 × 10−4 1.377 × 10−5 1.710 × 10−4

BS-M3 2.297 1.888 0.419 0.159 0.058 4.659 × 10−5 1.946 × 10−5 1.738 × 10−4 5.204 × 10−6 6.126 × 10−5

According to the slug test analysis at the five wells BS-3, BS-5, BS-6, BS-M2, and BS-M3, the
maximum K values were obtained at the BS-5 well: 4.353× 10−3 m/s according to the Hvorslev method
and 5.31 × 10−3 m/s according to the Bouwer and Rice method, with an average of 4.92 × 10−3 m/s.
On the other hand, at the BS-M3 well, the minimum K values were estimated to be 1.991 × 10−6 m/s
using the Hvorslev method and 2.067× 10−6 m/s using the Bouwer and Rice method, with an average
of 2.029 × 10−6 m/s (Table 9).

Table 9. The hydraulic conductivity values that were estimated using slug tests (unit: m/s).

Method BS-3 BS-5 BS-6 BS-M2 BS-M3

Bouwer and Rice 1.475 × 10−5 5.305 × 10−3 2.074 × 10−3 2.022 × 10−5 2.067 × 10−6

Hvorslev 2.261 × 10−6 4.353 × 10−3 2.622 × 10−3 1.963 × 10−5 1.991 × 10−6

Mean 1.868 × 10−5 4.920 × 10−3 2.348 × 10−3 1.992 × 10−5 2.029 × 10−6

A multi-well tracer test was performed in order to evaluate the connectivity between the two
test wells and the diffusion coefficient in the geological formations. A NaCl injection solution was
instantaneously injected into the injection well (BS-6), and changes in the EC and salinity were
monitored at the observation well (BS-8) using a CTD (Conductivity, Temperature, Depth)-diver; the
wells were ~110 m apart. Changes in the EC and salinity were detected 72 min after the injection, and
they persisted for 1032 min. The maximum EC was 0.004 mS/cm, and the maximum salinity was
0.003 PSU (Practical Salinity Unit). After 1104 min, the EC and salinity rapidly decreased and returned
to the background concentration. As a result of the tracer test analysis, the longitudinal dispersivity
and solute velocity were estimated to be 12.3 m and 2.76 × 10−3 m/s, respectively.
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3.3. Groundwater Modeling

In order to simulate the behavior of groundwater pollutants, a numerical model was
generated according to the following steps: data acquisition and hydrogeological characterization,
conceptualization, calibration, and prediction. First, the steady-state groundwater flow was modeled,
then the transport of acesulfame in the groundwater was included using the MT3DMS module in
Visual MODFLOW ver. 2014.1. This revealed the groundwater pollution in the recharge, middle, and
discharge areas.

3.3.1. The Conceptual Model and Input Parameters

The conceptual model was built with 43,776 (= 152 × 72 × 4) cells. The geological profile was
based on data from right wells (Table 10): The study area consists of a landfill layer, agricultural soil,
alluvial deposit, weathered soil, weathered rock, and soft rock. Based on the geological profile, the
model’s layers were defined as Layer 1 (a landfill layer, agricultural soil, an alluvial deposit, and
weathered soil), Layer 2 (weathered rock), Layer 3 (soft rock), and Layer 4 (fresh rock). Irrigation
drainage occurs through a drainage channel from the southern hilly zone to the northeastern region.

Table 10. The well locations, groundwater levels, and acesulfame concentrations.

Well X Y Observed Head
(a m.s.l.)

Acesulfame
Concentration (ng/L)

BS-3 174,790.728 398,990.117 39.44 25.8
BS-5 174,904.162 399,102.697 36.19 17.9
BS-6 174,840.516 399,078.763 36.52 11.7
BS-8 174,916.284 399,193.849 35.47 38.1
BS-9 174,800.598 399,266.799 28.88 330

BS-M1 174,720.349 399,030.521 42.88 40.4
BS-M2 174,760.159 399,100.998 36.45 8.1
BS-M3 174,826.636 399,180.238 34.59 345

The external boundary was set to be the Neman no-flow boundary condition. For the internal
boundary conditions, the stream boundary was set to be the drainage channel in the southern hilly
zone (that runs along the village and discharge area (Figure 4a)). Each stream boundary’s thickness,
width, and stream conductance was 0.2 m, 0.5 m, and 1 × 10−5 m/s, respectively. The observed
groundwater levels at the eight observation wells (that were converted to an average mean sea level)
were used as the inputs for the model.
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Based on the results of the slug test, the K, storativity, effective porosity, and recharge rate values
were input differently for the hilly zone, the residential zone, and the agricultural zone (Figure 4b,
Table 11). The longitudinal dispersivity (that was obtained by the tracer test analysis) of 12.7 m, as well
as the concentration of acesulfame on 22 May 2017, was also entered into the model.

Table 11. The input values of the hydraulic parameters for the different zones.

Zone K (m/s) Storativity Recharge (mm/year) Effective Porosity

Hilly 7.926 × 10−4–1.710 × 10−2 1 × 10−5 280 0.15
Residential 1.991 × 10−6–6.126 × 10−5 5 × 10−5 120 0.15
Agricultural 2.678 × 10−5–4.920 × 10−3 1 × 10−5 200 0.15

3.3.2. The Calibration and Steady-State Simulation

The simulated water levels were calibrated to the observed levels by varying the values of K
over the range obtained in the slug test and by the result of the steady-state simulation (Table 12).
The groundwater level data from the BS-3, BS-M1, BS-M2, and BS-M3 wells were excluded from the
calibration because those wells were located in a residential zone and were being actively pumped. The
calibration was completed with a correlation coefficient of 0.903 and a confidence interval within 95%;
the residuals from the calibration ranged from −3.4–0.63 m, with an average of −1.28 m (Figure 5a,
Table 13).

Table 12. The hydraulic conductivity values from the steady-state model’s calibration.

Zone K (m/s)

Hilly 9.354 × 10−4 m/s
Residential 1.354 × 10−5 m/s

Agricultural 3.588 × 10−5 m/sWater 2018, 10, x FOR PEER REVIEW  12 of 18 
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Table 13. The results of the steady-state model’s calibration (unit: a m.s.l., m).

Well Observed Head Calculated Head Residual

BS-5 36.19 39.59 −3.40
BS-6 36.52 37.73 −1.21
BS-8 35.47 36.60 −1.13
BS-9 28.88 28.25 0.63

The steady-state model showed that groundwater principally moves from south to north along
the stream boundary and then converges to the northeast. The groundwater levels were 38–28 m a
m.s.l. The mean groundwater velocity through the forward particle tracking was 5.2 × 10−6 m/s; the
particles were predicted to flow out through the stream boundary to the north and northeast.

3.3.3. Prediction of the Acesulfame’s Spread

According to the particle tracking, the mean velocity of the groundwater over the entire study area
is 5.2 × 10−6 m/s. Through forward particle tracking, we see that particles flow through the stream
boundary to the north and northeast discharge boundaries (Figure 6). The particles from wells BS-5,
BS-8, and BS-3 flow fast (4.267 × 10−8–1.559 × 10−6 m/s), and the particles from the wells BS-M1 and
BS-M2 (which are located in the residential zone) have a low velocity (2.158 × 10−9–2.755 × 10−7 m/s).
Forward particle tracking was carried out for the central residential zone (where acesulfame is probably
derived); hence, the groundwater flow from the residential zone to the stream boundary was estimated.
In the eastern part of the residential zone, the particles usually flow into the drain conduit with a
relatively high velocity. However, in the western part, where many houses and the town hall are
concentrated together in the village, the particles move slowly. Therefore, pollution in the western
drain channel that heads east is expected to be more serious than the pollution along the eastern drain
channel (Figure 7).Water 2018, 10, x FOR PEER REVIEW  13 of 18 
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Figure 7. Particle tracking from the stream boundary.

Subsequently, a 10-year transient modeling with the MT3DMS module was performed to estimate
the areal distribution of the acesulfame concentration. The concentration of acesulfame at each well was
given an initial value of 102.1 ng/L, which was obtained from the water quality analysis of the samples
in the first survey in 2017. Using the MT3DMS model, we observed that, in Years 1–3, acesulfame
actively spread from the BS-9 and BS-M3 wells and outflowed through the stream boundary (Figure 8).
Then, the concentration of acesulfame attained equilibrium downstream of the stream boundary
and started to decrease in the agricultural region after approximately five years. After 10 years, the
acesulfame in the agricultural zone, and in the hilly zone, was mostly discharged through the stream
boundary, while the acesulfame in the central residential zone remained close to the initial state.Water 2018, 10, x FOR PEER REVIEW  14 of 18 
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4. Discussion

A typical indicator of pollution in groundwater is nitrate-N, which commonly derives from
livestock wastewater, manure, domestic wastewater, pesticides, and agricultural fertilizers, mainly in
agricultural and livestock areas. The seasonality of nitrogen concentrations in groundwater occurs in
agricultural areas in Europe, showing the highest nitrogen concentrations in spring after winter freezing
with a small vegetation cover, as well as in the areas of the high level of nitrogen application [32].
According to the NIER’s 2016 survey in Korea [65], sulfamethoxazole (antibiotics), oxfendazole (insect
repellent), and carbofuran (pesticides) were only detected in agricultural and livestock areas and may
enter the groundwater as a result of agricultural and animal farm activities.

Acesulfame is recognized as a pollutant in groundwater and surface water that originates from
sewage inflow [12,13]. The concentration of acesulfame in the groundwater in urban areas was found
to be between 3.5- and 67-times higher than that in agricultural and livestock areas [65]. Compared
to nitrate-N, acesulfame is highly persistent and has a low removal rate at the treatment site [66].
At present, the toxicity of acesulfame is not clear, but acesulfame may be an appropriate indicator of
groundwater contamination originating from man-made sewage.

The comparison of the nitrate-N water quality analysis with the acesulfame water quality
analysis, along with the groundwater modeling, verified that acesulfame is a potential indicator
for the contamination of groundwater in rural areas in Korea. Hence, acesulfame has been confirmed
to be a very useful indicator for the detection of sources of man-made pollution. Acesulfame may be a
useful tool to design regulations, management measures, and policies for groundwater in rural areas
where people use large amounts of artificial sweeteners.

5. Conclusions

In this study, acesulfame was confirmed to be the most common artificial sweetener that
contaminates groundwater. Acesulfame showed high concentrations (8.1–2690 ng/L) in the residential
zone, as it is known to be a pollutant in groundwater and surface water that originates from sewage
inflow. Besides this, the nitrate-N concentrations (1.8–29.2 mg/L) displayed a similar distribution
pattern to the acesulfame concentrations. By the MT3DMS and particle tracking modeling, acesulfame
actively spreads from the BS-9 and BS-M3 wells in the residential zone and outflows through the
stream boundary, indicating that it discharges in the agricultural and hilly zones.

The acesulfame concentration in the groundwater was evaluated using particle tracking in Visual
MODFLOW with the MT3DMS module. Forward particle tracking showed that the groundwater flows
relatively rapidly in the agricultural land, flows slowly in the western residential zone, and finally
flows through the stream boundary to the northern region. According to the MT3DMS simulation,
acesulfame spreads across the model domain over 1–3 years, and the concentration gradually decreases
after ~5 years. Over the 10-year simulation period, acesulfame escaped through the stream boundary
in the northern part of the study area, while it accumulated in the residential zone and downstream
of the stream boundary. Therefore, it is anticipated that the groundwater’ acesulfame contamination
level may be higher in the western drainage channel than in the eastern drainage channel.
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