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Abstract: Factors controlling the spatial distribution and temporal trend of groundwater quality at a
national scale are important to investigate for sustaining livelihood and ecological balance. This study
evaluated groundwater quality data for 12 parameters (n = 6405 for each parameter), collected from
97 groundwater monitoring stations (=289 monitoring wells) for ten years. Spatial distribution of
groundwater quality parameters varied through the regional scale. Six parameters: T, EC, Ca?t,
Mg2+, HCOj37, and CI™ were having dominant increasing trend, remaining pH, Eh, Na*, K*, S0427,
and NO3~ showed a dominant decreasing trend over time. Among land use types, the upland
fields had the highest mean of groundwater NO3~ (22.2 mg/L), confirming plenty of application
of fertilizers (5-10 kg/a more than standard) to upland fields. Means of groundwater C1~ and Na*
(705.3 and 298.4 mg/L, respectively) in the residential areas are greater than those in other land use
types by 408-685.9, 154.3-274.2 mg/L, respectively. Agricultural activities were the main controlling
factor of groundwater NO3;~ contamination in rural areas, domestic activities were responsible for
groundwater ClI~ and Na* in urban areas, and seawater intrusion was controlling groundwater
CI™ in coastal areas (within 10 km from sea). Groundwater hydrochemistry was controlled by the
mechanism of geogenic rock and evaporation dominance. The rock dominance mechanism indicated
that groundwater was interacting with rocks and resulted in groundwater chemistry. The findings of
this study showed that groundwater was mainly contaminated by anthropogenic factors in some
rural and residential areas. Effective measures by government authorities are needed to improve the
groundwater quality.

Keywords: groundwater quality; spatial distribution; temporal trend; agricultural activities; domestic
sewage; seawater intrusion; hydrochemical mechanism

1. Introduction

The quality of groundwater, influenced by several anthropogenic and natural factors, is one
of the most profound issues worldwide [1]. The groundwater chemistry is controlled mostly by
chemical weathering, evapotranspiration, anthropogenic interferences, and precipitation [2]. The study
on chemical characteristics of groundwater has wide implications for managing water quality, as it
enables understanding the chemical composition of groundwater and suggest appropriate management
plans [3,4]. The groundwater quality is affected particularly by agricultural activities, industrial and
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domestic sewage, and seawater intrusion in coastal areas [5-7]. Anthropogenic factors are the most
common cause of groundwater quality deterioration among natural and anthropogenic factors [8].

To manage and preserve groundwater, it is necessary to evaluate the status and variability of
groundwater quality. In this regard, the Korean government regularly monitors groundwater quality
to develop basic guidelines for groundwater policy [9]. Therefore, the government operates several
monitoring networks, including the Groundwater Quality Monitoring Network (GQMN) operated
by Korea Environment Corporation (KECO), which is affiliated with the Ministry of Environment
(ME), and the National Groundwater Monitoring Network (NGMN) operated by K-water, which is
also affiliated with the ME [9]. The GQMN monitors groundwater quality on a national scale every
quarter with several parameters, including field measured parameters and major ions. Each monitoring
station of GQMN comprises one to three wells with different depths (5.5-79 m). The regions under
GQMN are divided into uncontaminated (background) regions and already contaminated (or suspected
contamination) regions [10].

The spatiotemporal variations of groundwater quality can also be understood according to
the different statistical analysis [11]. Alongside, the chemical characteristics of groundwater can be
identified by multivariate statistical analysis and ionic relationships [12]. The broad use of multiple
methods is useful to confirm the characteristics and factors controlling groundwater quality [11,12].
In Algeria, groundwater chemistry was investigated using multivariate statistical analysis and
geochemical modeling techniques [13]. Major factors controlling groundwater chemistry were found
to be geological, due to the presence or dissolution of silicate, carbonate, and evaporite minerals.
There were 18 groundwater wells in their study area, making it difficult to represent the groundwater
quality of the entire region. In the United Kingdom, groundwater nitrate was assessed using various
methodologies, such as ordinary least squares linear regression, robust linear regression, and Sen’s
slope test [14]. They reported that groundwater quality and aquifer properties varied on daily, seasonal,
and annual time scales. The underlying cause of quality variations was concluded to be changes in
fertilizer application, land use, and climate.

In Korea, groundwater quality was examined in 2014 for 374 monitoring wells of NGMN,
and concentrations of some ions (calcium, magnesium, sodium, potassium, and silicon) were estimated
and mapped using the kriging method [15]. In another study, distribution of groundwater quality
was investigated for 320 groundwater wells, installed to produce commercial drinking water, and the
groundwater qualities in different regions were compared [16]. The mean values of 8 parameters
(calcium, magnesium, sodium, potassium, chloride, nitrate, sulfate, and fluoride) were 21, 3.4,9.6, 1, §,
6.6, 12, and 0.5 mg/L, respectively, in 2015 of the inland areas. These two investigations were studied
for only one year and did not analyze the temporal changes in groundwater chemistry.

It is complex to evaluate relationship of diverse sources and processes with different parameters [7].
Nevertheless, it is necessary to evaluate status and changes of groundwater quality parameters.
The study can improve water resource policies related to groundwater contamination and protect
human health by increasing public awareness [10]. Furthermore, this is topic for ensuring quantity
of available water resources in response to the changing climate [14]. In this regard, some studies
have assessed distribution or trend of groundwater quality at local level [7,11,13], but there is a need
for complete understanding of factors that are controlling spatiotemporal variations in groundwater
quality at national level. In order to generate appropriate treatment plan for the groundwater quality,
the investigation of main factors that are controlling the groundwater quality, based on a long-term
temporal and countrywide spatial study is required. The objectives of this study are to evaluate the
spatial distribution and temporal trend of groundwater quality on a national scale and elaborate on
the factors that are controlling the distribution of groundwater quality. The findings of this study
will be useful to understand the reasons behind deteriorated or good groundwater quality in regions,
having similar settings (geological and climatic) and surroundings (nearby land use type: agricultural,
residential, industrial, or coastal).
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2. Methods and Materials

2.1. Study Area, Hydrometeorology, and Land Use

The study area is located in East Asia, in the southern half of Korean peninsula, between 34-38° N
and 124-130° E. The total area of the country is approximately 100,000 km?, and forests comprise 70%
out of the total area. Also, the far eastern, western, and southern parts of the country are surrounded
by seas (East Sea, West Sea, and South Sea). The climate is hot and humid in summer and cold and
dry in winter. Average annual precipitation is 1200-1400 mm, 50-60% of which occurs in summer,
and average annual air temperature is 10-16 °C [17]. The East Asian monsoon mainly affects the
climate of the study area.

The land surface exhibits various types of land use, with dominant land uses of the monitoring
stations being forests (35% (34 out of 97)), upland fields (26%), rice paddies (24%), and residential
areas (15%; Figure 1). Large forests and croplands (upland fields and rice paddies) are distributed
throughout the country. Subsurface geology of monitoring wells (where the monitoring wells are
tapped) is granite (25% (73 out of 289)), alluvium (17%), gneiss (16%), sandstone (12%), limestone (5%),
shale (4%), schist (4%), andesite (4%), tuff (4%), and other (9%). Approximately 75% of igneous rocks
are granite, 46% and 18% of sedimentary rocks are sandstone and limestone, respectively, and 71% of
metamorphic rocks are gneiss. Groundwater chemistry is basically affected by the minerals constituting
the rocks of the aquifer. In particular, major cations (calcium, magnesium, sodium, and potassium),
that are present in large amounts in groundwater, are usually derived from the geological settings [18].
Groundwater quality may vary spatially because of differences in land use and geology [4,13,19].
Therefore, the information (land uses and subsurface geologies) as well as groundwater quality data
were obtained from KECO for this study. The land use and geology at the time of the installation of the
GQMN monitoring well were used in this study:.

(a) Land use (b) Surface geology N
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1 Volcanic rock

= Metamorphic rock

| Clastic sedimentary rock

B Limestone

[ Semi-consolidated sedimentary rock
[ Unconsolidated sediment
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) ) 0 50km 100
® Upland field @ Residential area —

Figure 1. (a) Map showing land use (solid circles) for each monitoring station of GOMN (n = 97).
Land use types were investigated at the time when monitoring stations were installed. The background
is a satellite image of Korea. (b) Surface geology of the country (modified from Bacal et al. [20]).
Solid circles indicate each monitoring station.

2.2. Collection of Groundwater Quality Data

We collected groundwater quality data from 289 monitoring wells at 97 monitoring stations for
the duration 2008-2017 (number of data (n) = 6405 for each parameter). The data used in this study
were from monitoring stations of GQMN installed in background regions. Groundwater quality
depends on the location of monitoring stations [14,17]. Thus, we examined their locations with the
different installation dates. The number of monitoring stations increased steadily each year after
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installation of the wells, from only three monitoring stations in 2007 to 97 stations in 2016, covering all
administrative districts of the country since 2017 (Figure 2). Twelve groundwater quality parameters
were selected to study the hydrochemistry including: temperature (T), pH, electrical conductivity (EC),
oxidation reduction potential (Eh), calcium (Ca®"), magnesium (Mg?*), sodium (Na*), potassium (K*),
bicarbonate (HCOj37), chloride (C1™), sulfate (SO4%7), and nitrate (NO3~). The eight parameters (Ca?t,
Mg?*, Na*, K*, HCO;~, CI~, SO42~, and NOj3 ") are indicative of geochemical evolutions including
water-rock interaction, ion exchange, etc. In the meanwhile, the distribution and trend of Na*, Cl~,
SO4%~, and NOj; ™~ can be analyzed to determine whether groundwater is contaminated by natural or
anthropogenic factors. The four parameters (T, pH, EC, and Eh) are measured in the field site as they
are sensitive to redox conditions.

The number of monitoring stations in 2008 was 3.

. New monitoring region l:' Previous monitoring region wo %%

Figure 2. Expansion of groundwater quality monitoring stations from 2008 to 2017.

All methods used to obtain groundwater samples, conduct preprocessing, and perform water
quality analysis were complied with the ME regulations [21]. All groundwater samples were obtained
using a peristaltic pump or disposable bailer. Four parameters (T, pH, EC, and Eh) were measured
in the field using portable meters. Groundwater samples were collected to analyze for major cations
and anions (Ca?*, Mg2+, Na*, K*, HCO3~, Cl~, SO4%~, and NO;~) in water and were preserved
in 30-125 mL polyethylene or glass bottles after filtering with 0.45 pm cellulose membrane filters.
For cation analysis, nitric acid was added to a polyethylene bottle after filtering to maintain pH < 2.
The water samples were stored at 4 °C until laboratory analysis. The hydrochemical data are reliable,
with an ionic charge balance error for each sample of less than 10% [21].

2.3. Statistical Data Analysis

This study evaluated nationwide groundwater quality from 2008 to 2017 using quarterly data
from GQMN. Some data were excluded if the monitoring period was less than four years or the number
of measurements was less than 15, which may lead to statistical errors [14]. Descriptive statistics were
performed to interpret the spatial and temporal variations in the dataset. For evaluation of the spatial
distribution, we calculated as median of groundwater quality of the two or three well depths (shallow,
intermediate, and deep). Using these data, we assessed the impact of land use on groundwater quality
as well as the spatial distribution of groundwater hydrochemistry. For trend analysis, groundwater
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quality at each monitoring well was analyzed using a linear regression, which is a type of parametric
analysis [14,17]. According to Central Limit Theorem, the sample number was reasonably large (n > 30),
and applicable for parametric test on the data [22,23]. Linear regression analysis is used to determine
monotonic increasing or decreasing trend, and the least squares method is applied to calculate the
linear regression. However, in linear regression analysis, the slope may vary depending on outliers [14].
A box-whisker diagram was used to visualize the approximate distribution of data and comparisons of
the dataset under different parameters from 2008 to 2017. Gibbs diagrams were plotted to determine
main processes controlling the groundwater chemistry in the study area. Total dissolved solids (TDS)
values used in Gibbs plots were the sum of ionic values for Ca?t, Mg2+, Na*, K*, HCO;~, Cl~, SO427,
and NO;™ analyzed in groundwater samples. Pearson correlation analysis was used to determine
the relationship between the considered parameters. Multivariate statistical analysis was used for
understanding and classification of large environmental datasets. Principal component analysis (PCA)
was applied to the dataset to reduce the analytical data collected from different monitoring stations
and to analyze the percent of variance explained by different parameters of groundwater quality [12].

3. Results and Discussion

3.1. General Chemistry of Groundwater

The statistical summary of groundwater chemistry of 6405 water samples, obtained from
97 monitoring stations of GQMN in Korea, is given in Table 1. Median values are more appropriate to
find the dominant pattern of ions in water when the parameters data is large or is showing not normal
distribution [14]. For the large dataset used in this study, median values are considered because of
high variability in different groundwater parameters. The groundwater temperature ranged from 4.4
to 27.8 °C with a median of 15.8 °C. Generally, groundwater temperature is affected by soil and air
temperature. The groundwater pH ranged from 4.3 to 10.4 with a median of 6.9, which showed that
water varied from acidic to alkaline in nature. Remediation methods on contaminated groundwater
vary depending on whether the pH is acidic or alkaline, because the solubility of dissolved contaminants
varies with varying pH value [24]. The value of groundwater EC showed great variations from 46 to
48,100 uS/cm, with the median of 317 uS/cm. In the total duration of study (2008-2017), 74 out of 6405
groundwater samples showed EC > 9000 uS/cm, which is characteristic of seawater. This indicated the
influence of seawater intrusion to groundwater in the coastal areas [25].

Table 1. Descriptive statistics of groundwater quality parameters for 2008-2017 (n = 6405 for each

parameter).
Parameters Maximum  Minimum Mean Median spD1 Cv? ND 3 (%)
T (°C) 27.8 4.4 159 15.8 2.3 0.15 0
pH 104 43 7.0 6.9 0.8 0.11 0
EC (uS/cm) 48,100 46 769 317 3586 4.66 0
Eh (mV) 892 -159 288 302 123 0.43 0
Ca?* (mg/L) 4000 <0.05 57.1 26.5 232 4.06 0.2
Mg2+ (mg/L) 2357 0.03 20.8 6.8 113 5.43 0.2
Na* (mg/L) 8640 <0.05 99.8 17.8 601 6.02 0.02
K* (mg/L) 3200 <0.05 5.0 24 41.3 8.26 0.02
HCO3™ (mg/L) 1198 1.0 127 102 95.1 0.75 0
Cl™ (mg/L) 30,479 <0.05 201 13.3 1550 7.71 0.02
SO4%~ (mg/L) 1983 <0.05 46.6 14.5 162 3.48 2.6
NO;™ (mg/L) 368 <0.05 16.8 6.9 30.4 1.81 13.1

1 Standard deviation; 2 Coefficient of variation; 3 Not detected.

The values of groundwater Eh were mostly positive, ranged from —159 to 892 mV with median
of 302 mV. The high and positive Eh values recommend that hydrogeological reactions are more
likely to occur naturally without some external energy. The median values for groundwater major
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cations: CaZ™, Mg2+, Na™, and K* were 26.5, 6.8, 17.8, and 2.4 mg/L, respectively. Based on the
median (mg/L), the pattern of cationic dominance was followed by Ca?* > Na* > Mg?* > K* in
groundwater. The median of groundwater major anions: HCO;~, Cl~, S042~, and NO5;~ were 102,
13.3,14.5, and 6.9 mg/L, respectively. High Cl™ in groundwater was indication of contamination by
sewage and seawater intrusion in urban and coastal areas [8,26].

3.2. Spatial Distribution of Groundwater Quality

The groundwater quality in the study area was monitored for ten years for the selected water
quality parameters. Median values of groundwater quality parameters were used to present the spatial
distribution of groundwater quality for each monitoring station (Figure 3). At some monitoring stations,
the groundwater seemed to have natural characteristics while, a number of monitoring stations showed
the groundwater contamination. Low groundwater T (<15.8 °C) was predominant in the northern
areas, whereas high T (>15.8 °C) was primarily found in the southern areas. This revealed the effect
of air temperature to groundwater temperature, that varies based on high latitude (northern) to low
latitude (southern) areas [27]. Spatial distribution of pH varied from 6 (slightly acidic) to 7.5 (neutral)
in 77 out of 97 stations. This range of pH can be due to the number of reasons including: precipitation
water recharge of low alkalinity, leaching of applied fertilizers, industrial activities, and leakage from
the abandoned mines [28]. Overall, 50 monitoring stations exhibited EC > 317 uS/cm (median of
EC), of which 48% (24 out of 50) of monitoring stations were located on cropland areas (rice paddies
and upland fields) and 22% (11 out of 50) were located in the residential areas. This showed the
influence of applied fertilizers and wastewater to increased contamination of groundwater, as EC
reveals the presence of ions in water. Groundwater Eh values showed the opposite pattern to the
spatial distribution of groundwater T, as high Eh (>302 mV) was principally distributed in the northern
areas, and low Eh (<302 mV) was predominant in the southern areas. Both T and Eh were correlated in
groundwater. Therefore, because the groundwater is influenced by changing climate, future changes
in spatial distribution characteristics of T and Eh should be carefully monitored.

Among cations, Ca>* and Mg?* displayed high values in groundwater at different monitoring
stations, based on the natural presence of solids and rocks, especially from plagioclase, dolomite,
and gypsum [19]. Spatial distribution of both of these cations in groundwater was dependent on
the presence of natural situations [16]. Being responsible for the hardness of water, when present in
large quantities, appropriate treatment is required to use groundwater for industrial and domestic
use [12]. The high Na* values (>30 mg/L) were not found in the groundwater of northeastern areas
and some central areas of the country. There were number of sources for groundwater high Na*
including: natural deposits from Na* bearing minerals, mixing with surface water contaminated
by road salt, leaching from animal wastes, and sewage effluents [29]. Natural sources were more
common in northern areas and anthropogenic activities were responsible for high Na* in southern
areas. Among major cations, K* concentrations were the lowest in groundwater. Linked to this,
K* containing minerals are more resistant to weathering than other minerals because potassium is
combined in the form of clay minerals [30].

Among anions, HCO3~ was the most abundant ion in groundwater of the study area.
Spatial distribution of high HCO3~ (>102 mg/L) found in the whole area, specifically in the eastern
areas, based on the occurrence of natural sources of HCO3;~. There were several possible sources of
HCOj3™ in groundwater including: weathering of silicate minerals, presence of calcite and dolomite
rocks, corrosion of organic matter which help to produce carbon dioxide, and rainfall [31-33].
Spatial distribution of Cl~ in groundwater was predominant in the southwestern areas, especially
near the coastal areas. Naturally and anthropogenically, it was attributed to the domestic sewage and
seawater intrusion [26,34]. NaCl is discharged from households as dishwater or excreta, and salty
substances flow into the sewer pipe [34]. Groundwater S0,4%~ which was the third most abundant
anion, showed varying spatial distribution. Lower values of groundwater SO42~ seem to show the
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absence of such human activities in the area. Groundwater NO3 ™~ displayed the most varying spatial
distribution and high values (>10 mg/L) were found in the whole area.
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Figure 3. Spatial distribution of hydrochemical parameters at all monitoring stations (n = 97) from
2008 to 2017.

3.3. Temporal Trend of Groundwater Quality

Statistical analyses were done for the groundwater quality parameters. Box-whisker plots
of the 12 parameters were generated to see the data variations during the studied time period
(Figure 4). All parameters showed small to large variations in values monitored in different years.
The average coefficient of variance (CV), which shows the extent of variation in particular dataset,
for the mentioned groundwater quality parameters was 3.57 (Table 1). Six parameters—EC, Ca?t,
Mg?*, Na*, K*, and CI-—had high CV (>3.57) and showed higher variance in different years (Figure 4).
Other parameters—T, pH, and Eh—had fluctuating values with no major variance in the data values
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during the studied period. However, NO3;™ revealed a clear decrease in the variance after 2008.
This change seems to be affected by the implementation of restricted fertilizer amounts in agricultural
areas and sustainable agricultural activities [35]. Groundwater quality parameters with high CV have
displayed longer boxes with lower minimum and higher maximum values. In addition, those six
parameters were considered as the indicators of groundwater contamination by seawater intrusion [36].
In 2009 and onwards, those parameters showed an increase in the variance which might be linked to
the installation of Pohang monitoring station in coastal area in the same year 2009.
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Figure 4. Box-whisker plots of groundwater quality parameters monitored for 2008-2017 (n = 6405).

For trend analysis, linear regression slopes were applied to the decadal data of groundwater
quality parameters (Figure 5). Percentage of groundwater data with increasing and decreasing trends
was presented in Table 2. Among water quality parameters, T, EC, Ca**, Mg?", HCO;~, and CI~
had dominating percentages for the increasing trends while, for pH, Eh, Na*, K*, SO42~, and NO3 ",
a decreasing trend dominated over the increasing trend. The countrywide spatial distribution of
temporal trend (linear regression slope results) of groundwater quality parameters is given in Figure 5.
For groundwater T, an increasing trend was observed in the northeast and southwest, whereas a
decreasing trend was found in the northwest. Air temperature was steadily increasing due to changing
climate which can increase the groundwater T. Statistically, the pH exhibited predominant decreasing
trend throughout the national scale. However, the median of variation is —0.02 (Table 2), and it seems
to be changed little.

Table 2. Summary of linear regression slopes (unit of each parameter/a quarter) for 2008-2017 (number
of slopes for each parameter = 289).

Parameters Maximum Minimum Mean Median Increasing (%) Decreasing (%)
T 0.3 -0.5 0.01 0.02 63 37
pH 0.07 -0.2 -0.03 -0.02 19 81
EC 97.3 -379 -0.7 0.7 57 43
Eh 15.2 -23.1 -14 -1.3 37 63
Ca2* 16.8 -86.7 0.2 03 72 28
Mgt 4.8 -34.9 -0.09 0.03 61 39
Na* 46.9 =727 0.1 -0.05 41 59
K* 1.5 -12.9 -0.06 —-0.01 40 60
HCO3™ 11.0 -89 0.9 0.7 73 27
CI~ 70.7 -375 -0.2 0.01 52 48
SO,% 6.4 -31.6 -0.6 -0.1 34 66

NO;3~ 2.1 -8.5 -0.2 -0.05 33 67
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Figure 5. Distribution of linear regression slopes for each hydrochemical parameter at all monitoring
stations (n = 289) for the period of 2008-2017.

For groundwater ions; Ca?>* and HCO;~, an increasing trend was observed throughout the country
while, for Cl~ the increasing trend was observed in western region. On the other hand, SO42~ and

NOj3~ presented dominant decreasing trend throughout the country, except some western regions with
an increasing trend. In a separate study [37], groundwater EC fluctuated within 240-320 uS/cm from
2008 to 2014 at 213 monitoring wells of NGMN. Lee et al. [17] said that groundwater NO3~ showed
the decreasing trends over the analysis period of 13 years (2001-2013) in 1628 out of total 2939 wells.
In Korea, there are few studies on temporal variations in groundwater quality, and more attention is

needed on it.
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3.4. Major Factors Controlling Spatiotemporal Distribution of Groundwater Quality

3.4.1. Fertilizers Application

Generally, intensive agricultural activities in the croplands, are the source of groundwater
contamination in the surrounding areas. In Korea, approximately, 1,400,000 ha (14,000 km?) of the area
consists of agricultural crops of rice and upland fields including fruits, outdoor vegetables, greenhouse,
and medicinal crops [38]. Overuse of chemical fertilizers in these croplands is a common practice to
increase the crop productivity for economic benefits. Chemical fertilizers normally used in the croplands
in 2016 were: nitrogen (55%), potassium (25%), and phosphorus (20%) fertilizers [39]. NO3;~ from
the applied nitrogen fertilizers can infiltrate from agricultural soil to groundwater with precipitation
and irrigation water, causing groundwater NO3~ contamination [17]. The NO3~ contamination has
potential to pose a health risk to children, when used for drinking purpose. Additionally, this can lead
to eutrophication and green algal blooms when discharged to surface water bodies [39]. The overall
application of these fertilizers has been reduced in 2016 as compared to 2008. Still, the applied amounts
exceeded the Korean standard limits of fertilizers application in 2016 [38].

Three main water quality parameters are considered as the indicators for groundwater
contamination when present in excessive amounts. Table 3 presented the mean concentrations
of main parameters: NO3;~, Cl~, and Na* in groundwater from the monitoring stations located in
upland fields, rice paddies, forests, and residential areas. The mean NO3™~ concentration in groundwater
of the country was 16.8 mg/L (Table 1). It was higher by 5.4 mg/L (mean = 22.2 mg/L; Table 3) in the
groundwater of upland fields. However, the value of rice paddies was similar to that of the study area
(mean = 16.6 mg/L). The upland fields include fruits, vegetables, greenhouse, and medicinal crops
and hence received more amounts of nitrogen fertilizers collectively than the crop of rice paddies.
Forest and residential areas showed lower mean values for groundwater NO3~ than the mean of
study area.

Table 3. Mean concentrations of three parameters (NO;~, Cl7, and Na®) in groundwater from
monitoring stations located in upland fields, rice paddies, forests, and residential areas. During the
total duration of study, the numbers of data in the upland fields, rice paddies, forests, and residential
areas were 1501, 1773, 2184, and 947, respectively.

Land Use
Parameters . - . -
Upland Field Rice Paddy Forest Residential Area
NOs;~ (mg/L) 222 16.6 134 16.2
Cl” (mg/L) 194 297.3 27.8 705.3
Na* (mg/L) 242 144.1 29.6 298.4

The Korean application standard for nitrogen fertilizer on upland fields crops are greater than
those on growing rice by 5.1 kg per 1000 m? (= 10 a) [38]. Additionally, the irrigation of rice paddies,
in contrast with upland fields irrigations that does not store water, is to store ponded water within
7 cm depth from bottom of rice paddy to supply soil moisture and nutrient for rice [40]. Therefore,
more NOj3 ™ can leach down to the groundwater of upland fields than that of rice paddies. Additionally,
NOs;~ concentration in groundwater of residential areas was approximately equal to that of rice paddies
(Table 3). This was because groundwater NO3 ™~ originated not only from agricultural activities but also
from domestic activities in the residential areas [34]. Meanwhile, the Korean groundwater standards of
domestic and agricultural water for NO3™ is 88.6 mg/L (NO3;™-N is 20 mg/L) [41]. The mean NO3~
concentration of groundwater exceeded the standards at four monitoring wells of the study area.
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3.4.2. Sewage Leakage

Some ions are considered to be indicators of water contamination from domestic activities, i.e.,
Cl™ and Na* ions [34]. In groundwater, C1~ originated from dishwater, human excreta, household
product use, road salt use, and wastewater chlorination [42]. High CI~ in groundwater can affect the
taste of drinking water [43]. In the studied area, median values of C1~ and Na* were higher in the
groundwater from monitoring stations located in the residential areas, than in other land uses (Table 3).
Mean C1~ in groundwater from residential areas was 705.3 mg/L, which was the highest mean of all
four land uses, and greater than the mean of the entire study area by 504.3 mg/L (Tables 1 and 3).
Similarly, mean Na* in groundwater from residential area was 298.4 mg/L (Table 3), significantly higher
than the mean groundwater Na* from other land uses. Domestic sewage discharged from household
chores (cleaning, dishwashing, laundry, and human excrement) in populated residential areas were
considered as the main factors for high CI~ and Na™ ions in groundwater of residential areas [42].

Not only had the domestic activities, some faults in sewage system of residential areas caused
the groundwater contamination. Domestic sewage transported to septic tanks via sewer pipelines,
any kind of damage or leak in sewer pipeline might result in leach down of sewage to groundwater,
causing groundwater contamination [44]. In Korea, the total length of installed sewer pipelines was
156,257 km in 2018, which was approximately four times of circumference of the Earth (40,000 km) [44].
Among the pipelines, 66,334 km (42%) length of pipelines were installed 20 years ago, considered
old and shabby. Additionally, 31,125 km (47%) of total shabby pipelines were distributed in urban
areas (12,697 km in Gyeonggi-do, 7432 km in Seoul, 6688 km in Busan, and 4308 km in Daegu) [44].
Therefore, domestic activities in the urban areas were the main controlling factor for groundwater ionic
contamination (high CI~ and Na*). The Korean groundwater standards of domestic and agricultural
water for C1™ is 250 mg/L [41]. The mean groundwater Cl~ exceeded the standards at 11 monitoring
wells of the study area.

3.4.3. Seawater Intrusion

Korea is land bounded country from one side and is surrounded by sea from the other three sides
(Figure 1). Aquifers in coastal areas are affected by seawater intrusion as a result of anthropogenic
activities in the coastal areas [26]. Among 97 countrywide GOMN stations, 15 monitoring stations were
located within 10 km of the sea, considered as the coastal area (Table 4). Six important groundwater
quality parameters (C1~, Na*, Ca?t, Mg?*, K*, and EC) were selected to examine the ionic contamination
in coastal areas. As these ions parameters can indicate the effect of seawater intrusion to groundwater,
as a result of anthropogenic activities [6,26]. The groundwater of the 15 stations in coastal areas showed
considerably higher values (up to 26 times for C17) than those in the inland areas (Table 4). These high
values were the indication of seawater mixing [36].

Table 4. Mean values of six groundwater quality parameters observed in monitoring stations
located in the coastal areas (areas within the 10 km from sea), and in the inland areas of Korea,

during studied period.
Parameters Mean Mean
(Coastal Area, n = 15) (Inland Area, n = 82)
ClI” (mg/L) 457.4 17.9
Na* (mg/L) 280.9 20.5
Ca?* (mg/L) 40.1 33.1
Mg?* (mg/L) 26.3 8.8
K* (mg/L) 9.5 2.7
EC (uS/cm) 1445 348

The maximum observed values of these parameters led to the calculation of the mean higher
than the median (Table 1). Especially, high CI™ in the groundwater of the coastal area might be due to
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the natural process of evapotranspiration, or anthropogenic over-pumping of groundwater resulting
in lower water levels and seawater intrusion to refill the groundwater aquifer [26,36]. Other than
Cl~, groundwater Ca?* was high (>1000 mg/L) in three monitoring stations, groundwater Mg?* was
high (>1000 mg/L) in two monitoring stations, and groundwater Na* was high (>1000 mg/L) in four
monitoring stations, located in the coastal area. These high values in groundwater were the indicator
of brine mixing [25]. Therefore, groundwater contamination in coastal area was controlled mainly by
the natural and anthropogenic factors aggravating the seawater intrusion to groundwater aquifer

3.5. Mechanism for Controlling the Hydrochemistry of Groundwater

Changes in land use may cause variations in the groundwater quality of the country. Anthropogenic
influence on groundwater quality is described in Sections 3.4.1-3.4.3, representing high ionic
concentrations in particular land use areas. Meanwhile, Gibbs diagrams provide basic information on
natural factors that influence hydrogeochemical evolution [45]. The evolution starts from the Ca-HCOj3
water type because most of geology constituting aquifers contain silicate or carbonate minerals [46].
Sometimes the hydrochemistry can be affected by saline water (seawater, coastal river, and evaporative
lakes) [47]. Thus, water samples shown in the upper right of the diagram are indicative of this effect.
Meanwhile, when precipitation water infiltrates into groundwater, thus water is plotted at the lower
part of the diagram because dilution and mixing of the precipitation and groundwater occur, and the
TDS value becomes low [46].

To identify the mechanism controlling the hydrochemistry of groundwater, Gibbs diagram was
used (Figure 6). The mechanisms can be inferred from three end members. End member 1 had low TDS
<10 mg/L and high values for Na*/(Na*+Ca?*) and C1~/(Cl-+HCO; "), ranging from 0.5 to 1, positioned
in the lower right portion revealed the precipitation dominance. There was no sample found in this
portion. End member 2 had intermediate TDS ranged 50-950 mg/L, and values for Na*/(Na*+Ca2*)
and C17/(Cl"+HCOj37), ranging from 0.03-0.93 and 0.01-0.82, respectively. The samples were placed
in the left side of the middle portion, indicated the rock dominance. The results of 96 monitoring
stations were placed in rock dominance portion indicating the mechanism of water-rock interaction.
Endmember 3 had high TDS > 10,000 mg/L and high values for Na*/(Na*+Ca?*) and Cl=/(Cl-+HCO;")
were 0.94 and 0.96, respectively. Only one monitoring station got placed in the top right portion,
indicating evaporation dominance.

100,000 3 100,000
] (b)
10,000 3 10,000 °
= 1000 = 1000
o)) 3 [=)]
E ] E
w0 T 7}
o 100 o )| 100
— 3 —
] Precipitation Precipitation
) Dominance Dominance
10 o 10
7 @ Individual monitoring station
1 — T T T T T 1+—T—T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Na*/(Na*+Ca®") CI/(CI+HCO,")

Figure 6. Gibbs diagrams showing the ratio of TDS and Na*/(Na*+Ca?*) or CI7/(Cl1~+HCO;~) and
indicating mechanisms controlling the groundwater chemistry in the study area (n = 97).
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Results from all monitoring stations (n = 97) illustrated the dominancy of geogenic factors in both
portions of the Gibbs diagram: rock and evaporation dominance. Rock dominance as the controlling
mechanism for hydrochemistry of groundwater indicated that groundwater was interacting with
rocks and resulted in rock weathering [12]. Moreover, evaporation dominance evidenced the major
role of evaporation-crystallization mechanism in geological settings as a major controlling factor of
groundwater hydrochemistry [45]. Sidhu et al. [48] showed that chemical weathering of the minerals
composing rocks affects the groundwater chemistry, and the hydrochemical characteristics are not
related to well depths.

3.6. Statistical Verification of Ions Co-Occurrence and Sources

Correlation matrix was used as a statistical tool to determine the relationship between two
water quality parameters for estimating the degree of dependency of one parameter to the other [49].
Pearson correlation was used for this study and represented in Table 5. EC had a positive correlation
with Ca?*, Mg?*, Na*, Cl~, and SO4%~ in groundwater, indicating increased contamination [31].
Ca?* and Mg?* showed a positive correlation with Na* and CI~ in groundwater. Na* had positive
correlation with CI~ and SO4%~ in groundwater. Additionally, C1~ showed positive correlation for
SO4%~ in groundwater. The strong positive correlations among water quality parameters exposed the
weathering of carbonate rocks, evaporites, soil salts, and interaction of halite with groundwater as
the common sources of increase in values of these ion in groundwater [45]. Other ions, NO3~ and K*,
did not have a strong correlation with other parameters.

Table 5. Pearson correlation coefficient showing the extent of association between groundwater quality
parameters. Strong correlations are shown in bold.

Parameters T pH EC Eh Ca?* Mgt Na* K* HCO;~ Cl- S04~ NO3-
T 1

pH -0.03* 1

EC 0.06 ** 0.02 1

Eh —-0.13*  -031*  -0.20** 1

Ca%* 0.05 ** 0.00 0.88*  -0.16* 1

Mg+ 0.06 ** 0.01 0.90**  -0.17*  0.95** 1

Na* 0.08 ** 0.02 0.93**  —021*  0.87*  0.89** 1

K* 0.00 0.00 0.32*  —0.07*  034*  026* 0.26 ** 1

HCO;~ 0.09 ** 0.26 ** 0.07*  -025*  0.06*  0.08* 0.10*  0.05* 1

cl- 0.07 ** 0.01 0.93 ** —-0.18*  0.94*  0.95% 0.96*  030*  0.04* 1

S04%~ 0.08 ** 0.01 0.83**  —020%  0.74*  076* 0.85*  033*  0.23* 0.81 ** 1
NO;~ -0.08*  —022*  -0.03*  020* -0.01  -0.04*  —0.06* 0.00 -0.18**  -0.05*  —0.03** 1

** Confidence = 99% (Significance level = 0.01), * Confidence = 95% (Significance level = 0.05).

Another statistical technique, PCA, was applied to the water quality data to reduce dimensionality
of interrelated parameters [12]. Statistical PCA analysis was applied to groundwater quality parameters:
T,pH, EC, Eh, Ca?t, Mg2+, Na*,K*,HCO;~,Cl~,50,4%", and NO;~ monitored during the studied period,
to identify the parameters with the greatest clarifying power that control the hydrochemistry of the
groundwater. The results were obtained in the form of principal components (PCs), having eigenvalues
>1 and explained the different variances (Table 6).

It was indicated that three components explained 69.23% of the total variance. PC1 explained
46.56% of variance, had positive loadings with EC, Ca?t, Mg2+, Na*, Cl~, and SO4%~ indicated mineral
dissolution or carbonate rock weathering as the major source of these contents, along with concurrence
of evaporite dissolution. PC2 explained 14.19% of variance did not show strong loadings with the
ions. PC3 explained 8.48% of variance had positive loading with T of groundwater. Figure 7 illustrated
more explanatory loadings and interlinkages of PC1 and PC2, the more percentage of variance.

For better understanding, a PCA plot was generated using PC1 and PC2, which have explained
60.75% of the total data variance. Parameters located on one side of plot show a positive correlation
to each other and a negative correlation to parameters located on the other side of the plot, and vice
versa. Parameters in the upper right side of the PCA plot were more enriched with EC, Ca?*, Mg?*,
Nat, K*, and Cl~ which had positive loadings (correlation) for both PC1 and PC2, while 8042‘ had
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positive loading for PC1 and negative loading for PC2. The colocation of these parameters verified
geological weathering of minerals and evaporite dissolution as the dominating sources of these ions [50].
The bottom right side of PCA plot was enriched with T, pH, and HCO3~, which had positive loadings
for PC1 and negative loading for PC2. The sources of these parameters might also be geological and
their presence can influence the amounts of other ions in groundwater. The upper left side of PCA plot
had Eh and NO3;™ which had negative loadings for PC1 and positive loadings for PC2. The colocation of
these parameters identified inputs from anthropogenic activities and oxidized environment promoted
nitrification in the groundwater as the major sources of these ions in groundwater [51].

Table 6. Results of principal component analysis for groundwater quality parameters.

Parameters PC1 PC2 PC3
T 0.09 -0.21 0.92

pH 0.04 -0.69 -0.35

EC 0.96 0.06 —-0.01

Eh -0.24 0.65 —-0.04

Ca%t 0.94 0.10 -0.03

Mg2* 0.95 0.08 -0.01
Na* 0.96 0.03 0.03

K* 0.37 0.03 -0.18

HCO3™ 0.14 —-0.63 —-0.03
Cl- 0.98 0.09 0.00
S04 0.88 -0.03 0.01

NO;3~ -0.06 0.58 —-0.06
Eigenvalues 5.59 1.70 1.02
Variance (%) 46.56 14.19 8.48
Cumulative (%) 46.56 60.75 69.23

Eigenvector loadings (axes PC1 and PC2 = 60.75%)

0.6
0.5 NO;
04 Eh °
0.3 \
0.2 \
0.1 \
0.0
0.1 T
-0.2 |
-0.3 \

—g: |\ HCO,
. ‘pH

~0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

PC2 (vector loadings, 14.19%)

PC1 (vector loadings, 46.56%)

Figure 7. Principal component analysis plot for groundwater quality parameters.

4. Conclusions

Spatial distribution of groundwater quality parameters varied through the study area. Occurrence
of high values of some parameters was linked to both anthropogenic and natural sources, mainly based
on the agricultural and domestic activities, seawater intrusion.

e Six parameters; T, EC, CaZ*, Mg2+, HCO;7, and Cl~ had dominant increasing trends in
groundwater during the studied period, revealing the effect of natural and anthropogenic
factors. Other parameters, pH, Eh, Na*, K*, 50,2~, and NO;~ showed dominant decreasing
trends over time.
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e Among land uses, upland fields had the highest mean value for groundwater NO3~ (22.2 mg/L),
confirming that many fertilizers were applied to upland fields. Thus, agricultural activities were
the main controlling factor of groundwater NO3~ contamination in agricultural areas.

e In residential areas, ClI~ and Na* had high mean values in groundwater of 705.3 mg/L and
298.4 mg/L, respectively. Thus, domestic activities were the controlling factor of groundwater C1~
and Na*' contamination in residential areas.

e Some monitoring wells exceeded the Korean drinking water standards for NO3;™ and CI™.
The contamination derived from human activities can be sufficiently reduced by effective active
measures. Therefore, the government has to strengthen corresponding regulations in order to
minimize deterioration of groundwater quality.

e Mean CI™ (457.4 mg/L) of 15 monitoring stations in coastal areas was much higher than that of
the monitoring stations in inland. Seawater intrusion naturally or as a result of groundwater
over-pumping was the controlling factor of groundwater Cl~ in coastal areas.

e Groundwater chemistry was predominantly controlled by the mechanism of geogenic rock
dominance. The results of Pearson correlation and PCA collectively verified mineral dissolution
or carbonate rock weathering as the major source of ions in groundwater, along with concurrence
of evaporite dissolution.

e  Expansion of monitoring stations to areas where the GQMN is not currently installed will provide
a better evaluation of groundwater quality in the future.
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