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Abstract
Groundwater in the Geum River basin is a major agricultural and domestic water resource. In the present study, we collected 
128 groundwater samples from four candidate regions (KS, KJ, NS, and BO) for hydrochemical analyses to identify large-
scale groundwater distribution. Only 5.5% of samples showed natural background levels of  NO3-N and Cl, whereas about 
65% of samples reflected the influence of external pollutants according to drinking water standards. Levels of tritium (3H) 
in groundwater in the BO region indicated rapid recharge over a uniform time span (2.88 ± 0.43 TU). The hydrochemical 
properties of water samples collected in this study suggest a sustainable water supply in the Geum River basin.
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Introduction

Global warming is characterized by the frequent occur-
rence of floods and droughts, which can have profound 
consequences for water resources [1, 2]. The quantity of 
groundwater remains constant despite climate change [3]; 
therefore, groundwater is important for mid- to long-range 
water resource planning for stable water supplement to cope 
with water scarcity [4, 5].

In 2018, groundwater in Korea was mainly utilized for 
domestic (1229 million  m3/year; 42.5% of total usage) and 
agricultural (1485 million  m3/year; 51.7%) applications 
[6]. Groundwater consumption in Korea is highest in Dae-
jeon, Sejong, and Chungcheongnam-do, excluding Jeju 
Island [6]. Chungcheong-do, which encompasses Daejeon, 
Sejong, Chungcheongnam-do, and Chungcheongbuk-do, is 
located in the midwestern region of South Korea, facing 
the Yellow Sea. The Geum River is a major river in Korea 
that flows through Chungcheong-do; its estimated ground-
water recharge rate reaches 3298 million  m3/year, with 
about 91% (3012 million  m3/year) occurring in the Chun-
gcheong-do area [7]. Nevertheless, the accumulated summer 

(June–August) precipitation in this area was 365 mm in 
2019, which was less that in 2018 (588 mm), as well as 
the overall average for Korea (493 mm) [8]. Salt accumula-
tion and nitrate contamination are increasing in this region 
due to the development of small and medium cities, agri-
cultural activities, and livestock facilities. Seawater intru-
sion by excessive pumping of groundwater in coastal areas 
also contributes to the degradation of groundwater quality 
in midwestern South Korea [6, 7, 9].

In this study, we used contamination indicators including 
ionic and isotopic species to identify groundwater sources. 
These include nitrate nitrogen  (NO3-N) and chlorine (Cl) as 
anthropogenic inputs, fluoride  (F–) as a geologic input, chlo-
ride  (Cl–) and bromide  (Br–) as seawater intrusion inputs. 
 NO3-N is present in natural water at very low concentrations, 
where concentrations > 3 mg/L are interpreted as having 
artificial origin [10, 11]. Potential sources of  NO3-N leach-
ing include animal mature, domestic sewage, agricultural 
operations, and inflow from air pollution. The high solubility 
of this species facilitates inflow and migration into soil water 
and groundwater [12, 13]. High concentrations of  NO3-N 
(> 10 mg/L) in drinking water can cause methemoglobine-
mia, which leads to acute toxic responses to  NO2 exposure 
via oxygen transport [14]. Therefore, the  NO3-N drinking 
water standard for Korea has been established at 10 mg/L 
(~ 44 mg/L as  NO3) [15].

F– is generally present in natural water at concentrations 
< 1 mg/L; it is usually derived from rock minerals such as 
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fluorite, apatite, amphiboles, and micas [10]. Low concentra-
tions (< 0.7 mg/L) of  F– in natural water can prevent tooth 
decay [16]. However, excessive  F– can cause dental fluorosis 
and bone weakness; therefore,  F– levels should be main-
tained within 1.5 mg/L [14].

Cl– and  Br– concentrations can be influenced by seawater 
intrusion, domestic sewage, industrial waste water, de-icing 
salt dissolution, and bedrock mineral interactions. These 
ions represent stable species in the natural environment 
because they do not adsorb to other minerals or organic mat-
ter, or form non-soluble precipitations according to changes 
in the oxidation–reduction environment [17].

Tritium (3H;  t1/2 = 12.43 years,  Emax = 18.6 keV) is a 
natural radioactive nuclide that is produced by cosmic 
ray bombardment of nitrogen and deuterium in the upper 
atmosphere.3H enters the hydrological cycle in the form of 
tritiated water molecules (HTO), where it can be used as a 
conservative groundwater tracer as a component of the water 
molecule. When water infiltrates groundwater, it becomes 
isolated from the atmospheric 3H source and its 3H concen-
tration decreases over time due to radioactive decay. There-
fore, 3H is used as a groundwater dating tool for ages up to 
100 years [18, 19].

Decreases in annual precipitation and active groundwater 
pumping can deplete water resources and lower its quality. 
For the sustainable use and efficient management of ground-
water in midwestern South Korea, it is necessary to under-
stand the recharge characteristics and spatial distribution of 
groundwater hydrochemistry. Therefore, we investigated the 
coastal and inland groundwater hydrochemistry of the Geum 
River basin regional water system. Specifically, we assessed 
the spatial distribution of groundwater hydrochemistry in the 
Chungcheong-do region, determined the type and sources 
of groundwater contaminants, and identified promising 

candidate sites for large-scale groundwater supply to cope 
with potential water shortages.

Site description

The average annual temperature of South Korea for the 
past 30 years has been 10.9 °C, and the average annual 
precipitation is 1295  mm, indicating a temperate cli-
mate [8]. Our study site (35°58′33.71″–37°03′40.10″N, 
126°07′13.25″–128°04′06.03″E; Fig.  1) covers Sejong, 
Chungcheongnam-do, and Chungcheongbuk-do, but 
excludes Daejeon because it contains several industrial com-
plexes, has a high population density, and therefore cannot 
meet our study objectives.

The area of the study site is approximately 12,294  km2 
and is bounded to the east by the southern Sobaek mountain 
range and to the west by the Yellow Sea. Thus, the topogra-
phy of the site slopes downward from the east to the west, 
and agricultural fields and urban districts are mainly dis-
tributed in the west, whereas forests are distributed in the 
east. The geology of the study site is mainly composed of 
the Archean–Proteorozoic Gyeonggi metamorphic com-
plex, the Sobaegsan metamorphic complex, and Jurassic 
Daebo granitoids [20], in connection with the Mesozoic rift, 
as well as rocks from the Paleozoic Okcheon Supergroup 
(from Chungcheongbuk-do to Daejeon) and Great Lime-
stone series (Chungcheongbuk-do). Large-scale plutonic 
rock has developed in the parallel Okcheon Belt, via the 
Jurassic Daebo orogeny. Because we examined groundwa-
ter over a large area in this study, we have simplified the 
bedrock geology to nine hydrogeological units: crystalline 
gneiss, intruded Cretaceous granite, intruded Jurassic gran-
ite, unconsolidated detrital deposits, metasedimentary rock 
(with preserved structural geometry), metasedimentary rock, 

Fig. 1  Map of nine hydrogeological units and sampling points for a groundwater and b isotope analyses. Left panels show the geomorphological 
location of the study area
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(with depleted structural geometry), nonporous volcanic 
rock, clastic sedimentary rock, and carbonate rock.

Materials and methods

Field sampling and ion analyses

Most of the groundwater sampling sites were located adja-
cent to rice paddies or dry farms during the agricultural 
off-season to avoid direct contamination and observe back-
ground hydrochemistry. We collected 128 groundwater sam-
ples for hydrochemical identification (Table 4) and analyzed 
47 samples for isotope distribution in April 2020 (Table 1 
and Fig. 8).

According to the field data, which included factors such 
as groundwater level and pumping rate, we selected four 
candidate sites to identify a promising site for a large-scale 
groundwater system: KS, KJ, NS, and BO. Hydrochemical, 
stable isotope (δ18O and δ2H), and 3H analyses were con-
ducted to determine the groundwater recharge properties of 
these sites (Table 1).

In situ pH and electrical conductivity (EC) measurements 
were performed using a multi-parameter portable meter 
(WTW Multi 3620 IDS, Fisher Scientific, Sweden) and the 
uncertainty range of EC value was below ± 0. 5. Cation (Ca, 
K, Mg, and Na), anion (F, Cl, Br,  NO3, and  SO4), stable 
isotope (18O and 2H), and radioisotope (3H) analyses were 
performed in the laboratory. Alkalinity titration was per-
formed to measure  HCO3 ion levels using 0.02 N hydro-
chloric acid and a Rondolino DL50 Titroprocessor (Mettler 
Toledo, Australia). All water samples were filtered through 
a 0.45 µm pore size cellulose acetate membrane (Advantec), 
stored in polypropylene bottles, and kept in a refrigerator 
at 4 °C for later chemical analyses. Cation samples were 
acidified with concentrated nitric acid to pH < 2. Cation 
and anion concentrations were analyzed using inductively 
coupled plasma optical emission spectrometry (ICP–OES, 
OPTIMA 7300DV, PerkinElmer, USA) and ion chromatog-
raphy (Dionex Aquion, Thermo Scientific, USA), respec-
tively. The sample ion concentration charge balance error 
was within ± 10%.

Isotope analyses

Oxygen (18O) and hydrogen (2H) isotopes were analyzed 
using cavity ring-down spectroscopy (L2140-i for isotopic 
 H2O; Picarro, USA) and the results were compared to those 
of standard mean ocean water (V-SMOW). The stable iso-
tope data of 18O and 2H are reported with the δ in ‰ devia-
tion relative to V-SMOW and the uncertainties of isotope 
ratios were generally below ± 0. 1‰ for δ18O and ± 0.5‰ 
for δ2H.

Two local meteoric water regression lines (LMWLs) 
were plotted to describe the isotopic data for different sea-
sons: δD = 7.93δ18O + 8.11 for summer precipitation and 
δD = 7.79δ18O + 18.39 for spring, autumn, and winter pre-
cipitation [21]. The slope and intercept of the regression line 
for wet season precipitation were virtually identical to those 
of the empirical global meteoric water line (GMWL) [22]:

For 3H analyses, groundwater samples were filtered 
through a 0.45 µm nuclear pore filter and distilled to remove 
impurities, followed by electrolytic enrichment as previ-
ously described [23]. The enriched sample was distilled 
and a 10 mL water sample was mixed with a 10 mL cocktail 
(Ultima Gold LLT, PerkinElmer) consisting of a mixture of 
scintillator, solvent, and surfactant. Subsequent 3H measure-
ments were performed using a low-level liquid scintillation 
counter (Wallac Quantulus 1220, PerkinElmer).

Geographic information system (GIS) database

A map of East Asian administrative boundaries (National 
Spatial Data Infrastructure Portal; http:// data. nsdi. go. kr/ 
datas et/ 20171 206ds 00003) was used as the GIS base map, 
with rivers (K-water; http:// www. wamis. go. kr: 8081/ Water 
Map20 13/ water map. aspx? param Tab= searc hmap), hydro-
geological units, and electrical conductivity (EC) as lay-
ers. Open source data were obtained from Arcgis Online. 
Hydrogeological units were classified according to geologi-
cal age, lithofacies, topography, and porosity (Table 2) [24]. 
EC spatial distribution was analyzed using inverse distance 
weighting (IDW) using the IDW spatial analyst tool in the 
ArcGIS ver. 10.7 software. Interpolation was performed 
using a distance index of 2, influence radius of 12 wells per 
central well, and an output raster cell size of 30 m × 30 m.

Results and discussion

Regional hydrochemistry distribution

Most of the groundwater samples in the Chungcheong-do 
region were distributed in fields 3, 5, and 6 of the Durov 
diagram (Fig. 2). The pristine groundwater in this region 
is characterized by the Ca-HCO3 water type, and is most 
influenced by simple dissolution of geologic materials or 
mixed natural/anthropogenic inputs (Table 5) [25]. Annual 
groundwater usage in this area has been stable since 2010, 
at about 39 million  m3/year, but decreased significantly in 
2018 to about 28 million  m3/year [26]. Based on these data, 
seawater intrusion decreased with the change in pumping, 
and fresh groundwater increased the depth of the coastal 

�D = 8 �
18
O + 10.

http://data.nsdi.go.kr/dataset/20171206ds00003
http://data.nsdi.go.kr/dataset/20171206ds00003
http://www.wamis.go.kr:8081/WaterMap2013/watermap.aspx?paramTab=searchmap
http://www.wamis.go.kr:8081/WaterMap2013/watermap.aspx?paramTab=searchmap
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Table 1  Values of groundwater 
pH, depth, and electrical 
conductivity (EC) measured 
at the study sites and isotope 
values including δ18O, δ2H, 
deuterium excess, and tritium 
(3H) concentrations of collected 
samples

Well pH Depth EC δ18O δ2H Deuterium excess 3H
ID (m) (μS/cm) ‰ VSMOW TU

GW1 6.20 80 120 −7.74 −51.73 10.2 1.73 ± 0.14
GW2 7.40 71 150 −8.86 −58.77 12.1 1.59 ± 0.12
GW3 6.60 80 180 −8.03 −54.14 10.1 2.67 ± 0.14
GW4 6.80 80 220 −7.18 −49.56 7.90 1.78 ± 0.16
GW5 6.70 80 390 −7.72 −51.69 10.1 2.21 ± 0.26
GW6 7.10 80 264 −8.45 −56.65 10.9 2.24 ± 0.23
GW7 6.90 76 256 −8.31 −55.61 10.8 2.77 ± 0.28
GW8 6.50 82 222 −7.58 −51.60 9.00 2.03 ± 0.17
GW9 6.40 80 350 −7.38 −49.85 9.20 1.94 ± 0.19
GW10 7.40 80 150 −7.95 −56.52 7.05 1.75 ± 0.17
GW11 6.30 100 170 −8.07 −53.36 11.2 2.06 ± 0.21
GW12 6.80 80 430 −7.51 −51.04 9.07 1.24 ± 0.12
GW13 6.40 80 142 −7.13 −49.64 7.42 1.58 ± 0.09
GW14 7.90 100 380 −7.73 −51.97 9.87  < 0.3
GW15 7.50 108 320 −7.70 −51.46 10.2 1.93 ± 0.23
GW16 6.50 70 440 −8.05 −54.53 9.89 2.69 ± 0.17
GW17 6.50 60 350 −6.74 −48.49 5.47 9.10 ± 0.59
GW18 6.30 70 193 −8.45 −57.23 10.4 2.45 ± 0.22
GW19 7.20 70 254 −8.90 −60.38 10.8 1.96 ± 0.20
GW20 6.20 103 130 −8.21 −57.54 8.16 1.73 ± 0.12
GW21 7.40 100 285 −8.81 −58.84 11.7 2.72 ± 0.23
GW22 7.70 80 132 −8.81 −59.21 11.2 4.87 ± 0.56
GW23 7.00 100 165 −8.65 −57.90 11.3 1.60 ± 0.08
GW24 6.00 56 64 −9.19 −61.74 11.8 1.99 ± 0.15
GW25 7.10 80 134 −8.29 −57.11 9.20 2.88 ± 0.32
GW26 6.80 80 184 −8.08 −54.02 10.6 3.24 ± 0.28
GW27 5.80 100 175 −6.76 −46.96 7.10 2.99 ± 0.26
GW28 6.30 100 206 −8.56 −59.03 9.43 2.21 ± 0.18
GW29 6.50 50 130 −8.35 −54.82 11.9 2.64 ± 0.23
GW30 7.50 120 280 −7.57 −52.33 8.25 1.45 ± 0.09
GW31 6.00 80 115 −7.58 −51.84 8.78 2.91 ± 0.20
GW32 6.20 40 3390 −7.40 −48.33 10.9 2.03 ± 0.14
GW33 6.30 100 169 −8.62 −57.61 11.3 2.35 ± 0.16
GW34 7.10 150 131 −8.02 −54.26 9.91 0.90 ± 0.08
GW35 7.20 63 142 −8.04 −53.71 10.6 1.51 ± 0.13
GW36 7.63 86 291 −7.42 −55.20 4.17 3.26 ± 0.23
GW37 8.05 96 312 −7.09 −58.75 −2.00 3.32 ± 0.26
GW38 6.80 78 321 −7.42 −49.89 9.49 2.48 ± 0.23
GW39 6.75 80 179 −7.55 −49.30 11.1 3.00 ± 0.18
GW40 7.09 96 257 −8.45 −56.47 11.2 2.18 ± 0.14
GW41 7.66 120 281 −8.24 −54.36 11.6 2.64 ± 0.29
GW42 7.58 80 276 −6.94 −47.29 8.27 2.64 ± 0.22
GW43 7.36 95 205 −7.68 −52.83 8.60 2.09 ± 0.22
GW44 7.21 80 209 −8.51 −57.88 10.2 2.77 ± 0.18
GW45 8.16 100 210 −8.30 −54.92 11.5 1.01 ± 0.12
GW46 8.24 100 219 −9.24 −61.66 12.2 1.03 ± 0.07
GW47 7.54 31 394 −8.95 −59.35 12.3 2.20 ± 0.20
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aquifer causing reverse cation exchange. However, the 
amount of total dissolved solids (TDS) was highest in this 
region among all groundwater samples (Fig. 2); therefore, 

this site continues to experience seawater intrusion or effects 
from other pollutants.

Table 2  Classification of hydrogeological units ( modified from K-water, 2015 [24])

Units Geological Age Lithofacies Topography Porosity

Crystalline gneisses Precambrian Schist and gneiss Mountain and hilly Fracture
Intruded Cretaceous granite Cretaceous, Paleogene, 

Neogene
Acidic intrusive igneous rock Mountain and hilly fracture

Intruded Jurassic granite Jurassic Acidic intrusive igneous rock Mountain and hilly fracture
Unconsolidated detrital 

deposit
Quaternary Clay, silt, sand, and gravel Plain and shore primary opening

Metasedimentary rocks (pre-
served structure geometry)

Precambrian, age unknown Low metamorphic sedimen-
tary rock (slate, phyllite, 
quartzite, and fine-grained 
schist)

Mountain fracture

Metasedimentary rocks 
(depleted structure geom-
etry)

Precambrian, age unknown Low metamorphic sedimen-
tary rock (slate, phyllite, 
quartzite, and fine-grained 
schist)

Mountain fracture

Nonporous volcanic rocks Neogene, Cretaceous Rhyolite, andesite, basic 
volcanic rock, and tuff

Mountain Fracture

Clastic sedimentary rocks Mesozoic, Permian Clastic sedimentary rock 
(nonmarine and marine 
sediment rock)

Mountain fracture

Carbonate rocks Precambrian, Cambrian, 
Ordovician

Marine carbonate rock Mountain and karst fracture, corrosion cavities

Fig. 2  Durov diagram of hydro-
chemical facies of groundwater 
samples collected in the study 
area and major interaction 
processes (red arrows)
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Groundwater samples from fields 8 and 9 (G14 and G65 
of Table 4, respectively) were collected from wells that were 
100 and 210 m deep, respectively. These samples had lower 
 Na+ concentrations than the other samples, but the highest 
 Na+  +  K+ contribution, according to the major ion ratio data 
shown in Fig. 3A. The high concentrations of  F– indicated 
alkaline, Na–HCO3 type water, developed through the disso-
lution of biotite from Mesozoic granitoids and Precambrian 
granitic gneiss [27].

The six sampling sites with the highest EC values (> 625 
μS/cm) are shown in Fig. 3B; half of these sites are distrib-
uted inland, and half in coastal areas. These EC values were 
affected by seawater intrusion as well as input from other 
pollutants. Site A (G32 of Table 4) is bounded by the sea 
on three sides, and is about 200 m from a livestock facility; 
the groundwater sample from this site had the highest EC 
value (3390 μS/cm), likely due to input by seawater and 
livestock manure. Site D (G82 of Table 4), which had the 
highest population density (1,057 people/km2) and an urban 
area ratio of 42% [28, 29] had the second highest EC value. 
Sites B and C (G74 and G60 of Table 4, respectively) are 
located in coastal areas with dense facilities (65 million in 
2010) and very high groundwater usage (44 million  m3/year 
in 2010) due to water supply shortages, with a 69.6% pen-
etration rate in 2014 [28]. About 91% of all area in Sites E 
and F is non-urban (G88 and G65 of Table 4, respectively), 
with low population density (22 people/km2) [28]; however, 
these sites had high groundwater EC and high  F– concentra-
tions. The pristine groundwater at these sites likely reflects 
geologic characteristics.

Site‑specific hydrochemistry

Bubble plots of each sampling site showing specific hydro-
chemical indicators are shown in Fig. 4. Most groundwa-
ter in the study area showed  F– concentrations < 1.5 mg/L, 
which is the drinking water standard [15], except at two 
sites (Fig. 4a). The groundwater samples with the highest 
(6.86 mg/L, G65 plotted on the field 9) and second highest 
(3.36 mg/L, G92 plotted on the field 8)  F– concentration also 
had high Na-HCO3 concentrations. The geology of these 
areas mainly comprises metasedimentary rocks from the 
Paleozoic Okcheon supergroup and Granitoid intrusions of 
Mesozoic age [20]. In these regions,  F– was likely released 
through the reaction of groundwater with rock-forming min-
erals in granite, which promoted calcite precipitation and 
fluorite dissolution at high pH [30, 31].

Cl– concentrations varied greatly along the coast, and 
were highest at an inland sampling site with dense residen-
tial population and industrial facilities (Fig. 4b). The average 
background concentration of  Cl– in groundwater of South 
Korea is about 5–10 mg/L [32, 33]; about 27.3% of our sam-
ples (35 sites) were within the background range. About 7% 

of samples (nine sites) exceeded 50 mg/L  Cl–, reflecting 
water pollutants from urban areas [34], and one site (G32 of 
Table 4) exceeded the World Health Organization (WHO) 
drinking water standard of 250 mg/L, at which a salty taste 
is detected [14].  NO3-N concentrations exceeded 3 mg/L at 
about 65% of sites (83 sites) (Fig. 4C) and exceeded the 
drinking water standard at about 16% of sites (20 sites), pre-
sumably under the influence of anthropogenic sources such 
as livestock facilities, which are found within a 500 m radius 
of 55.5% of all groundwater sampling sites, and residential 
and industrial facilities (23.4%). The detailed values are pre-
sented on the Table 4.

Source estimation using ion indicators

A number of our samples were identified as endmembers, 
including those indicated in the lower left and upper right of 
Fig. 5a, which have a background concentration of  Cl– [32, 
33, 35] and the highest natural (seawater intrusion) and 
anthropogenic (domestic/industrial sewage, animal manure) 
contamination among our samples.  Cl– concentration and 
EC were positively correlated  (R2 = 0.7932) among the 
groundwater samples; thus, this pair of samples are thought 
to have been similarly affected by contamination.

Groundwater contamination factors can be identified 
using the relationship between Cl/Br and Cl in the range 
above background concentration (10  mg/L  Cl–).  Br– is 
introduced into groundwater aquifers as a by-product of 
industrial activity or decomposition of organic matter in 
the soil layer [36]. Samples from agricultural areas with 
 Cl–concentrations > 100 mg/L (Fig. 5b) can be interpreted 
as pristine groundwater mixing with halite, sewage, animal 
waste (manure), basin brine, and landfill leachate [35]. Sam-
ples with  Cl–concentrations > 10 mg/L and with Cl/Br molar 
ratios greater than that of seawater (655 ± 4) indicate seawa-
ter intrusion of a coastal area.

The correlation between  Cl– and  NO3-N concentrations 
(Fig. 5c) can be used to distinguish contamination sources 
for a range of pristine groundwater and that contaminated by 
synthetic fertilizer, road de-icer, manure, septic sources, and 
other mixed sources [37]. The thresholds of  NO3

– contami-
nation for South Korea are 3.0 mg/L (0.68 mg/L  NO3-N) for 
bedrock groundwater and 5.5 mg/L (1.24 mg/L  NO3-N) for 
alluvial groundwater [38]. The background concentration of 
 Cl– in shallow gravel aquifers is typically 10–20 mg/L in the 
USA and other countries [39]. About 14% of samples (18 
sites) showed a background level of  NO3

– (< 5.5 mg/L), and 
only about 5.5% (seven sites) showed background levels of 
both  NO3

– and  Cl– (< 10 mg/L), which indicates that most 
Geum River basin groundwater samples were affected by 
natural or anthropogenic pollutants.
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Fig. 3  Spatial distribution of (A) major ion species and electrical conductivity (EC) in the study area
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Regional isotope distribution

Oxygen–hydrogen isotope pairs (δ18O–δ2H) in samples col-
lected in the study area were correlated with altitude and 
latitude, and a stronger positive correlation with altitude was 
detected (Fig. 6a, red arrow). Samples from higher-altitude 
regions showed depleted isotopic composition, apparently 
affected by winter precipitation, based on the winter LMWL. 
Samples from lower-altitude regions showed enriched iso-
topic composition and were affected mainly by precipita-
tion recharge in summer. Some groundwater appears to have 
undergone evaporation (Fig. 6a, black arrow); these samples 
showed no significant relationship with contamination by F, 
Cl, or  NO3-N. The sample obtained closest to the coast (i.e., 
lowest altitude) showed the highest level of contamination in 
the study area and the greatest depletion of δ18O–δ2H, likely 
due to mixing with domestic sewage and livestock manure.

The  Cl– concentration of fresh groundwater was at the 
background level, at about 0.28 mEq/L (~ 10 mg/L  Cl–) [32, 
33]; thus, about 27.3% of samples (35 sites) had background 
 Cl– levels. As the groundwater  Cl– concentration increased 
in this area, δ18O enrichment was observed (Fig. 6b), likely 
due to the influence of evapotranspiration during recharge 
[40]. Mixing due to agricultural activity, domestic sewage, 
and livestock manure can increase  Cl– and  NO3-N concentra-
tions and affect δ18O enrichment [41]. The highest  Cl– con-
centration (26.5 mEq/L, G32 of Table 4) was associated with 
depleted δ18O, likely due to proximity to a livestock facility 
rather than seawater intrusion.

The distribution of 3H concentrations in Geum River 
basin groundwater is shown in Table 3. Similar 3H resi-
dence times were observed among regions, with averages 
of 2.19 ± 0.59 TU (1.03–2.88 TU) at KS, 2.15 ± 0.55 TU 
(0.90–2.91 TU) at KJ, 2.38 ± 1.08 TU (1.01–4.87 TU) at NS, 
and 2.48 ± 0.69 TU (1.14–3.60 TU) at BO. The 3H concen-
tration distribution was narrow at KJ but broad at NS; values 
were higher at BO than in other regions (Fig. 7). Therefore, 
BO groundwater appears to be younger, with faster recharge 
times than observed in other regions [42, 43]. Values of 3H 
concentration < 0.5 TU indicate recharge prior to the 1950s, 

Fig. 4  Spatial distribution of natural and anthropogenic water compo-
nents determined using a fluoride  (F–), b chloride  (Cl–), and c nitrate 
nitrogen  (NO3-N) as indicators

◂

Fig. 5  Relationships between a  Cl– concentration and EC, b Cl con-
centration and Cl/Br molar ratio, and c  NO3-N and  Cl–. Axes are pre-
sented on a logarithmic scale
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indicating older groundwater, whereas those > 2 TU indicate 
younger groundwater. Most 3H values from the four candi-
date sites examined in this study are located between 1.5 to 
3 TU, indicating recent recharge or slight mixing with old 
groundwater at these sites.

Fig. 6  a Stable oxygen–hydrogen isotope composition of groundwa-
ter samples collected in the study area. LMWL, local meteoric water 
line [21]; GMWL, global meteoric water line [22]. b Relationship 

between  Cl– concentration and isotopic distribution of groundwater 
samples; reference line indicates the background  Cl– concentration 
for Korea, according to Cho et al. [32] and Park et al. [33]

Table 3  Tritium (3H) concentration of four candidate regions for 
large-scale groundwater supply: KS, KJ, NS, and BO

Region (samples) Average ± standard devia-
tion (TU)

Range (TU)

KS (13) 2.19 ± 0.59 1.03–2.88
KJ (12) 2.15 ± 0.55 0.90–2.91
NS (13) 2.38 ± 1.08 1.01–4.87
BO (22) 2.48 ± 0.69 1.14–3.60

Fig. 7  Tritium (3H) concen-
trations in the four candidate 
regions for a large-scale ground-
water supply system. Left panel 
shows the target area (upper) 
and sampling sites (lower) used 
for 3H analyses
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Conclusion

We investigated regional groundwater hydrochemistry and 
isotopic distribution in 128 groundwater samples collected 
in Chungcheong-do (excluding Daejeon), which is highly 
dependent on groundwater for domestic and agricultural 
usage. Most of the sampling sites are located on rice pad-
dies or dry farms, but are within a 500 m radius of livestock, 
residential, or industrial facilities. In the study area, ground-
water is mainly recharged through precipitation and water is 
mainly of the Ca-HCO3 type due to simple dissolution and/
or mixing processes.

About 65% (83 sites) of all samples showed  NO3-N con-
centrations > 3 mg/L, indicating that the sampling aquifer 
was influenced by anthropogenic inputs, and about 16% (20 
sites) exceeded the  NO3-N drinking water standard of Korea. 
 Cl– concentrations > 100 mg/L were observed at six sites in 
inland or coastal areas; these clearly indicated contaminant 

mixing. High  F– concentrations were correlated with high 
 Na+ and  HCO3

– concentrations due to interactions between 
the water and bedrock containing fluorine minerals.

Based on indicators of natural and anthropogenic con-
tamination, the BO region is a promising candidate site for 
a large-scale groundwater system. The groundwater in this 
region has a relatively fast recharge time within a uniform 
time span, and contamination indicators were observed 
within background levels. Further groundwater sampling 
should be conducted at the BO site using a denser sampling 
strategy and more diverse indicators for the creation of a 
systematic preservation plan for long-term groundwater 
availability.

Appendix

See Tables 4 and 5, Fig. 8.
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Table 4  Values of groundwater 
pH measured at the study sites 
and concentrations of major 
ion species (Ca, Mg, Na, K, 
 HCO3, Cl, and  SO4) and minor 
ion species (F, Br, and  NO3), 
and total dissolved solids (TDS) 
of collected 128 samples. All 
species expressed as mg/L unit 
except pH

ID pH Ca Mg Na K HCO3 F Cl Br NO3 SO4 TDS

G01 6.20 19.0 5.03 10.5 1.03 74.8 0.046 11.1 0.05 11.1 11.3 174
G02 7.40 39.9 3.07 4.14 1.14 109 0.161 4.89 0.02 12.1 7.55 193
G03 6.60 17.1 4.30 6.90 2.49 51.1 0.027 10.1 0.02 13.7 16.3 133
G04 6.80 26.4 3.30 11.8 0.77 91.9 0.359 11.2 0.05 12.1 4.95 195
G05 6.70 31.0 6.38 10.3 1.26 97.1 0.000 15.9 0.04 5.49 11.0 206
G06 7.10 63.7 7.77 7.37 2.35 176 0.392 11.7 0.00 23.1 21.2 327
G07 6.90 60.0 6.55 5.99 2.31 157 0.319 9.79 0.00 31.5 18.3 306
G08 6.50 47.7 4.29 8.74 1.88 139 0.436 12.0 0.04 0.08 27.0 260
G09 6.40 19.5 5.14 11.7 1.75 75.1 0.318 11.6 0.04 4.94 11.8 165
G10 7.40 28.7 2.30 4.08 1.26 74.2 0.035 4.46 0.02 12.8 6.44 145
G11 6.30 14.2 3.66 9.70 1.34 62.4 0.000 6.38 0.00 4.98 5.23 132
G12 6.80 18.9 4.97 15.5 1.37 55.9 0.026 12.0 0.08 50.0 0.87 199
G13 6.40 19.0 4.41 13.8 1.24 60.8 0.065 15.8 0.06 25.9 4.59 185
G14 7.90 0.05 0.41 63.6 0.84 97.0 0.736 38.5 0.04 7.78 13.0 236
G15 7.50 17.2 3.22 9.15 1.00 68.1 0.112 6.12 0.00 7.49 2.80 139
G16 6.50 50.9 11.5 21.4 2.72 65.5 0.000 43.4 0.00 145 5.48 377
G17 6.50 28.7 11.6 14.1 2.29 110 0.052 20.0 0.04 22.0 16.5 255
G18 6.30 27.6 4.32 19.5 4.39 50.8 0.179 43.9 0.00 16.4 14.3 195
G19 7.20 61.5 8.59 2.82 1.36 206 0.157 5.38 0.00 17.5 11.8 327
G20 6.20 19.9 2.68 13.7 2.54 62.0 0.176 9.99 0.02 15.0 10.3 175
G21 7.40 68.4 8.42 8.54 5.93 213 0.424 11.8 0.00 18.1 17.3 365
G22 7.70 32.3 2.39 3.63 0.94 95.1 0.168 4.25 0.02 12.1 7.10 170
G23 7.00 29.0 5.47 13.9 2.45 99.2 0.747 8.94 0.02 13.8 18.0 201
G24 6.00 5.65 2.96 3.02 0.49 13.6 0.108 2.43 0.02 0.43 21.7 65.0
G25 7.10 27.1 1.50 12.5 1.13 89.8 1.871 7.09 0.00 9.49 7.25 176
G26 6.80 38.7 5.38 5.61 2.32 101 0.154 8.41 0.00 28.0 21.8 219
G27 5.80 24.8 5.00 13.7 2.21 53.8 0.042 28.7 0.06 24.3 17.8 192
G28 6.30 34.8 4.29 15.7 5.85 98.5 0.421 21.1 0.00 24.7 20.4 246
G29 6.50 21.0 6.50 9.46 3.38 26.1 0.022 12.5 0.02 62.0 14.5 171
G30 7.50 54.8 14.9 19.6 3.66 219 0.553 16.1 0.04 0.27 36.8 413
G31 6.00 13.9 5.14 11.4 1.59 73.1 0.026 12.4 0.02 4.11 9.07 160
G32 6.20 258 144 183 11.2 104 0.000 939 0.40 319 197 2193
G33 7.90 48.6 11.4 11.4 1.18 190 0.272 12.6 0.04 14.0 19.6 339
G34 6.10 15.5 2.54 9.01 1.49 11.4 0.000 7.48 0.02 52.6 22.9 143
G35 7.30 19.5 4.81 8.06 1.57 78.4 0.127 11.1 0.02 6.59 7.47 159
G36 6.00 16.0 5.75 13.0 4.46 44.7 0.131 15.0 0.02 40.3 17.3 174
G37 6.30 19.6 6.45 10.2 4.98 71.3 0.232 14.3 0.02 30.1 19.1 191
G38 7.20 35.0 6.96 29.2 1.93 136 0.000 33.4 0.11 9.03 20.0 285
G39 7.10 27.5 1.44 12.2 1.10 67.0 0.000 8.58 0.02 7.32 29.6 174
G40 7.20 34.7 2.12 2.56 1.03 105 0.139 7.25 0.02 14.5 2.66 182
G41 7.00 28.3 4.93 5.61 1.57 75.9 0.100 18.0 0.04 20.6 9.70 181
G42 7.40 19.2 6.07 7.19 0.79 32.0 0.000 15.4 0.04 53.7 6.42 159
G43 7.60 46.5 11.3 17.7 1.07 146 0.294 32.3 0.04 30.9 10.6 333
G44 6.50 36.2 6.28 31.0 3.09 76.9 0.221 65.8 0.04 33.0 11.8 293
G45 6.00 14.0 3.63 6.17 2.57 56.4 0.198 11.3 0.02 3.20 8.58 114
G46 7.30 34.0 12.3 10.6 1.31 124 0.255 20.9 0.04 23.2 10.3 268
G47 6.80 23.2 4.00 16.3 0.86 63.1 0.088 29.2 0.09 19.8 11.1 204
G48 6.10 17.3 5.74 10.6 1.03 47.7 0.185 14.0 0.02 41.5 3.26 174
G49 6.10 37.6 5.80 10.2 1.37 120 0.095 13.8 0.04 22.6 11.2 255
G50 6.00 19.8 5.00 8.77 4.16 47.0 0.126 14.9 0.02 29.0 17.1 161
G51 7.96 34.1 9.86 18.0 3.88 118 0.084 32.4 0.08 19.9 19.5 287
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Table 4  (continued) ID pH Ca Mg Na K HCO3 F Cl Br NO3 SO4 TDS

G52 7.63 24.9 5.52 12.7 2.93 76.6 0.116 22.7 0.00 15.6 22.1 197
G53 8.05 46.7 4.46 6.76 1.61 134 0.048 20.0 0.04 19.5 14.2 258
G54 8.28 71.5 8.80 24.1 1.24 254 0.160 25.6 0.00 1.31 37.0 444
G55 8.10 53.0 12.9 27.8 2.57 171 0.177 62.5 0.00 0.80 35.1 390
G56 7.68 21.7 8.53 13.1 1.19 90.1 0.000 14.0 0.00 28.8 12.3 215
G57 7.86 43.2 4.97 17.4 1.13 134 0.357 17.1 0.00 17.4 30.8 295
G58 7.43 25.3 3.72 18.0 0.72 74.0 0.000 16.7 0.00 37.2 16.0 232
G59 7.86 42.0 11.9 25.8 2.01 123 0.000 46.8 0.10 11.3 59.8 348
G60 7.84 62.8 11.9 15.0 3.04 116 0.000 53.4 0.10 108 8.93 397
G61 7.88 77.4 13.9 12.7 0.95 202 0.000 40.0 0.00 91.4 17.5 479
G62 6.80 29.3 3.87 11.6 0.61 115 0.000 11.8 0.04 8.88 12.1 221
G63 6.75 16.6 3.06 9.93 1.96 47.1 0.305 11.8 0.02 20.9 15.7 145
G64 7.09 19.5 6.82 13.3 0.83 50.8 0.000 15.8 0.00 61.0 6.04 202
G65 8.23 10.8 1.70 41.3 0.74 109 6.865 10.3 0.00 6.79 9.85 215
G66 7.66 32.3 6.24 7.44 2.16 98.1 0.000 9.52 0.00 23.8 21.3 212
G67 7.23 38.0 7.67 29.2 2.53 32.2 0.000 34.8 0.10 189 1.60 365
G68 7.58 20.9 5.96 15.0 1.09 88.2 0.000 18.0 0.04 10.1 12.3 213
G69 7.36 19.1 2.67 12.6 0.50 92.9 0.914 7.28 0.00 11.9 2.24 185
G70 6.75 17.9 9.68 14.3 1.50 58.1 0.000 31.8 0.09 43.8 1.88 196
G71 7.50 48.4 6.51 11.0 1.59 182 0.000 27.1 0.00 15.8 23.4 339
G72 7.42 25.3 4.37 14.7 0.53 91.2 0.318 12.4 0.00 26.4 8.86 220
G73 7.21 15.5 3.54 11.9 0.41 61.3 0.163 11.8 0.00 21.6 4.04 169
G74 6.93 40.2 9.89 27.4 1.54 85.7 0.000 77.9 0.10 52.8 7.14 347
G75 8.16 29.6 2.15 9.95 0.84 122 0.615 4.05 0.04 0.04 9.17 200
G76 7.26 37.6 5.95 14.5 0.85 127 0.450 23.5 0.00 18.3 15.7 268
G77 7.40 30.1 4.09 13.2 0.76 71.9 0.380 14.8 0.00 44.8 13.2 220
G78 7.02 28.5 7.37 15.7 1.47 104 0.301 12.3 0.00 31.5 19.0 251
G79 6.91 31.6 7.26 16.4 1.32 72.0 0.066 27.3 0.08 71.8 2.27 270
G80 7.69 40.0 8.33 23.7 2.99 127 0.000 25.3 0.00 38.4 31.9 330
G81 7.97 30.9 7.12 7.43 1.34 138 0.061 6.55 0.00 3.43 5.55 222
G82 6.80 102 17.0 38.6 1.93 240 0.309 130 0.00 5.79 42.5 614
G83 8.10 29.5 11.5 9.31 4.53 105 0.055 16.0 0.00 40.7 20.3 261
G84 7.37 21.8 6.02 7.23 2.13 74.7 0.137 8.45 0.00 21.4 14.1 176
G85 8.26 31.7 4.52 15.0 1.49 108 0.202 6.30 0.04 6.65 33.8 219
G86 7.65 17.7 4.83 8.71 0.83 68.6 0.155 11.2 0.00 12.4 11.5 162
G87 7.20 27.8 4.07 18.2 1.32 128 0.751 9.02 0.04 3.52 8.57 222
G88 8.18 57.1 7.00 16.2 1.92 175 0.717 31.5 0.00 30.9 14.7 359
G89 7.57 23.6 10.5 15.4 0.81 88.3 0.176 16.9 0.04 35.7 15.8 242
G90 7.78 31.5 8.58 12.0 1.59 90.7 0.331 15.5 0.04 22.1 29.8 241
G91 7.60 27.6 3.85 11.1 0.48 123 0.497 9.28 0.00 9.69 5.43 219
G92 7.10 112 10.8 147 2.25 865 3.364 4.76 0.00 0.00 0.00 1196
G93 7.13 24.8 7.62 11.8 0.99 83.0 0.000 11.3 0.00 59.0 14.6 238
G94 6.85 29.0 8.33 13.9 0.68 108 0.000 20.1 0.00 22.2 16.3 247
G95 7.27 82.4 15.1 12.9 1.60 140 0.000 130 0.33 5.42 17.3 417
G96 6.52 18.7 3.74 18.6 1.85 56.1 0.000 25.3 0.04 37.2 4.03 199
G97 6.52 29.1 7.21 13.6 2.93 98.6 0.000 36.9 0.04 8.21 20.6 225
G98 6.71 25.2 7.87 16.1 1.62 68.3 0.050 18.9 0.04 69.4 8.81 248
G99 7.18 75.8 5.48 20.0 0.88 208 0.000 35.6 0.00 43.6 24.0 450
G100 6.90 21.5 7.30 8.85 0.58 80.3 0.000 14.4 0.04 32.3 9.63 199
G101 6.58 15.0 1.83 10.8 0.72 66.9 0.077 7.62 0.02 7.58 8.43 143
G102 7.33 36.9 4.29 13.5 0.51 136 0.096 10.7 0.00 21.8 15.4 264
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Table 4  (continued) ID pH Ca Mg Na K HCO3 F Cl Br NO3 SO4 TDS

G103 6.81 33.5 8.45 16.4 4.14 88.8 0.322 34.9 0.00 16.0 38.9 252
G104 7.34 27.8 5.99 17.3 1.04 123 0.000 19.2 0.04 2.66 12.8 243
G105 7.21 14.6 4.21 8.49 2.28 55.4 0.422 14.0 0.00 11.8 9.82 134
G106 7.13 29.5 3.48 10.2 1.04 96.0 0.404 10.3 0.04 0.04 28.4 209
G107 7.02 50.0 11.0 21.3 1.79 82.7 0.000 53.7 0.10 111 6.39 368
G108 6.79 27.7 8.60 12.3 1.35 117 0.457 22.7 0.08 13.4 4.34 244
G109 7.11 58.1 13.9 29.1 1.53 131 0.622 103 0.30 37.2 14.0 420
G110 6.94 18.5 2.66 13.8 1.04 41.3 0.027 15.1 0.02 52.2 0.86 182
G111 7.25 31.3 5.35 11.1 2.09 110 0.395 15.3 0.00 14.9 25.0 235
G112 7.01 8.08 3.34 7.27 0.45 36.6 0.389 8.05 0.07 19.4 1.53 107
G113 7.09 21.3 6.22 11.1 0.50 87.4 0.063 17.2 0.04 9.17 7.97 189
G114 8.24 22.1 1.29 9.23 0.29 84.8 0.871 4.06 0.00 4.21 7.39 157
G115 7.54 59.1 6.36 4.08 0.71 167 0.312 10.9 0.00 35.0 12.8 304
G116 7.34 22.0 5.76 10.4 0.89 71.0 0.442 13.3 0.00 23.9 11.6 182
G117 6.65 42.4 8.44 17.3 0.90 122 0.000 33.3 0.08 9.97 29.0 302
G118 6.91 24.5 2.81 12.0 0.83 82.7 0.058 13.8 0.04 13.3 10.1 187
G119 7.33 33.8 11.6 11.0 0.77 115 0.241 28.4 0.04 23.7 15.2 268
G120 7.08 39.6 10.9 13.9 1.54 129 0.000 30.2 0.00 37.9 9.88 301
G121 7.33 10.5 3.95 7.38 0.31 51.5 0.046 7.10 0.02 11.3 4.35 120
G122 7.25 33.1 8.14 12.0 0.79 94.2 0.349 26.3 0.04 50.2 4.62 257
G123 6.91 24.7 9.74 10.3 0.55 112 0.353 13.5 0.04 8.68 14.9 224
G124 6.90 42.9 14.2 15.8 1.10 133 0.000 29.0 0.00 38.6 27.3 334
G125 7.19 36.1 14.5 11.4 2.09 114 0.000 30.1 0.00 36.3 26.3 301
G126 7.55 64.8 11.4 8.63 2.15 171 0.000 15.5 0.00 52.9 27.6 371
G127 7.07 64.8 9.86 14.3 2.89 108 0.687 29.1 0.00 85.9 41.0 391
G128 7.18 42.0 5.75 14.8 1.81 104 0.338 25.6 0.00 29.5 20.9 271

* This table shows all groundwater samples, and the ID of samples different from sample labels in Table 1 
to distinguish all sampling points from isotope sampling points

Table 5  Water type 
classifications for each field 
shown in Fig. 3, according to 
Lloyd and Heathcoat (1985) 
[25]

Field no Water type

1 Ca–Cl dominant. Possibility of reverse ion exchange from Na-Cl type water
2 Ca-SO4 dominant. Recharge water in lava or gypsiferous deposit
3 Ca-HCO3 dominant. Recharge water in limestone, sandstone, and many aquifers
4 This water type presumed reverse ion exchange of Na-Cl type water
5 No dominant ion in this type water. Simple dissolution or mixing
6 This water type is presumed Mg related with the dolomite and Na related with 

the ion exchange
7 Na-Cl dominant and end-point water type
8 Na-SO4 dominant. Unusual water type and or dissolution influence
9 Na-HCO3 dominant and possibility of ion exchange water
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