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Abstract
The water supply from headwater streams in mountainous regions is considered an important source for sustaining both water 
quality and quantity in lowland areas. The Korean terrain is characterized by mountainous regions, the hydrological environ-
ment is significantly impacted by seasonal weather conditions. This study focused on investigating the hydrochemistry and 
isotopic composition of groundwater and surface water to identify hydrological connectivity within a mountainous watershed 
area in Daejeon, Korea. The estimated recharge rate using water budget methods suggests that approximately 20% of the total 
precipitation contributes to groundwater recharge in this site. The δ18O–δ2H values of the water samples indicate a meteoric 
water source for groundwater recharge, while the isotope composition of surface water reveals altitude effects, implying that 
groundwater recharges at a higher altitude region. Additionally, water revealed altitude effects suggesting that the groundwater 
was inferred to recharge at a higher altitude region. The hydrochemical conservative components (87Sr/86Sr ratio and Cl−) 
indicate that this watershed undergoes temporary similar water–rock interactions along its flow path, but it is also impacted 
by anthropogenic contaminants from the surrounding public area. The results of the three-component endmember mixing 
analysis demonstrate that groundwater is predominantly influenced by surface water, indicating a close interrelationship 
among various water bodies in mountain hydrology. These findings provide a comprehensive approach to water resource 
management by combining recharge rate estimation and the assessment of water body connectivity using natural tracers.
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Introduction

Climate change is associated with the incidence of extreme 
weather events which have led to a gradual diminution in 
the available water resources (IPCC 2021). As urbanization 
accelerates, there is a prevailing consensus that the issue of 
water scarcity is gradually becoming a reality (Zou et al. 
2019; Munia et al. 2020). Especially, mountain regions 

are encountered to alter hydrological regimes by socio-
economic factors, such as deforestation, excessive pumping 
for agriculture, or domestic usage. The water supply from 
headwater streams serves as an important source for low-
land areas, and thus, the degradation of water contribution 
from mountainous watershed will have negative impacts on 
downstream water quality and quantity (Somers and McKen-
zie 2020; Yifru et al. 2022). Approximately 70% of South 
Korea's total land area is comprised of mountainous terrain 
(NGII 2016), and the hydrological environment is signifi-
cantly influenced by seasonal weather conditions. Recent 
studies have reported the substantial capacity of mountain-
ous groundwater storage which is maintaining and buffering 
the streamflow including dry season (Jang et al. 2015; Jung 
et al. 2019; Somers and McKenzie 2020). Since there is a 
close interrelationship between surface water and groundwa-
ter in mountain hydrology, it is important to interpret factors, 
such as recharge rate estimation, background water quality, 
and pollution sources.
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There are various existing groundwater recharge 
models that consider spatiotemporal variability owing 
to climatic conditions, land use, soil type, and hydro-
geological heterogeneity (Scanlon et al. 2005; Anuraga 
et al. 2006; Owuor et al. 2016). The developed models 
were adapted to groundwater recharge estimation via 
water balance measurements, contaminant movement, 
numerical models, lysimetric and tracer tests, and Dar-
cian flux calculations (Aboukhaled et al. 1982; Gee and 
Hillel 1988; Xu and Chen 2005; Wu et al. 2016). For a 
regional-scale watershed or above area, the water budget 
method is cost-effective and easy to apply to estimate 
groundwater recharge (Manghi et al. 2009). Owing to the 
convenience of applying meteorological data and satellite 
images with geographical information systems (GIS), it 
has become possible to analyze water balance accurately 
over a wide area (Gonzalez et al. 2016). Based on the 
methods of previous researchers, this study adapted the 
water budget method introduced by Scanlon et al. (2002) 
to evaluate groundwater recharge using meteorological 
data and direct runoff data from the study area. The recent 
precipitation trend in South Korea is more biased in the 
summer season than in previous years according to cli-
mate change (Kang et al. 2018), which would influence 
water circulation systems and modify the recharge rate 
(Havril et al. 2018).

Many research have been conducted in Korea to inves-
tigate the connectivity of water bodies using conservative 
chemical or biological indicators, and these works have 
demonstrated the flow system or mixing ratio within moun-
tain watersheds (Yun et al. 2003; Jung et al. 2019; Choi 
et al. 2020; Kim et al. 2020). However, regional-scale stud-
ies have not provided specific hydrochemical information 
within the target area through intensive sampling, owing to 
the spatial representative limitations. In comparison, local-
scale studies primarily focus on water bodies within the 
target basin, necessitating an understanding of hydrologi-
cal processes within the broader river system. Therefore, 
this study carried out local-scale study on the mountain-
ous watershed and regional connectivity between ground-
water and surface water considering higher order streams 
associated with target watersheds. The aims of this study 
were to estimate the recharge rate based on hydraulic water 
budget method; to identify the factors controlling hydro-
chemical properties of water bodies using chemical and 
isotopic variables; and to identify pollution sources and 
quantify determinants fluxes considering both groundwater 
and surface water. Based on these results, we will discuss 
recharge process and water quality determination factors 
in this mountainous watershed, and connectivity of sur-
face water and groundwater and their impacts on the higher 
order stream.

Site description

Gapcheon River has a watershed area of about 648.9 km2, 
and the total channel extension is 73.7 km. Figure 1A pre-
sents the entire Gapcheon watershed area, with the sur-
face elevation data in green-colored gradation representing 
the area of Daejeon Metropolitan City. The red-colored 
boundary represents the Tandongcheon watershed area. 
The upstream of Gapcheon River (southern part of N1) is 
connected to the provincial park as a nature conservation 
area, and it was reported to have the surface water and 
groundwater quality characteristics of mountainous areas 
(Hur et al. 2008; Hur and Cho 2012; Jung et al. 2019). 
The Gapcheon River exhibits excellent water quality at 
upstream, but total nitrogen (TN), total phosphorus (TP), 
and phytoplankton biomass (Chlorophyll-a) deteriorated 
from upstream to downstream during the dry season indi-
cating distinct spatial contamination levels (Lee et  al. 
2006). Jang et al. (2019) reported that the river meets 
appropriate water quality standards for biochemical oxy-
gen demand (BOD), chemical oxygen demand (COD), and 
total organic carbon (TOC) indices before flowing into 
Daejeon City. The N1, N2, and N3 points in Fig. 1A are 
national water quality monitoring sites conducted once a 
month by Daejeon City. Urban facilities are being devel-
oped from the N1 point, and this site receives effluent 
from a reservoir used for agricultural purposes (Jang et al. 
2019). The N2 is located in the center of the new town in 
Daejeon City, and thus, the impact of the inflow from non-
point pollution sources would be immediately reflected in 
the water quality. The N3 is an observation point located 
approximately 2.5 km downstream from the effluent of a 
large-scale municipal wastewater treatment plant (WWTP) 
in Daejeon City.

Tandongcheon stream is one of the tributaries flowing 
into the Gapcheon River through the center of Daejeon 
City and converging just before the WWTP discharge 
point. The Tandongcheon watershed area (approximately 
2.9 km2), which is located in the Yuseong-gu region of 
Daejeon Metropolitan City (36° 21′ 27″–36° 25′ 57’ N, 
127° 19′ 11″–127° 24′ 08″ E), is classified into sub-water-
shed according to Agriinfo (2018). This area is surrounded 
by mountains on three sides, with the exception being 
the Gapcheon River in the south, and the Tandongcheon 
Stream flows from the north to the south along the water-
shed center. At the upstream, there are military instal-
lations and corresponding sewage treatment facilities. 
Moreover, it has been reported that the stream contamina-
tion is caused by non-point source pollutants originating 
from residential and aged sewage facilities located in the 
midstream (Yin and Seo 2013). In contrast to Gapcheon 
National River, there is no long-term water quality data of 
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Tandongcheon stream due to the absence of facilities for 
continuous water quality and quantity observation.

Figure 1B shows the groundwater level and flow direc-
tion based on the groundwater information provided by the 
Korean National Groundwater Information Center (www.​
gims.​go.​kr). We drew the flow direction map of ground-
water and surface water with Golden Software Surfer 17. 
It seemed that the local groundwater discharges into the 
Tandongcheon Stream, while regional groundwater dis-
charges into the direction of the Gapcheon River. The 
groundwater discharge and surface water flow direction 
are closely related to the regional topographic gradient.

The watershed is geologically located in the central 
part of the Okcheon belt (Fig. 2). Precambrian metamor-
phic rocks, Paleozoic metasedimentary rocks, and Juras-
sic granitoids are exposed in the Yuseong area (Lee et al. 
2021). Jurassic plutons predominantly comprise peralumi-
nous two-mica granites with minor diorite. These plutons 
intruded Precambrian basement rocks and Paleozoic meta-
sediments and are considered to have originated from the 
partial melting of juxtaposed allochthonous terranes (Jo 
et al. 2018). Hwang et al. (2013) proved that hydrother-
mally altered and weathered granitic dykes and the body 
are the primary source materials of U in groundwater.

Materials and methods

Water budget estimation

The water budget estimate is calculated under the assump-
tion that water balance is maintained by the amount of pre-
cipitation, direct runoff, evapotranspiration, and ground-
water recharge in the watershed. Based on it, the hydraulic 
water budget method is expressed as follows:

where I is the groundwater recharge, P is the precipitation, 
DR is the direct runoff, and ET is the evapotranspiration. 
Direct runoff varies with the hydraulic features of the sur-
face, which frequently change owing to urbanization or for-
est development. To calculate groundwater recharge, it is 
necessary to use data related to groundwater, such as mete-
orological and hydraulic properties, vegetation, soil, and 
geological features. However, it is difficult to reflect hydrau-
lic features because of their rapidly changing nature, and 
groundwater recharge is usually indirectly calculated using 
previous methods, such as aerodynamic, water balance, and 
empirical equations.

(1)I = P − DR − ET,

Fig. 1   Gapcheon River watershed area and the boundary of Daejeon Metropolitan City. A The red-colored area represents the Tandongcheon 
sub-watershed, and B the groundwater level and flow direction of the Tandongcheon

http://www.gims.go.kr
http://www.gims.go.kr
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In the GIS analysis, the adapted soil map is a 1:50,000 
scale map developed by the Water Resources Manage-
ment Information System funded by the Ministry of Land, 

Transport, and Maritime Affairs (Fig. 3A). The land-cover 
map of this study area has a scale of 1:25,000 and was pro-
vided by the National Spatial Data Infrastructure Portal 
(Fig. 3B).

Fig. 2   Geological setting and sampling points of Daejeon Metropolitan City

Fig. 3   A Soil map and B land-cover map of the study site for the GIS analysis
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The land-cover map was classified into seven major cat-
egories (row crops, small grain, forest, urban district, public 
area, street and road, and water body in Table 1A). The soil 
map was classified into 11 categories (afa, afc, ana, anb, 
apc, apg, fba, fma, fmg, mab, and mma of soil symbols in 
Table 1B) and respective minor categories. The hydrological 
soil groups were classified according to the hydrologic soil 
type obtained from a 1:50,000 scale soil map provided by the 
National Institute of Agricultural Science and Technology.

FAO‑56 FM method

The FAO developed the way to estimate reference evapotran-
spiration based on crop coefficients (Kc) and the revised and 
supplemented FAO-56 PM method was suggested by Allen 
et al. (1998). This study suggested atmospheric temperature, 
humidity, wind speed, and radiation as the most important 

data to collect out of the factors influencing reference evapo-
transpiration. From January 1990 to May 2020, this study 
collected minimum temperature (℃), maximum temperature 
(℃), average temperature (℃), relative humidity (%), aver-
age wind speed (m/s), duration of sunshine (h), precipitation 
(mm), atmospheric pressure (hpa), station elevation (EL m), 
and radiation (MJ/m2/day) data at the Daejeon weather sta-
tion (N36°37′19.8″, E127°37′21.1″), which is the closest to 
the study area.

With regard to the FAO-56 FM equation, surface Albedo 
of the places where water is amply supplied is 0.23 and refer-
ence evapotranspiration is estimated by setting 0.12 m-high 
grass as standard crop. The equation estimating daily refer-
ence evapotranspiration is the following (Allen et al. 1998).

(2)ET0 =
0.408Δ

(

Rn − G
)

+ �
900

T+273
u2(es − ea)

Δ + �(1 + 0.34u2)
,

Table 1   A Land-cover properties and B hydrological soil group classification

(A) Land-use property

Description Treatment or practice Area (km2)

Row crops Good 0.86
Poor 0.94

Small grain Good 5.05
Poor 0.09

Forest Coniferous 0.54
Broadleaf 0.09
Mixed 10.18

Urban district Residential districts 0.92
Commercial and business 0.34
Open space 0.56
Bare land 1.11

Public area Industrial 0.02
Public area 4.43
Education and military 2.28

Street and road – 0.99
Farmsteads –  < 0.01
Water body – 0.47

(B) Hydrologic soil group

Type Soil series Permeability Soil texture

A afa, afc, anb, fba, fmg High Chiefly sands and gravels
B apc, apg, mab, mma Moderate Moderately fine and coarse
C ana Slow Moderately fine
D fma Very slow Silty and clay
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where the abbreviations mean the following, ET0 reference 
evapotranspiration (mm/day), Rn net radiation (MJ/m2/
day), G soil heat flux (MJ/m2/day), γ psychrometric con-
stant (kPa/℃), Δ: slope vapor pressure curve (kPa/℃), es 
saturation vapor pressure (kPa), ea actual vapor pressure 
(kPa), T mean daily air temperature at 2 m height (℃), and 
u2 wind speed at 2 m height (m/s). The factors related to 
solar radiation and maximum possible duration of sunshine 
(N) applied the north latitude 36 degrees of the weather sta-
tion which have been provided as empirical equation in the 
FAO-56. In this study, crop coefficient was applied to grass 
with a height of 0.12 m.

SCS‑CN method

The basic concept equation of the SCS-CN method, which 
the method of calculating direct runoff is taking place due 
to rainfall, is expressed as Eq. (3). The time step was cal-
culated on a daily basis, the values were summed on a 
yearly, and presented the average value for 30 years

Here, P is total rainfall, Ia is initial abstraction, DR 
is direct runoff, and S is potential maximum retention. 
Ia = 0.2S suggested by Ponce and Hawkins (1996) was 
used for this calculation and S value was derived using 
runoff curve number after using antecedent soil moisture 
condition suggested by the Soil Conservation Service. 
When applying antecedent moisture condition (AMC) 
after considering Korea’s climate of intensive rain in 
summer, calculations have been done by dividing into 
growing season (June–September) and dormant season 
(October–May). Accumulated 5-day antecedent rainfall 
during dormant season is AMC-I < 12.7  mm < AMC-
II < 28.0 mm < AMC-III and that of growing season is 
AMC-I < 35.56 mm < AMC-II < 53.34 mm < AMC-III. Ini-
tial soil condition is classified into AMC-I, AMC-II, and 
AMC-III based on accumulated 5 day antecedent rainfall 
and respective AMCs are calculated as CN-I, CN-II, and 
CN-III. This process is Eq. (4)

(3)DR =

(

P − Ia
)2

P − Ia + S
for P > Ia,

DR = 0 for P ≤ Ia.

(4)
CN(I) =

4.2CN(II)

10 − 0.058CN(II)
,

CN(III) =
23CN(II)

10 + 0.13CN(II)
.

AMC varies according to type of soil, vegetation, and 
land cover. The previously mentioned contents are Eq. (5) 
in a nutshell

CN is determined according to hydraulic soil group 
(Table  1) and land cover (Table  2) of the study area. 
Hydrologic soil group is classified into four types based 
on features. Direct runoff increases as infiltration rate 
decreases as it progresses from A to D.

Sample collection and analysis

Groundwater and surface water samples were collected 
in June 2021, and precipitation samples were collected 
in March (R1) and in June (R2 and R3) of 2021. Figure 4 
presents the sampling points and the flow direction of the 
surface water in the study area. The precipitation samples 
(R1 to R3) were collected from same site where the cen-
tral grassland at the Korea Institute of Geoscience and 
Mineral Resources (KIGAM) site, represented by the blue 
dots (R1) in Fig. 4, and surface water sample (S1) was col-
lected from uppermost site of the Tandongcheon Stream. 

(5)S =
25, 400

CN
− 254.

Table 2   Curve numbers (CN) for land covers

Description Treatment or practice Hydrologic soil group

A B C D

Row crops Good 78 78 78 78
Poor 78 78 78 78

Small grain Good 63 78 85 89
Poor 62 73 80 83

Forest Coniferous 46 68 79 86
Broadleaf 47 67 78 85
Mixed 47 68 79 86

Urban district Residential districts 48 67 78 83
Commercial and business 89 92 94 95
Open space 77 86 91 94
Bare land 77 86 91 94

Public area Industrial 81 88 91 93
Public area 89 92 94 95
Education and military 89 92 94 95

Street and road – 97 91 93 94
Farmsteads – 44 66 77 83
Water body – 100 100 100 100
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The midstream water (S2) and downstream water (S3) was 
collected from the location just before the confluence of 
the Gapcheon River.

Water temperature, pH, electrical conductivity (EC), and 
dissolved oxygen (DO) were measured in the field using a 
multiparameter WTW (Multi 3620 IDS, Fisher Scientific); 
the water samples were filtered through 0.45-µm acetate cel-
lulose filters. The concentrations of major cations and anions 
(Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, and NO3

−), dis-
solved silica (SiO2), and trace elements (Fe2+, Mn2+, Sr2+, 
F−, and NO2

−) were measured in the laboratory. Sample col-
lection and analysis were performed based on the standard 
method suggested by Hounslow (2018).

Cation analysis was conducted using inductively cou-
pled plasma spectroscopy-optimal emission spectrometry 
(ICP–OES, OPTIMA 7300DV, Perkin Elmer), and anion 
analysis was conducted using ion chromatography (IC, 
Dionex Aquion, Thermo Scientific). The measured ion 
concentrations and calculated charge balance errors had 
an error of less than ± 10%. The stable hydrogen (δ2H) 
and oxygen (δ18O) isotopic compositions of the water 
samples were measured using wavelength-scanned cavity 

ring-down spectroscopy (WS-CRDS; L2120-i; Picarro) 
relative to the international standard V-SMOW (Vienna 
Standard Mean Ocean Water). The isotopic values can be 
expressed as a standard delta (δ, ‰ unit) notation using 
V-SMOW (Clark and Fritz 1997). Strontium (Sr) separa-
tion and isotope measurements were performed in a class 
1,000 clean room. The Sr isotopic ratios of 14 groundwater 
and 3 surface water samples were measured using thermal 
ionization mass spectrometry (TIMS). Detailed Sr separa-
tion procedures and TIMS techniques are described in Jo 
et al. (2021).

Three‑component endmember mixing 
analysis (EMMA)

For the mixing calculation of water bodies in Tandongcheon 
sub-watershed, this study deals with groundwater and sur-
face water as an endmember using hydrochemical indi-
cators, because this site is surrounded by mountains and 
there is no other inflowing stream except for Tandongcheon 
Stream. This method selects endmembers which show 

Fig. 4   Sampling points of discharge and water quality in the Gapcheon River tributaries
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clearly representative and discriminant properties among 
the samples. The three-component mixing analysis accord-
ing to Crammer’s rule of linear algebra as follows (Peng 
et al. 2016):

where f1, f2, and f3 are the fractions of the three endmembers 
comprising the mixture; the numbers 1, 2, and 3 refer to each 
endmember water; C1, C2, and C3 are the ion concentrations 
components each endmember samples; C1′, C2′, and C3′ are 
the isotope ratio of each endmember samples.

(6)C1f1 + C2f2 + C3f3 = Csample,

(7)C�
1
f1 + C�

2
f2 + C�

3
f3 = C�

sample
,

(8)f1 + f2 + f3 = 1,

Results and discussion

Calculation of watershed recharge

The annual average precipitation over these 30 years was 
1347.29 mm, with an average of 68% of precipitation falling 
during the period of June–September (Fig. 5A). The aver-
age temperature and humidity were 12.72 °C and 67.87%, 
respectively. The monthly average wind speed and sunshine 
duration were 1.74 m/s and 6.14 h, respectively. Evapotran-
spiration over the 30 years, as calculated using the FAO-
56 PM equation, was 884.32 mm, which is 65.64% of the 
total precipitation. In the hydrologic soil group (Table 1), 
Group A comprised the largest area (73.7%), followed by 
Group D (10.8%), Group C (10.0%), and Group B (5.0%). 
The final CN(II) value within the study area was obtained 
using CN and AMC based on the hydrologic soil group, 
and land cover was determined to be 70.695. Therefore, by 

Fig. 5   Meteorological data during 1990–2019. A Monthly average meteorological data and B annual cumulative precipitation, evapotranspira-
tion, direct runoff, and groundwater recharge
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applying the CN(II) value, the direct runoff was calculated 
as 199.74 mm (199 mm/year for 30 years), which was equal 
to 14.83% of the total precipitation (1347.29 mm). When 
the hydrological cycle was calculated with the water budget 
component, we assumed that precipitation, direct runoff, 
evapotranspiration, and groundwater recharge were bal-
anced. Since the total precipitation within the study area was 
1347.29 mm, evapotranspiration was 884.32 mm, and direct 
runoff was 199.74 mm, the groundwater recharge rate was 
determined to be 263.23 mm (19.54% of the total precipita-
tion). Evapotranspiration is greatly affected by land cover 
and weather, but the change in evapotranspiration is not as 
large because the land cover does not change significantly in 
a short period. However, direct runoff is greatly influenced 
by precipitation, because it includes the accumulated 5-day 
antecedent precipitation. In particular, very low groundwater 
recharge can be identified in 1994, 2001, and 2015, which 
were significantly lower than the annual accumulated pre-
cipitation in the study area (Fig. 5B).

In the previous studies, the groundwater recharge rate 
in the Daejeon Metropolitan City determined by the water 
table fluctuation and groundwater-level drop curve method 
was analyzed as 13.9% and 15.15% of the total precipita-
tion, respectively (MOLIT and K-water 2004; Daejeon 
Metropolitan City 2017). In addition, the recharge rates 
calculated by groundwater modeling (SWAT (Arnold et al. 
2012) and MODFLOW (Harbaugh et al. 2000) and artifi-
cial neural networks were reported to be 10.8% and 20.0%, 
respectively (Hong and Kim 2008; Kim et al. 2019). The 
groundwater recharge rate of the study area, adapting the 
water budget method, was estimated as 19.54% of the total 
precipitation. Groundwater recharge occurs mostly from 
June to September, which is the growing season. How-
ever, minimal recharge occurs in other months, and during 
some periods, recharge hardly occurs owing to excessive 
evapotranspiration.

Hydrochemical properties of groundwater 
and surface water

The Tandongcheon area is a sub-basin of the Gapcheon 
River watershed. To comprehensively interpret the hydro-
chemical connectivity of the study area, it is imperative 
to assess the water quality of the Gapcheon River and the 
groundwater in the upstream region. Indeed, considering 
the influence of regional groundwater and pollutants is an 
important prerequisite for this research. Thus, this study 
conducted an analysis of water quality data, including par-
ticulate matter (SS and COD), dissolved nutrients (nitrate), 

and the total amount of ions (EC) from 2015 to 2021. The 
data were obtained from (WEIS, 2022) (Fig. 6). The nitrate 
(NO3

−) concentration of Gapcheon River achieves drink-
ing water quality standards of Korea (10 mg/L of NO3–N, 
namely 44.3 mg/L of NO3

−) during the study period (KLIC 
2022). As shown in Fig. 6, the SS and EC value also grad-
ually increased to the downstream, but these indices still 
satisfied the water quality level of the living environmental 
standards of Korea (within 25 mg/L as very good grade, 
KLIC 2022). The water qualities of the upper (N1), mid-
dle (N2), and lower (N3) streams located in Fig. 1A were 
maintained very good to normal grade. On the other hand, 
the COD value showed spatial differences and annual vari-
ations, especially downstream, where COD values ranged 
from marginal to poor grade (KLIC 2022). The observed 
increase in COD is thought to be influenced by urban anthro-
pogenic inputs, such as domestic sewage or effluence from 
wastewater treatment plants (WWTP) in Daejeon city (Hur 
et al. 2008; Hur and Cho 2012). Lee et al. (2006) reported 
that the main pollutants of Gapcheon River were untreated 
sewage effluence and discharged water from WWTP, and the 
COD was 1.9 times higher than the BOD.

The field measurements and ion concentration data of 
each sampling point are shown in Table 3. The average water 
temperature of the surface water during the study period was 
measured to be 22.0 °C, but the surface water temperature at 
the source of the watershed (S1) was measured relatively low 
at 17.0 °C. The average water temperature of groundwater 
was 17.8 °C, showing the average temperature difference of 
approximately 4.2 °C compared to the surface water. Some 
of the groundwater (G3, G4, and G7) showed a high-water 
temperature of approximately 20 °C, and it is considered 
that the water temperature was high, because the effect of 
stagnant water remained in the well and because the well 
was located in the neighborhood parks and was not actively 
used for a long time. In particular, the EC and total dissolved 
solids (TDS) levels in the groundwater from the G4 well 
were the highest among the samples with 1111 μS/cm and 
387 mg/L, respectively. The DO of the G9 and G11 points 
was 0.24 and 2.12 mg/L, respectively, which was signifi-
cantly lower than the average DO value of the other ground-
water wells, which was 6.69 mg/L. The wells designated 
for public research purposes, have a depth of approximately 
150 m, and are situated on the left (G10) and right (G9) sides 
of the Tandongcheon.

The Durov diagram is useful for presenting the evolution 
or mixing trend of the hydrochemical reaction due to the 
distribution of cations, anions, pH, and TDS values (Durov 
1948). Under hydrochemical equilibrium conditions, the 
groundwater system was verified through measured ionic 
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Fig. 6   Water quality diagram 
from 2015 to 2021 in Gapcheon 
River
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compositions and field data (pH) plotted on a Durov dia-
gram. As shown in Fig. 7, groundwater (black symbol) and 
surface water (green symbol) are classified as Ca-HCO3 
type. Precipitation, namely rainwater (blue symbol) col-
lected in March 2021, had the Ca-HCO3 type, but other 

precipitation collected in June 2021 had the Na-HCO3 type. 
During the study period, the collected precipitation sam-
ples showed TDS values ranging from 8.80 to 14.4 mg/L. 
The average TDS value of groundwater was measured at 
223 mg/L, whereas surface water exhibited a relatively 

Fig. 7   The Durov diagram of 
the samples

Fig. 8   Gibbs diagrams for A 
anions versus TDS values, and 
B cations versus TDS values
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lower measurement of 134 mg/L. The EC value of the sur-
face water was observed to gradually decrease as it flowed 
downstream. Yin and Seo (2013) reported that the upstream 
of Tandongcheon is affected by neighboring military instal-
lations and sewage treatment facilities. However, water qual-
ity gradually improves as it flows toward the middle and 
lower sections, attributed to natural purification processes.

In Fig. 7, the G8 and G10 samples showed a Ca–Cl type 
with a slightly high concentration of Cl−, which is typical 
conservative in water systems. Choi et al. (2020) reported 
on the G10 sample that had been impacted by amount of 
NaCl from surface management of the sports ground. The 
G8 well is situated at the midstream of the watershed and is 
surrounded by commercial and residential facilities. Notably, 
the groundwater from the G8 well is consistently pumped 
four times a day for 30 min each time, except during the 
winter season. Therefore, the elevated field measured values 
(temperature and DO) and ion concentrations (EC, Cl−, and 
NO3

−, indicating pollution influence) observed in the G8 
well are attributed to the inflow of contaminants caused by 
long-term drainage.

In Fig. 8, the Gibbs diagram is presented to identify 
the factors influencing the hydrochemistry in the study 
area, including aquifer lithology, amount of precipitation, 
and rate of evaporation. The related equation to draw the 
Gibbs diagram with meq/L units is as follows (Gibbs and 
McIntyre 1970):

Most of the water samples plot in rock-weathering domi-
nance, and the G8 sample in Fig. 8A shows higher Cl− con-
centrations than the reference boundary of the river water, 
but it can occur in nature.

(9)I. Gibbs ratio for anion = Cl−∕ (Cl− + HCO−
3
),

(10)II. Gibbs ratio for cation = Na+∕
(

Na+ + Ca2+
)

.

There are many forests and small grains in the upper area, 
including the boundary of the Tandongcheon sub-watershed 
area (16.0% of land usage), while urban districts and public 
areas are located downstream (9.66% of land usage). Anthro-
pogenic pollutants can be introduced into the groundwater 
and the surface water; thus, this study tried to identify the 
influence of human activity using Cl− and NO3

− as con-
tamination indicators. Figure 9A shows that 4 groundwater 
samples (G7, G11, G12, and G13) and 2 surface water sam-
ples (S1 and S2) were classified by ionic composition with a 
mountain area, whereas the wells that collected the G1, G3, 
G5, G6 G8, and G10 samples were affected by the domestic 
area (Yun et al. 2003). This corresponds to approximately 
35.3% of the total surface water and groundwater samples 
in this study area, and the surface water clearly reflects the 
hydrochemical characteristics of the mountain area.

The background levels of Cl− and NO3
− in groundwater 

were reported to be 10–20 mg/L and 3–6 mg/L, respectively, 
because these components can increase due to excessive 
fertilizer usage and the penetration of domestic sewage or 
wastewater (Panno et al. 2006; Kim et al. 2015). Madison 
and Brunett (1985) reported a background concentration 
in groundwater of approximately 13.3 mg/L; thus, Fig. 9B 
shows the anthropogenically influenced water among the 
samples from the study area. Based on the reference line 
of the contamination indicator (Madison and Brunett 1985; 
Panno et al. 2006; Kim et al. 2015), the groundwater that 
was regarded to be affected by fertilizers or manure con-
stituted approximately 17.6% of the total surface water and 
groundwater samples. The wells that collected the G2, G5, 
and G8 samples were located in the vicinity of residential 
apartment buildings. Additionally, the G2 and G5 wells were 
situated in small parks with bare ground. The ion composi-
tion of these two samples appeared to be influenced by ferti-
lizers or manures, but the contamination level did not exceed 
the drinking water quality standards in Korea (KLIC 2022). 
The NO3

− level of the G8 was measured at 38.28 mg/L 
which is close to the drinking water quality standard (about 

Fig. 9   A Classification of groundwater and surface water with anion references and B verification of anthropogenic influences
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44.3 mg/L of NO3
−). Therefore, it is deemed essential to 

conduct continuous monitoring to prevent nitrate contami-
nation and ensure water quality safety. On the other hand, 
the surface water samples were found to be significantly 
less influenced by anthropogenic pollutants compared to 
the groundwater samples.

Interpretation of isotopic composition

Oxygen and hydrogen isotopes

The oxygen (δ18O) and hydrogen (δ2H) isotopic composi-
tions of water samples can be used to estimate the recharge 
rate, evaporation, groundwater, and surface water mixing 
(Bhat and Jeelani 2018; Ma et al. 2019). This study utilized 
eight previously collected samples (four surface waters, two 
groundwaters, and two geothermal groundwaters) to com-
pare the temporal changes in isotope compositions (Table 4). 
The groundwater, surface water, and geothermal ground-
water samples were collected in April and May 2015, with 
two samples of each type (Choi 2017). Additionally, two 
surface water samples were collected in January and Feb-
ruary 2019 (Choi et al. 2020). The groundwater and geo-
thermal groundwater samples were collected from the hot 
spring area, situated between the G1 and G6 points, as part 
of this monitoring campaign. Surface water in 2015 was 
collected from the downstream section of Gapcheon (see 
Appendix for more details), while the surface water in 2019 
was collected at the same point as S2 of this monitoring 
campaign (see Fig. 4). The mean and standard deviation 
values of the δ18O-δ2H pair from groundwater collected in 
2021 were –8.13 ± 0.313‰ for δ18O and –55.2 ± 2.33‰ for 
δ2H (Table 4).

The δ18O–δ2H pairs of the Global Meteoric Water Line 
(GMWL) and the Local Meteoric Water Line (LMWL) of 
South Korea using precipitation and surface water have 
been reported using the following equation (Craig 1961; 
Lee 1999):

The LMWL reference of Lee (1999) is based on the 
precipitation and surface water data from the Daejeon 
(study area) and Seoul (located in the northern part of the 
study area). South Korea has five official stations of the 
global network of isotopes in precipitation from the Inter-
national Atomic Energy Agency: Pohang (1961–1976), 
Cheongju (1998–2016), Hongseong (2018–present), 
Busan (2019–present), and Jeju (2020–present). The sta-
tions currently in operation, Hongseong, Busan, and Jeju, 
may require additional data to establish representativeness. 
In comparison, Jung et al. (2019) reported the seasonal 
LMWL of Mt. Gyeryong, located approximately 12 km 
west of the study area: δ2H = 7.98 δ18O + 9.28 (n = 69, 
R2 = 0.98) for summer (June–September) precipitation, 
and δ2H = 7.16 δ18O + 17.97 (n = 66, R2 = 0.87) for win-
ter (November to February). It seemed similar LMWL to 
the reference data of Lee (1999). Throughout this study 
period, the precipitation collected in March (R1) is plotted 
on the LMWL for winter, while the summer precipitation 
samples (R2 and R3, collected in June) are plotted on the 
LMWL for summer. Furthermore, all the groundwater and 
surface water samples are distributed along the GMWL 
of Craig (1961). This indicates that most water samples 
in this area originated from meteoric water, with no sig-
nificant differences observed in their isotope composition 
despite temporal variations (see Fig. 10).

The S1 sample has a similar δ18O–δ2H composition to 
that of most groundwater samples in the study area, but the 
S2 and S3 samples have significantly enriched values reflect-
ing the influence of precipitation. The isotope values of S2 
and R1–R3, which were collected at similar locations in the 
Tandongcheon sub-watershed, are nearly identical. Moreo-
ver, the site with the lowest altitude, S3, exhibits the most 
enriched isotope composition. This difference is attributed 
to the altitude effect, wherein precipitation with a heavier 
isotopic composition is observed at lower altitudes (Clark 
and Fritz 1997). Therefore, it is inferred that most of the 
groundwater in the study area and the surface water S1 have 
been recharged at a higher elevation than the study area, 
leading to a more depleted isotope composition.

(11)Globalmeteoric water line ∶ �2H = 8�18O + 10,

(12)
Regression line in summer, Korea ∶ �2H = 7.93�18O + 8.11,

(13)
Regression line inwinter, Korea ∶ �2H = 7.79�18O + 18.39.

Fig. 10   The δ18O and δ.2H pairs of various water samples obtained 
from 2015 to 2021
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Sr isotopic compositions

Strontium (Sr) concentration in the water system can be 
affected by natural and anthropogenic sources: interaction 
between percolated rainwater and Sr-bearing minerals such 
as calcite or plagioclase in the aquifer is the primary natural 
process (Lee et al. 2011). In comparison, the anthropogenic 
influence from fertilizers and deicing salts can affect the 
hydrochemical composition of the water system (Négrel 
et al. 2004). By contrast, Sr isotopic composition (87Sr/86Sr 
ratio) is affected by the Rb/Sr ratio due to the age of litho-
logic materials, and variations in Sr concentration do not 
impact Sr isotope fractionation (Négrel et al. 2004; Lee et al. 
2011; Kim et al. 2020). Based on it, the 87Sr/86Sr ratio is an 
effective tracer used to estimate the mixing of water bodies 
that have undergone various processes (Négrel et al. 2004; 
Kim et al. 2020). The Jurassic granite in this study area has 
been reported to have 87Sr/86Sr ratios ranging from 0.7080 
to 0.7216 (Jwa 2004). The bulk deposition of precipitation 
in Korea has been reported to have 87Sr/86Sr ratios ranging 
from 0.7109 to 0.7128, and this ratio was found to be dis-
tributed between 0.7109 and 0.7128 in both the coastal and 
inland areas of South Korea (Jeon and Chung 2005). Jung 
et al. (2019) reported that the surface water of lower order 
streams in the middle and upper zones in the Geum River 
basin, including the study site, exhibited the influence of 
groundwater discharge from mountainous areas. The study 
area, southern region of Yuseong-gu, is characterized by the 
presence of Okcheon metamorphic rocks, and the 87Sr/86Sr 
ratio of this site has been reported to be notably high, up 
to 0.8298 (Park and Cheong 1998). It is generally reported 
that old metamorphic rocks exhibit higher 87Sr/86Sr ratios 
compared to relatively young granite due to the extended 
decay of Rb (rubidium) for a long time in the metamorphic 
rock (Bataille and Bowen 2012). Hence, it is inferred that the 
groundwater flowing through the region where metamorphic 

rocks are prevalent could potentially possess elevated 
87Sr/86Sr ratios because of interactions with the minerals in 
the bedrock. Site G6 is located at the convergence of Gap-
cheon and its tributary stream Yuseongcheon, in a hot spring 
area. Despite its location in a hot spring area and its well 
depth of 200 m, the groundwater at site G6 was observed 
to have a similar 87Sr/86Sr ratio to that of other groundwater 
sources in the study site.

EMMA at Tandongcheon sub‑watershed

To comprehend the hydrological cycle of the Tandongcheon 
sub-watershed, two distinct indicators as a natural tracer 
were utilized to distinguish the endmembers: the strontium 
isotope ratio (87Sr/86Sr) and Cl− concentration. These vari-
ables were selected for their conservative properties to deter-
mine the mixing ratios of different water bodies; thus, many 
researchers have applied these components applied in the 
Tandongcheon sub-watershed (Lee et al. 2011; Choi et al. 
2020; He et al. 2022). Figure 11 illustrates the possibility 
of three endmember components which are S3, G6, and G8 
samples to analyze mixing processes at this site. We did not 
analyze the surface water acquired between 2015 and 2019 
due to its susceptibility to external influences. Because its 
susceptibility to external influences, such as seasonal vari-
ations and human activities, can cause relatively significant 
changes in water quality to surface water, especially Cl− con-
centration (Choi 2017).

The endmember G6 exhibits a relatively high 87Sr/86Sr 
ratio of 0.7201 compared to the other water samples, which 
were collected from wells with depths of 200  m. It is 
expected that regional groundwater undergoes interaction 
with metamorphic rocks and migrates along geological line-
aments, potentially affecting the G6 aquifer. In comparison, 
most of the water samples including geothermal groundwater 

Fig. 11   The Cl− concentration 
versus 87Sr/86Sr ratio diagram 
and calculated endmember 
mixing results. Dashed lines 
represent mixing ratios among 
the three endmembers at 20% 
intervals
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in the study area exhibit a narrow range of 87Sr/86Sr ratio 
from 0.7150 to 0.7174, suggesting that temporary similar 
water–rock interaction occurred in this area. The endmember 
G8 has the highest both NO3

− and Cl− concentration in the 
study area due to the influence of anthropogenic contamina-
tion. Despite this influence, the concentrations remain within 
the drinking water quality standard of Korea (KLIC 2022). 
As discussed earlier, the continuous pumping of the G8 sam-
pling site groundwater appears to accelerate contamination 
introduced from surrounding residential and commercial 
facilities with the groundwater movement. The endmem-
ber S3 sample presents the lowest Cl− concentration and 
87Sr/86Sr ratio in Fig. 11. The δ18O–δ2H composition and 
the TDS value at this site suggest that it largely reflects the 
original quality of surface water from the recharges water 
nearby mountainous region with minimal anthropogenic 
pollution influence.

The results of contribution ratio by each endmember are 
shown as the table in Fig. 11. Groundwater at the G10 site 
showed water quality characteristics affected by anthropo-
genic inputs, and thus, this site was calculated that the mix-
ing ratio of G8 was quite high in three-component mixing. 
Excluding G10, other points of groundwater sampling in the 
Tandongcheon sub-watershed were mainly affected by sur-
face water (S3) around 65% mixing ratio (see the table in the 
Fig. 11). It can be inferred that the quality of groundwater 
in the Tandongcheon sub-watershed is primarily influenced 
by two factors: local precipitation recharge and water–rock 
interaction with the bedrock.

Conclusions

This study demonstrated the groundwater recharge esti-
mation and mixing characteristics of mountainous surface 
water and groundwater using natural tracers. The water 
budget methods (FAO-56 PM and SCS-CN methods) were 
applied to calculate evapotranspiration and direct runoff 
with precipitation data to estimate recharge rate. Calculated 
recharge rate of the groundwater area was determined to be 
263.23 mm, accounting for 19.54% of the total precipitation.

The land-use properties are distributed in the order of 
forest, public area, small grain area, and their impact is 

discernibly manifested in the hydrochemical characteristics 
within the study area. Approximately 35% of the whole sam-
ples exhibited characteristic of mountainous regions, while 
18% of the groundwater samples were classified to affect by 
anthropogenic inputs such as domestic sewage or military 
effluences. The δ18O–δ2H composition revealed an altitude 
effect in the surface water, which gives the inference that 
the groundwater was recharged at a higher altitude region. 
Moreover, the samples including surface water, groundwa-
ter, and geothermal groundwater exhibit a narrow range of 
87Sr/86Sr ratio from 0.7150 to 0.7174, suggesting that tem-
porary similar water–rock interaction occurred at this region. 
The higher 87Sr/86Sr ratio of G6 which was gained external 
point of the Tandongcheon watershed boundary is attributed 
to the influence of mixing from Gapcheon River, as well as 
the regional pathway of the groundwater.

The application of the three-component endmember mix-
ing analysis revealed that local groundwater is predominantly 
influenced by surface water (S3), indicating a close interrela-
tionship between surface water and groundwater in mountain 
hydrology. However, it is noteworthy that anthropogenic fac-
tors have been associated with the increase in chloride (Cl−) 
concentration in both surface water and groundwater within 
the public area. This study provides insights into groundwater 
recharge and the connectivity of water bodies in the moun-
tainous watershed through the use of natural tracers. Indeed, 
it is possible that both surface water and groundwater may be 
simultaneously affected in the case of pollution incidents, and 
the degradation of water quality in tributaries potentially has 
an effect on the higher order stream. The approach employed 
in this study can contribute to enhancing comprehension of 
sustainable water resources’ management, encompassing 
both local and regional scales.

Appendix 1

Sampling points of groundwater, thermal groundwater, and 
surface water. The spots of N1–N3 show National River 
monitoring points, and the sampling points of groundwater 
and surface water in 2015 are also presented.
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