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Abstract: Karst regions cover approximately 10% of the Korean Peninsula and are highly vulner-
able to contamination. In this study, five field surveys were conducted between 2017 and 2019
to examine the monthly and seasonal changes in the hydro-environment of a characteristic karst
region in Samchoek, South Korea. During the surveys, a total of 24 surface water samples were
collected and analyzed for field water quality parameters, major and minor ions, and stable isotopes.
The results indicate that the water quality in the study area is significantly affected by precipitation.
Overall, the water was classified as a Ca-Mg-HCO3 type, and correlation analysis of the major ions
detected in the water samples indicates that the inflow of nitrate to the surface water originated from
agricultural activities in the region. Furthermore, variations caused by climate were verified using
the relationships between the various ions. In addition, high precipitation rates during the rainy
season cause the active exchange of surface material, which was verified using stable isotope outliers.
The results provide a scientific basis for studying the connectivity of water systems in complex
karst hydrogeological regions and can aid future sustainable management of water resources in
these regions.

Keywords: karst; water quality; correlation analysis; stable isotope

1. Introduction

Karst commonly refers to topography formed by soluble rocks, such as limestone,
which have been dissolved by water (e.g., groundwater or meteoric water). The etymology
originates from Kar, a limestone zone in the former country of Yugoslavia [1]. The topogra-
phies that develop on the surface of a karst region include doline, uvala, polje, and lapies [2].
Most of the karst regions in Korea occur in lower Paleozoic strata and are widely distributed
in the northern part of Gangwon Province, accounting for ~10% of the total area of the
Korean Peninsula (16,347 km2) [3]. Karst aquifers contain dissolution-generated conduits
that permit the rapid transport of groundwater, often as turbulent flow. The conduit system
is interconnected with groundwater stored in fractures and in the granular permeability
of the bedrock. As a conceptual framework, these basic components of karst aquifers are
generally accepted [4].

Karst significantly impacts surface water and groundwater qualities, and water and
rock react faster in karst regions than in other rock types [5,6]. In general, karst regions
have rapid transport times, and precipitation can easily affect pollutants, making these
regions vulnerable environments [7]. In karst hydrogeology, hydraulic features can be char-
acterized by quantitative analysis. However, more detailed geological data are required to
comprehensively determine the effects of surface water leakages on karst groundwater [8].
Hydrochemically, chemical changes in the surface water actively interact, depending on
the season [9]. During the winter and summer, the chemical compositions of karst surfaces
and groundwater are dominated by Ca2+, Mg2+, HCO3

−, and SO4
2−, which account for

more than 80% of the total ions in the system. During the summer, surface waters are
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diluted, and the chemical constituents in the groundwater exceed those in the surface water.
Furthermore, the water system connectivity can be verified because the major elements in
a karst region provide additional information about the groundwater conduits [10]. Conse-
quently, analyses of the geological background and hydrochemistry must be conducted
simultaneously for more accurate water quality determinations. Most hydrochemical
compositions in karst regions originate from the dissolution of limestone and dolomite,
and very few compositions originate from the dissolution of silicate minerals [11]. In river
basins, the activities of plants and humans must be correlated with the carbonate dilution
rate to determine the hydrochemical source. Compared with global river basins, basins
characterized by karst topography have significantly higher total rock weathering rates [12].

Combined hydrochemical and stable isotope analyses provide new insights into the
hydrochemical evolution of karst regions [13]. Karst isotopes have the same isotopic values
as those in rainfall when the recharge rate through limestone is high [14]. Furthermore,
the measured local meteoric water line (LMWL) closely follows the global meteoric water
line (GMWL), and minimal evaporation occurs during rainfall. Considerable inverse
correlations between isotopes and rainfall have been reported in previous studies, and the
analysis of the stable isotope compositions of karst hydrological systems has been used
as a simple and effective method for studying the hydrology of stagnant water systems
compared to conventional hydrologic monitoring [15]. The ratios of oxygen (δ18O) and
hydrogen (δ2H) isotopes are excellent tracers for determining the origin of groundwater
and have been widely used to study groundwater recharge and the mixing of different
water systems. Furthermore, in scatter plots of δ18O and δ2H, groundwater samples
generally plot close to the GMWL of δD = 8δ18O + 10 [16]; therefore, the groundwater
origin can be determined using this formula [17].

Surface water in karst regions interacts with groundwater when water is lost through
the sinkhole of a spring [18]. Karst aquifers are highly heterogeneous and anisotropic;
thus, groundwater management is difficult. Therefore, further scientific studies on the
heterogeneity and other physical properties of karst aquifers are required [19]. Previous
studies on the effects of rainfall and temperature on water–rock interactions have been con-
ducted [8,20,21]. Therefore, the analysis of climate data can provide critical parameters for
understanding the hydrochemistry of karst regions. Furthermore, these extreme changes
significantly affect the development of karst. Rainfall events are increasing worldwide
due to climate change, and careful review of these events is necessary to ensure the preser-
vation of water resources and ecosystems in karst regions [20]. Hydrochemical changes
may be caused by excessive water pumping for agriculture and can serve as indicators of
the negative impacts of anthropogenic activity on aquifers, provided there have been no
noticeable effects from climate change [21]. The hydraulic flow process in a karst region
occurs relatively quickly; therefore, data interpretation based on time series analysis is
critical for monitoring changes in karst groundwater resources [8].

Karst regions represent crucial areas for securing water resources and are highly
vulnerable to the negative impacts of climate change and artificial pollution. In addition,
their complex flow networks hamper the estimation of water resources in karst regions.
Therefore, to secure water resources and manage the effects of artificial pollution, the sea-
sonal connectivity of water systems must be characterized using hydrochemical analyses.

2. Study Site and Methods
2.1. Study Site

There are numerous caves in the city of Samcheok, Gangwon Province, as stated
by a 2018 survey of the region, which documented more than 100 caves. Among these,
the Chodang and Sohan caves to the south of the study area have significant geoher-
itage values [22]. Chodang Cave was designated as “Natural Monument No. 226” on
17 September 1970. Sohan Cave is situated below Chodang Cave, and both caves are
interconnected [23,24]. Chodang Cave is large, with a three-level structure consisting of a
vertical cave section, a ramp, and a horizontal cave section. It also features several relatively
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large square-shaped chambers in the bottom layer that are connected to Sohan Cave and
generate effluent throughout the year. Sohan Cave is a W-shaped underwater cave with
extremely limited access to the entrance. The internal heights and widths of the cave are
3–9 m and 3–5 m, respectively [23].

2.1.1. Geologic Setting

The geology of the study region comprises the limestone series of the Taebaek Group
(Cambrian-Ordovician), which unconformably overlies Precambrian gneiss bedrock
(Figure 1). Moreover, a fluvial deposit featuring these rocks as unconformities with the
bedrock is visible in the area [25]. The Taebaek Group is mainly composed of schists formed
by regional metamorphism and gneisses formed by secondary metamorphic processes [26,27].
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Figure 1. Geologic setting of the study area and sampling locations.

The Daegi Formation is conformable with the Myobong Formation and is broadly
distributed in a N–S direction at the center of the study area. This formation is composed
of light pink, white, and gray limestones and dolomites and features increasing amounts
of shale in the upper portions [28–30]. The Hwajeol Formation, which is conformable
with the Daegi Formation, is the top layer of Cambrian strata and is distributed in a N–S
direction to the west of the Pungchon Limestone Formation [31]. The lower part of the
Hwajeol Formation consists of dark brown or dark green shales and slates, and the upper
part comprises muddy limestones.

The Dongjeom Formation is conformable with the Hwajeol Formation and comprises
Ordovician strata. It is distributed on a small scale in a N–S direction to the west of the study
area. The maximum thickness of the Hwajeol Formation is 200 m, and it is characterized
by alternating layers of limestone and siltstone. This limestone—shale pattern is noticeable
below the Hwajeol Formation and is conformable with the Daegi Formation. In this
layer, the limestone and slate layers are composed of ribbon rocks, green-gray slates, gray-
dark gray lobed limestones, dark gray fine sandstones to sandy shales, gray marlstones,
and muddy limestones [32]. The Dongjeom Formation conformably overlies the Hwajeol
Formation and is ~60 m thick. The component rocks are gray, dark gray, or black sandstone
slates or sandstones and dark gray or light brown neutral sandstones. Depending on
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the location, these rocks are composed of dark gray calcareous shales and sandstones,
and shales.

The Dumugol Formation conformably overlies the Dongjeom Formation and is mainly
composed of shales, calcareous shales, muddy limestones, and limestones, with a thickness
of 150–270 m [33]. The lower part of the Dumugol Formation comprises fine-grained
sandstones and siltstones, and ribbon rocks and flat pebble conglomerates frequently
occur in the upper part of the formation. The middle part is composed of marlstones,
siltstones, and alternating ribbon rocks and flat pebble conglomerates [34]. The upper part
is composed of thick calcareous shales, thin ribbon rocks, and marlstone shales that occur
in an alternating pattern.

2.1.2. Climate

The study area experiences a typical monsoon climate [35]. From 2000 to 2019, the av-
erage annual precipitation was 1302.9 mm, and the differences in rainfall and temperature
between the dry season (November–February) and the rainy season (June–September) were
relatively large (Figure 2). In the study area, 30 out of 38 events with monthly precipitation
of 200 mm or higher were concentrated from July to September, and extreme seasonal
variations were recorded. Securing water resources is challenging because the annual
precipitation has been largely unpredictable since the early 2000s. Recently, a strong de-
creasing precipitation trend has been recorded, and additional climate data will be required
to secure water resources in the future. The average temperature ranges from 12–14 ◦C,
and there is a strong correlation between rainfall and the annual average temperature in
the study area.
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2.2. Methods

In this study, 24 locations were selected in the Hamaengbang (HM), Kyogok (KG),
and Sangwolsan (SW) areas to evaluate the hydrochemistry of the Samcheok region (sam-
pling locations are indicated in Figure 1) from November 2017 to January 2018 and July
2019. Field water quality surveys were conducted five times in each area for hydrochemical
analyses. In addition, to examine the seasonal differences and changes in precipitation,
field water quality surveys were conducted twice in July 2019 (before and after rainfall).

Before collecting water samples for analysis, the water temperature, pH, dissolved
oxygen (DO), electrical conductivity (EC), oxidation–reduction potential (ORP), and tur-
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bidity were measured using a field water quality meter (Horiba D-50 Series and Hach
2100Q). The ORP was measured using an Ag/AgCl electrode, and the measured values
were converted to standard hydrogen electrode values. The water samples for anion and
cation analyses were filtered using a 0.45 µm filter, and the cation sample was adjusted to
a pH of 2 or lower using a strong nitric acid. The samples were sealed in containers and
refrigerated at 4 ◦C or lower until analysis.

Major and minor ionic analyses were conducted at the Basic Science Analysis Support
Center at Sangji University, and stable isotopes were analyzed by the Beta Analytic Testing
Laboratory (CA, USA). The ionic concentrations are reported in mg/L, and the stable
isotope values are expressed in ‰. Furthermore, to examine the connectivity of the cave
water systems, a correlation analysis was performed for 17 factors, including field water
quality surveys, cations, anions, and 2H, 18O, and 13C stable isotopes, using the R Studio
program. This analysis determined the relationships between the factors affecting water
quality in the study area.

3. Results and Discussion
3.1. Hydrochemistry

Table 1 lists the surface water quality parameters of the HM, KG, and SW samples.
Surface water temperatures displayed significant seasonal variations due to the direct
effects of high air temperatures [11,36]. The hydrogen ion concentration (pH) of the
surface water was approximately 8, typical for karst topography. Moreover, weak alkaline
properties were detected for the samples and were attributed to a bicarbonate ion increase
caused by the coupling of carbonate and hydrogen ions caused by the dissolution of
carbonate rock and the dissolution of carbon dioxide, respectively [37–39], as shown in
Reactions R1 and R2:

CO2(g) + H2O(l)↔ H2CO3(aq) (R1)

CaCO3(S) + H2CO3(aq)→ Ca2+(aq) + 2HCO−3 (aq) (R2)

The EC values of surface water in this region were significantly higher (average 180
µS/cm) than those of the surface waters (50–100 µS/cm) [40] and shallow groundwater
samples (150–500 µS/cm), due to ion enrichment from the dissolution of carbonate rocks
as water moves along a conduit during rainwater infiltration and flow [11,41]. In partic-
ular, the surface water samples from the Sohan cave spring recorded anomalously high
EC readings, suggesting that carbonate dissolution occurred while rainwater penetrated
underground and flowed through a conduit.

Table 1. Statistics of field parameters and ionic composition of surface water sampled in November 2017, December 2017,
January 2018, and July 2019.

Parameter
Hamaengbang Area Sangwolsan Area Kyogok Area

n Max. Min. Avg. SD * n Max. Min. Avg. SD * n Max. Min. Avg. SD *

Temp. (◦C) 45 27.8 2.1 12.3 6.3 24 28.3 0.6 10.5 9.7 10 29.8 17.4 20.9 3.8
pH 45 8.9 7.8 8.3 0.2 24 8.9 8.0 8.4 0.2 10 8.7 8.0 8.3 0.3

EC (µS/cm) 45 321 138 192 36.7 24 233 102 139 36.2 10 358 170 298 51.7
DO (mg/L) 45 11.2 4.9 7.6 1.4 24 10.6 5.3 7.4 1.3 10 8.0 5.1 6.4 1.0

Eh (mV) 45 530 229 435 47 24 453 286 384 51 10 498 311 426 50
Turb. (NTU) 46 74.2 0.8 15.1 23.4 24 5.1 0.5 2.6 1.3 10 892 6.7 169 300
Ca2+ (mg/L) 45 70.9 31.2 45.8 8.3 22 53.7 21.0 32.9 6.7 9 70.3 26.0 55.7 14.0
Mg2+ (mg/L) 45 6.1 2.5 3.8 0.6 22 5.9 1.9 3.9 0.8 9 6.0 3.9 4.9 0.7
Na+ (mg/L) 45 13.5 3.4 4.5 1.6 22 7.8 3.1 4.4 1.3 9 9.5 4.9 5.9 1.4
K+ (mg/L) 45 6.6 0.5 1.1 0.9 22 1.7 0.0 0.8 0.3 9 3.0 0.8 1.7 0.7
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Table 1. Cont.

Parameter
Hamaengbang Area Sangwolsan Area Kyogok Area

n Max. Min. Avg. SD * n Max. Min. Avg. SD * n Max. Min. Avg. SD *

HCO3
− (mg/L) 45 139 34.5 73.2 24.4 22 95.9 26.4 51.3 17.5 9 155 47.0 90.4 29.3

SO4
2− (mg/L) 45 14.1 3.6 6.3 1.6 22 13.2 4.3 8.3 2.8 9 12.5 6.2 8.5 1.9

Cl− (mg/L) 45 11.4 3.6 5.5 2.1 22 16.6 2.6 4.4 2.9 9 70.2 6.5 36.8 21.2
NO3

− (mg/L) 45 21.6 4.7 7.4 2.8 22 11.6 4.9 7.3 1.9 9 9.7 5.5 7.6 1.5
δ2H
(‰)

45 −40.1 −57.3 −52.9 2.8 22 −50.4 −64.2 −54.8 3.6 9 −45.1 −54.1 −50.8 2.4

δ13C
(‰)

45 −8.9 −14.3 −11.7 1.1 22 −8.5 −13.0 −10.7 1.7 9 −9.4 −14.2 −11.5 1.3

δ18O
(‰)

45 −7.8 −8.9 −8.5 0.3 22 −8.2 −9.9 −8.6 0.4 9 −7.2 −8.5 −8.0 0.4

Temp.: temperature, EC: electrical conductivity, DO: dissolved oxygen, Turb.: turbidity, * SD: standard deviation.

Figure 3 shows a piper diagram of the cations and anions in the surface water samples.
The dominant cation and anion in the surface water samples were Ca2+ and HCO3

−, respec-
tively, and most of the water quality ions were the Ca-Mg-HCO3-type. This classification is
characteristic of surface water that has been directly influenced by the atmosphere, and it
is likely that carbonate rock dissolution (weathering) significantly affects the hydrology of
this region [42,43]. However, SO4

2− and Cl− ions also increased in some surface waters
near the East Sea due to the effect of farmland and brackish water.
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3.2. Correlation Analysis

The analysis of correlation coefficients can reveal linear or nonlinear relationships
between variables. Two variables can be mutually independent or correlated, and the
intensity of the correlation between the two variables is the correlation coefficient [44].
The correlation coefficient is usually represented by Pearson’s correlation coefficient (r),
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which has a value between +1 and −1, where +1 indicates a positive linear correlation,
0 indicates no linear correlation, and −1 indicates a negative linear correlation. The r-value
is determined by dividing the covariances of two variables in the data of an equal scale or
a proportional scale by the product of the standard deviations and is expressed as follows:

rXY =
∑n

i
(
Xi − X

)(
Yi −Y

)√
∑n

i
(
Xi − X

)2
√

∑n
i
(
Y−Y

)2
(1)

where rXY is the coefficient of correlation, Xi and Yi are individual hydrochemical data,
and X and Y are the means of the individual hydrochemical data.

The r-value only indicates the degree of correlation between two variables and does
not explain the causal relationship [45]. Moreover, determining one of the two correlated
variables allows for the determination of the other variable. As the correlation coefficient
can be used as a measure of the relationship between variables, it was used in this study to
establish the relationships between the hydrochemical parameters.

Table 2 shows the results of the water quality correlation analysis between the Sam-
cheok region and the study area. A total of 79 samplings were performed in the Samcheok
region, and numerous Ca2+ ions, which are dominant in karst environments, exhibited
strong positive linear correlations with HCO3

− ions. Furthermore, the EC data had sig-
nificantly positive linear relationships with K+, Mg2+, Na+, Cl−, and SO4

−. Moreover,
NO3

− did not display any conspicuous correlations with the other major ions. However,
a positive linear relationship was observed between NO3

− and turbidity. This correlation
suggests that nitrates were not naturally generated and were most likely derived from
surface materials in rainwater runoff from neighboring farmhouses and domestic wastewa-
ter. The correlation analysis of the HM area indicates strong positive correlations between
EC and cations and anions, except Ca2+ and HCO3

−. Meanwhile, HCO3
− exhibited a

weak negative correlation with EC, while Ca2+ exhibited a positive linear relationship with
HCO3

−. This trend indicates an increase in HCO3
− by the coupling of CO3

2− supplied by
the dissolution of carbonates and hydrogen ions, which were supplied by the dissolution
of CO2 [35,37,38].

Table 2. Correlation analysis of surface water parameters in Samcheok. Values exceeding 0.6 are bolded.

n = 79 Temp. pH EC DO Eh Turb. Ca2+ K+ Mg2+ Na+ Cl− NO3
− SO4

2− HCO3
− δD δ18O δ13C
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DO −0.5 0.2 0.0 – 0.3 −0.1 0.1 0.0 0.0 0.0 0.0 −0.1 0.0 −0.2 0.2 0.0 0.5
Eh −0.5 −0.3 −0.1 0.3 – 0.0 0.0 0.0 0.0 0.0 0.0 −0.3 0.0 −0.2 0.2 0.0 −0.1

Turb. 0.2 0.0 0.1 −0.1 0.0 – 0.3 0.0 0.0 0.0 0.0 0.6 0.0 0.2 0.1 0.3 −0.2
Ca2+ 0.0 −0.2 0.2 0.1 0.0 0.3 – 0.1 0.1 0.0 0.0 0.5 0.0 0.6 0.2 0.3 −0.1
K+ −0.1 −0.4 1.0 0.0 0.0 0.0 0.1 – 1.0 1.0 1.0 0.1 1.0 −0.1 0.2 0.2 0.0

Mg2+ −0.1 −0.3 1.0 0.0 0.0 0.0 0.1 1.0 – 1.0 1.0 0.2 1.0 −0.1 0.1 0.1 0.1
Na+ −0.1 −0.3 1.0 0.0 0.0 0.0 0.0 1.0 1.0 – 1.0 0.1 1.0 −0.1 0.1 0.1 0.1
Cl− −0.1 −0.3 1.0 0.0 0.0 0.0 0.0 1.0 1.0 1.0 – 0.1 1.0 −0.1 0.1 0.1 0.1

NO3
− 0.3 0.0 0.3 −0.1 −0.3 0.6 0.5 0.1 0.2 0.1 0.1 – 0.1 0.3 0.1 0.2 0.1

SO4
2− −0.2 −0.4 0.9 0.0 0.0 0.0 0.0 1.0 1.0 1.0 1.0 0.1 – −0.1 0.1 0.2 −0.1

HCO3
− 0.4 −0.1 0.0 −0.2 −0.3 0.2 0.6 −0.1 −0.1 −0.1 −0.1 0.3 −0.1 – −0.3 −0.1 −0.4

δD −0.2 −0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1 −0.3 - 0.8 0.1
δ 18O 0.2 −0.1 0.2 0.0 0.0 0.3 0.3 0.2 0.1 0.1 0.1 0.2 0.2 −0.1 0.8 - 0.0
δ13C −0.5 0.4 0.0 0.5 −0.1 −0.2 −0.1 0.0 0.1 0.1 0.1 0.1 −0.1 −0.4 0.1 0.0 -

For nitrate, the absence of residential development in the vicinity of the sampling area
excludes it as a potential source of nitrates. However, several NO3

− ions exhibited positive
linear relationships with other major ions, suggesting an agricultural origin. In the KG
area, effluents from the mine flow into the surface through a natural purification process.
In the KG area, EC exhibited strong positive linear relationships with K+, Na+, and HCO3

−.
The upstream region was enriched in Ca2+ and HCO3

− from carbonate dissolution. How-
ever, the correlations between the ions decreased as the water mixed with other water
systems. Furthermore, δD and δ18O exhibited a strong negative linear relationship, suggest-
ing various water sources in the study area. Furthermore, cations (excluding δD and δ18O)
and Ca2+ exhibited intermediate negative linear relationships. This could be due to the lack
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of water–rock reaction. The water systems in the KG area are not significantly influenced
by carbonate rocks, indicating the separation of the water systems. In the SW area, Ca2+,
Mg2+, and HCO3

− exhibited strong positive linear relationships, whereas K+, Na+, Cl−,
and SO4

− exhibited strong negative relationships. This suggests that groundwater does not
percolate through deep bedrock and only reacts with carbonate rocks in the shallow strata.

3.3. Ionic Ratios

Figure 4 shows the factors influencing the water quality determined from the relation-
ship between the total dissolved solids (TDS) and the ionic ratios. Most of the surface water
samples in the study area had TDS values of 80–260 mg/L and much higher ion quantities
than the surface water samples. The ratios of cations (Na+ and Ca2+) to anions (Cl− and
HCO3

−) were mostly 0.3 or less, which is typical for water in karst topographies [11].
After each rainfall event, the TDS increased by 30% or more. Furthermore, the ion ratio was
significantly affected by rock weathering, and the increases in TDS in the water samples
after rainfall events indicate an exchange between surface materials and water immediately
after rainfall.
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Figure 4. Gibbs diagram of surface water samples in Samcheok: (a) relationship between total dissolved solids and
Na+/(Ca2+ + Na+), and (b) relationship between total dissolved solids and Cl−/(Cl− + HCO3

−).

Figure 5 shows the relationships among Ca2+, Mg2+, and HCO3
−. Mg2+ increased

monthly. Most of the ratios between the total amounts of Ca2+ and Mg2+ were near 1:1,
and the amount of Mg2+ was not large. This indicates that the rocks affecting the water
system in this area were likely influenced by limestone, which does occur among the
carbonate rocks. However, the ratio of Ca2+ to HCO3

− exhibited distinct monthly varia-
tions, likely due to changes in climate in the study area. In November 2017, the monthly
average temperature was 9 ◦C, and the rainfall was 31.2 mm. However, between December
2017 and January 2018, the average temperature decreased to 1.6 ◦C, and the total rainfall
was 8.4 mm. Consequently, at the beginning of the dry season (November), the rainfall
would have flowed underground, promoting water circulation. However, during the
dry season (December–February), precipitation decreased, stagnating the groundwater
flow. As a result, the water–rock reaction time would have increased, enriching the ions
in the surface and groundwater. During the rainy season (July), water circulates more
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rapidly due to higher rainfall rates and water is mixed with sediment. Furthermore, it is
thought that the ionic ratios would be higher in July than in December and January due
to higher temperatures [46]. In the case of HCO3

−, increased rainfall and higher average
temperatures during the wet summer season promote active chemical weathering and
dissolution, thereby increasing the flow of CO2 into the atmosphere. As shown in Figure 5,
the changes in the Ca2+ and Mg2+ ionic ratios were negligible. However, the ionic ratios
during the rainy season were similar to those in the dry season, as it is closer to spring,
and HCO3

− enrichment occurs with flow distance.
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3.4. Stable Isotope Characteristics

The isotopes of water in the study area were enriched relative to the GMWL, and the
origin of water in the area could be determined using the average isotope values for the
area. The δ18O and δD values in Figure 6 range from −64.2 to −40.1‰ and from −9.9 to
−7.2‰, respectively. The seasonal differences in the isotope values were not significant.
The surveys in July were performed twice (before and after rainfall), and the analyses
revealed two clusters of significantly dispersed and consistent isotopic values. These trends
indicate that the isotopic values plotted in similar locations during the dry season before
rainfall but were widely dispersed after rainfall, likely due to disturbance of the water
systems by rainfall.

It is likely that rainfall had a more significant influence on δ18O because of the surface
materials (sediment) that were incorporated into the water by rainfall. Furthermore, the δD
values exhibited significant differences according to the area, season, and flow distance of
the stream. However, the δD values exhibited almost no change immediately after rainfall,
and the lowest values were recorded near the location of water outflow. This suggests that CO2
dissolved in the water escapes during water outflow. Figure 7 shows the relationship between
bicarbonate and water stable isotopes. Although seasonal changes in the isotopic values are
not significant, the HCO3

− contents could be divided into three groups (Figure 7). At the
beginning of the dry season, the average temperature was relatively warm (9 ◦C), and the effect
of water–rock interactions was likely insignificant. Further, into the dry season, a more
extreme climate was observed. Consequently, CO2 from the dissolution of carbonate rocks
reacted more actively with H+, leading to HCO3

− enrichment.
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During the rainy season, the compositions in several of the SW areas were similar to
those during the extreme dry season, but the HM and SW areas had distinct isotopic values.
Furthermore, the surveys conducted during the rainy season indicate seasonal isotopic
changes in the KG and SW areas. However, the HM area did not experience significant
seasonal isotopic or hydrochemical changes. In terms of stable isotopes, extreme variations
were observed after the occurrence of rainfall events. During the rainy season, the isotopic
values before a rainfall event were similar to those recorded during the dry season. However,
the data measured immediately after rainfall show marked increases in HCO3

−.

Water 2021, 13, x FOR PEER REVIEW 10 of 13 
 

 

 
Figure 6. Relationship between δ18O and δD values of the surface waters in Samcheok. 

It is likely that rainfall had a more significant influence on δ18O because of the surface 
materials (sediment) that were incorporated into the water by rainfall. Furthermore, the 
δD values exhibited significant differences according to the area, season, and flow distance 
of the stream. However, the δD values exhibited almost no change immediately after rain-
fall, and the lowest values were recorded near the location of water outflow. This suggests 
that CO2 dissolved in the water escapes during water outflow. Figure 7 shows the rela-
tionship between bicarbonate and water stable isotopes. Although seasonal changes in the 
isotopic values are not significant, the HCO3− contents could be divided into three groups 
(Figure 7). At the beginning of the dry season, the average temperature was relatively 
warm (9 °C), and the effect of water–rock interactions was likely insignificant. Further, 
into the dry season, a more extreme climate was observed. Consequently, CO2 from the 
dissolution of carbonate rocks reacted more actively with H+, leading to HCO3− enrich-
ment. 

Figure 6. Relationship between δ18O and δD values of the surface waters in Samcheok.

Water 2021, 13, x FOR PEER REVIEW 11 of 13 
 

 

 
(a) (b) 

Figure 7. Relationships between stable isotopes (δ18O and δD) and HCO3− for surface waters in Samcheok: (a) relationship 
between δD and HCO3−, and (b) relationship between δ18O and HCO3−. 

During the rainy season, the compositions in several of the SW areas were similar to 
those during the extreme dry season, but the HM and SW areas had distinct isotopic val-
ues. Furthermore, the surveys conducted during the rainy season indicate seasonal iso-
topic changes in the KG and SW areas. However, the HM area did not experience signifi-
cant seasonal isotopic or hydrochemical changes. In terms of stable isotopes, extreme var-
iations were observed after the occurrence of rainfall events. During the rainy season, the 
isotopic values before a rainfall event were similar to those recorded during the dry sea-
son. However, the data measured immediately after rainfall show marked increases in 
HCO3−. 

4. Conclusions 
This study sampled surface water at 24 locations in the study area to determine the 

seasonal fluctuations in isotopic and hydrochemical compositions. The results indicate 
that the Ca2+ and HCO3− concentrations during the rainy season were approximately two 
times higher than those recorded during the dry season. Consequently, the surface water 
was determined to be predominately a Ca-Mg-HCO3-type. Based on our analyses, we de-
termined that Ca2+ and HCO3− ions originate from the interaction between carbonate rocks 
and rainwater. 

The HMS1 sample (Figure 1) from the Sohan cave exhibited similar patterns through-
out the year, whereas the other surface water samples were characterized by ion enrich-
ment during the dry season. Furthermore, samples collected in the middle of the dry sea-
son (December–February) were enriched in ions compared to those collected at the begin-
ning of the dry season (November). This suggests that, as the dry season continues, the 
residence time of water between the karst networks increases, thereby activating water–
rock reactions. Furthermore, high rainfall rates during the rainy season (July) flushed sed-
iment into the water systems, thereby increasing the ionic concentrations of the surface 
waters by 30% and increasing the TDS three-fold. 

Figure 7. Relationships between stable isotopes (δ18O and δD) and HCO3
− for surface waters in Samcheok: (a) relationship

between δD and HCO3
−, and (b) relationship between δ18O and HCO3

−.



Water 2021, 13, 213 11 of 13

4. Conclusions

This study sampled surface water at 24 locations in the study area to determine the
seasonal fluctuations in isotopic and hydrochemical compositions. The results indicate
that the Ca2+ and HCO3

− concentrations during the rainy season were approximately
two times higher than those recorded during the dry season. Consequently, the surface
water was determined to be predominately a Ca-Mg-HCO3-type. Based on our analyses,
we determined that Ca2+ and HCO3

− ions originate from the interaction between carbonate
rocks and rainwater.

The HMS1 sample (Figure 1) from the Sohan cave exhibited similar patterns through-
out the year, whereas the other surface water samples were characterized by ion enrichment
during the dry season. Furthermore, samples collected in the middle of the dry season
(December–February) were enriched in ions compared to those collected at the beginning
of the dry season (November). This suggests that, as the dry season continues, the resi-
dence time of water between the karst networks increases, thereby activating water–rock
reactions. Furthermore, high rainfall rates during the rainy season (July) flushed sediment
into the water systems, thereby increasing the ionic concentrations of the surface waters by
30% and increasing the TDS three-fold.

Most of the surface water samples in this region plot close to the GMWL, indicating
that they originated from rainfall that was derived from the evaporation of nearby seawater.
Also, in the rainy season, it is likely that the exchange of surface materials is more active.
This implies that exchange with surface materials occurred through the stable isotope
outliers. Furthermore, the relationships among the ratios of the various ions indicate the
occurrence of several separate water systems in the study area, which are interconnected
during the rainy season. This study provides an essential reference on the connectivity of
water systems in complex karst hydrogeological regions and can aid future sustainable
management of water resources in these regions.
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