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ABSTRACT
The study area is located at Youngkwang, Korea, and contacts the Yellow Sea in the west side. The
purpose of this study is to examine the salinization of shallow groundwater, to identify the effect of
saltwater on groundwater quality, and to observe the evolution of groundwater quality. Chemical and
stable isotope analyses of the groundwaters show that the compositions are varies with the spatial
distributions of groundwater samples. The groundwaters in a saline area have 1300~4000 mg/L for
Na, 1950~6500 mg/L for Cl, 70~800 mg/L for SO4, and 7000~20000 µS/cm for electrical conductivity
(EC). The δD and δ18O compositions of freshwaters are close to the meteoric water line, but most of
groundwaters with high chloride concentrations are enriched in 18O, compared with freshwaters.
These 18O-enriched groundwaters (-5.1~-4.2 ‰) were sampled from areas affected by saltwater
intrusion. However, δ13CDIC values (-17.8~-15.6 ‰) in saline groundwater are similar to those
observed in the freshwaters, and are depleted in 13C, compared with seawater.
Also, the I/Cl ratios of saline groundwater are 10~100 times higher than that of seawater. In order to
elucidate relationships between chemical components, principal components analysis (PCA) was
performed. The contribution degrees of variation in a data set are 55% for 1st PC, 14% for 2nd PC,
and 11% for 3rd PC of data set. These three principal components (PC) account for 80% of the total
variance. The movement of PC 1 means the effect of saltwater intrusion, and PC2 explains the
contribution of organic matter reduction. And the movement of PC3 means the effect of agricultural
activities. These results suggest that the salinization of groundwater in the study area seems to be
controlled by not only saltwater intrusion but by other effects such as residual salts or reduction of
plentiful marine organic matters in a land-reclaimed area.

INTRODUCTION
Various researchers have studied the problem of saltwater intrusion in Korea since 1980. However,
the studies on have been mainly focused on Cheju Island. Cheju Island is distinguished from western
coastal area of Korea because the geologic formation of the island is composed of basalt and volcanic
sediments. Many western coastal areas in Korea are urbanized or agricultural area by land
reclamation of sea. The need for more agricultural or residential area was answered by reclaiming
land from the sea since about 1200 AD (Kim, S.C., 1987). Owing to effects of reclamation, the
subsurface system can be easily changed and groundwaters are expected to show properties different
from those affected by directly seawater encroachment.
Therefore, the purpose of this study is: (1) to characterize the hydrogeological and hydrogeochemical
changes affected by saltwater intrusion of the coastal area in reclaimed area, (2) to elucidate the
relationship between these changes and the groundwater chemical composition of the area using
appropriate statistical methods, and (3) To elucidate the relationship between hydrogeochemical
changes and the groundwater chemical composition of the area using appropriate statistical methods.
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STUDY AREA
For this study, we chose a western coastal area of Korea, affected by saltwater intrusion, and located
at YoungKwang, Korea, and contacts the Yellow Sea in the west side. The size of the study area is
about 25 km2. The elevation of study area ranges from 0 m to 300 m above mean sea level and most
of its lands uses for cultivation. Some coastal part of the area is also developed for salt farm.
Therefore, the study area mainly consists of areas for cultivation, salt farm and residence. The coastal
line of the study area is formed by natural and artificial activities. Comparing past geographic map
(1910 ~ 1976) made by National Geography Institute, the coastal line has been changed (Figure 1).

Figure 1 Location of groundwater samples for analyses, topography and paleo coastal line of the study area (in a
coastal reclaimed area, Youngkwang, Korea)
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These change of the coastal line resulted from reclamation of land. Also, many local residents and
government publications proved that almost central plain areas for cultivation were reclaimed from sea
or mud beach. From a geological profile of monitoring wells established by Korea Institute of
Geoscience and Mineral Resources (KIGAM), it is mainly composed of three layers such as mud,
coarse sand and bedrock.
The core logging data show that the thickness of mud sediment ranges to 15 ~ 18m, a sand layer
ranges to 23 ~ 25m, granite as bedrock ranges below 25m (Figure 2). The granite in this area is
mainly Jurassic biotite granite. According to results of previous study of this area, there is a good
possibility of existence of some fracture zone below surface area (Chang et al., 1984).

Figure 2 The geological profiles and screen intervals of monitoring wells established in the study area by Korea
Institute of Geoscience and Mineral Resources (KIGAM). The dash lines represent screen intervals of monitoring
wells.

SAMPLING AND METHODS
Considering tidal level change, water sampling was carried out from forty samples in March 2001 with
high tidal period. Most domestic wells, except monitoring wells developed by KIGAM or a large size of
wells established by village cooperation, are only drilled to within approximately 30 m below the
surface. Most domestic wells are primarily extracted from individually owned wells drilled in and
around cultivated and residential areas. Almost groundwater samples were collected from local wells
using by domestic electrical pump or bailer after at least 3~5 times purging of well volumes. Sampling,
preservation and water analyses were performed in accordance with the standard procedures devised
by Eaton et al. (1995).
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GENERAL HYDROGEOCHEMISTRY
The data presented from samples that were within 5% charge balanced between cat ions and anions.
First of all, for the interpretation water quality of the study area, we used a Piper diagram. In the
cationic triangle of Piper diagram, most samples were plotted on Na-dominant area. In the anionic
triangle, the values are almost plotted near the seawater composition because of predominance of
chloride. In the diamond-shaped field, many water samples are plotted near Na-Cl dominant area and
some samples are plotted near Ca-Cl dominant area (Figure 3).

Figure 3 Piper diagram representing the relative abundances of cations and anions of the study area (2001-3)

In the next, bivariate diagrams of major ions and total dissolved solids are presented for understanding
mixing mechanisms of fresh water and saline water. According the results, in general, most ions are
positively correlated with TDS, and especially Na, Cl, and Mg show a strong correlation with TDS,
indicating that such ions are derived from the same source of saline waters (Figure 4). This implies
that the salinization of the study area is connected with a saline-source relative to seawater.
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Figure 4 Plot of chemical components versus total dissolved solids (TDS) of groundwaters of the study area
(2001.3). The plot shows that higher values of Na, Mg and Cl give good correlations with the TDS values.

SPATIAL CHARACTERIZATION OF SALINIZATION
Spatial distribution of major elements mainly depends on the distance from the coastal line,
topography, geology, and groundwater flow direction. Sangsari area has relatively high concentrations
for chloride than seashore area or area with high elevations. Higher chloride concentrations in
groundwater are observed in the wells not near coastal areas but about 2~3 km inland area far from
coastal line. Meanwhile, Sangsari area has relatively low concentrations for nitrate than seashore
area.
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Automatic measurement equipments, Orpheus YSI 6820, was used to measure EC variation to know
how change in accordance with depth at a saline area such as Sangsari area. The YB monitoring
wells in Sangsari-area was selected for this investigation. The trend of EC variation versus depths
below surface at YB monitoring well shows that it has a nearly constant value to 23 m depth below
surface and rapidly increases from the depth below 23m in accordance with depths of granite bedrock.
Also, most of the concentrations of chemical components and EC values of YD wells with depth of 50
m were higher than those of YE wells with depth of 30 m. Therefore, these results show that sources
of saline water at Sangsari area result from upward saltwater intrusion. It is implied that saltwater
intrusion occurs through geologic structures such as fractures or lineaments of granite bedrock than
sand layer or mud layer.

ORIGIN OF SALINIZATION
Compositions of the hydrogen and oxygen stable isotopes were used to determine the origin of the
groundwater in the study area. Generally, seawater has a close to 0 ‰ of dD and d18O, because
standard mean ocean water (SMOW) is taken as a standard reference value. Therefore, groundwater
affected by seawater has higher value of dD and d18O than those of freshwater (Izbicki, 1996). The
d18O value of the groundwater in the study area ranges from - 8.1 ‰ to - 4.2 ‰, and the dD value
ranges from – 57 ‰ to -28 ‰. The d18O and dD values of the seawater are - 0.7 ‰ and - 6.2 ‰,
respectively. The dD and d18O compositions of freshwaters are close to the meteoric water line, but
most of the groundwaters with high chloride concentrations are enriched in 18O, compared with
freshwaters (Figure 5).

Figure 5 Plot of isotopic properties of ∂D - ∂18O relationship for groundwaters and saltwater. The ∂D - ∂18O
compositions of freshwaters are close to the meteoric water line, but most of the groundwater with high Cl
18
concentrations are enriched in O, compared with freshwaters.
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The value of the stable carbon isotope (d13C) differs from seawater and freshwater. Generally,
seawater has a close to 0 ‰ of d13C, and freshwater has a range of -12.9 ‰ to -24.9 ‰. From the
results of dD and d18O, it was known that saline groundwaters in the study area are much affected by
seawater. Therefore, considering the compositions of dD and d18O, d13C compositions of saline
waters are expected to have higher than those of non-saline waters. However, the measured values of
d13C for saline waters have ranges of –17.8 to –15.6 ‰ and there are similar to those of non-saline
waters (Figure 6). The d13C values in saline groundwater are similar to those observed in the
freshwater, and are depleted in 13C, compared with seawater. This result suggested that d13C values
of saline groundwater are affected by another source to deplete amount of 13C.

Figure 6 Plot of isotopic properties of ∂13C versus chloride for groundwaters and saltwater. The ∂13C values in
saline groundwater are similar to those observed in the freshwaters, and are depleted in 13C, compared with
seawater.

Another source affected on d13C value is thought to be microbial activities owing to low
concentrations of DO, Fe, Mn and TOC of groundwaters. According to the result of previous research,
mixing of saline and fresh water in estuaries results in high rates of biological productivity and
sediments will be rich in organic matter (Barker et al., 1998). Sediments in the estuary contain large
quantities of organic matter due to the high biological productivity. Because the study area has a lot of
portions of reclaimed land of sea or estuary, it would be certain that many organic matters are existed
in the reclaimed area. This is suggested that it has a possibility depleted in 13C of groundwaters owing
to reduction of plentiful marine organic matters in a land-reclaimed area.
Iodide (I-) can be a valuable parameter in identifying modern and ancient seawater and formation
waters, because iodide can be leached out of aquifer matrix and may build up in ground waters with
time (Lloyd et al., 1982; Sukhija et al., 1996). The enrichment of iodide in ground water indicates long
residence time. I sorption involving Al-Fe oxides has been observed (Tellam, 1995). Also, iodide tends
to be enriched in waters associated with organic matter, commonly contained in clay-rich sediments
(Stoessell, 1997; Tellam, 1995). Especially, the iodide concentrations of high saline waters are
positively correlated with TOC, indicating that such iodide is derived from organic matter reduction.
Therefore, the measurement of the I/Cl value provides vital information on groundwater residence time
and the types of salinity occurrences related to modern or ancient seawater intrusion, as the I/Cl value
increases the result of prolonged contact with an ancient marine body (Sukhija et al., 1996). I versus
Cl and I/Cl ratios versus Cl relationships for the ground water samples are presented in Figure 7.
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Figure 7 Diagrams of properties of iodide for groundwaters and saltwaters. (a) I versus Cl. (b) I/Cl(x105) versus
Cl. The I/Cl ratios of saline groundwaters are 10-100 times higher than that of seawater.

Most of the freshwater samples are characterized by iodide depletion with respect to seawater, but
some saline waters are characterized by iodide enrichment with respect to seawater. I/Cl values of
groundwater in the study area are about 10~100 times larger than those of seawater. The I/Cl ratios of
the ground water samples significantly contaminated by saltwater are intermediate to those of freshwater sample ratios and that of seawater, suggesting that the saline ground waters in the study area
have mainly resulted from interaction with old connate saltwater or formation water. This is strongly
supported by other evidence of carbon isotope in the previous result.
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PRINCIPAL COMPONENT ANALYSIS
Generally, hydrological and geochemical processes are difficult to be understood on account of their
complexity. Based on chemical composition, multivariate statistical analysis can show the correlations
between them. In this study, a statistical approach was used to identify the origin of the chemical
elements. Principal Component Analysis (PCA) has been extensively applied in many disciplines. PCA
enables the chemical composition in different samples to be compared and also provides fingerprints
for identifying the origin of the chemical elements. According to results of PCA, the contribution
degrees of variation in a data set in the study area are 55% for 1st PC, 14% for 2nd PC, and 11% for
3rd PC of data set. These three principal components (PC) account for 80% of the total variance. It
suggests that all of the hydrogeochemical events caused by the behaviours of 13 components in the
study area could not be completely explained by PC1, PC2 and PC3.
Meanwhile, it was ascertain that these three principal components (PC) could be represented as
important processes among hydrogeochemical processes of the study area. The loading values of 13
components for the 1st, 2nd, and 3rd PC could describe as follows: In case of the PC1, strongly
positive distribution of the loading values are conspicuous in all of the major ions except NO3.
Especially, cat ions like Na, Mg and K, and anions like Cl, Br and SO4 show large positive loading
values in the PC1, indicating that these ions have dominant contribution to the explanation of the PC1.
It is noticeable in the case of PC2 that the higher positive loading values are observed at pH, HCO3
and TOC, and negative loading values are observed at DO. Considering that HCO3 and TOC could be
originated from organic matter reduction, the positive movement of PC2 means the effects of
decomposition from organic matter.
Therefore, the negative direction at DO of this PC2 could explain process of organic matter reduction
in depleted dissolved oxygen environment. In case of the PC3, strongly positive distribution of the
loading values is remarkable in a nitrate ion (Figure 8). The movement of PC3 means the effect of
cultivation of the study area. Consequently, the movement of PC1 means the effect of saltwater
intrusion, and PC2 explains the contribution of organic matter reduction. And the movement of PC3
means the effect of agricultural activities.
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Figure 8 Diagrams of result of PCA (Principal Component Analysis) of groundwater samples. The contribution
degrees of variation in a data set are 55% for 1st PC, 14% for 2nd PC, and 11% for 3rd PC. These three principal
components (PC) accounts for 80% of the total.
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SUMMARY & CONCLUSION
Many agricultural and residential areas on the western side of Korea have been reclaimed since the
19th century. The most part of the study area is a plain area used for agricultural activities. Chemical
and stable isotope analyses of the study area show that the compositions are different from the spatial
distributions. Samples collected from Sangsari area show the most saline water, but those of other
area show impact of agricultural activities or freshwater.
The dD and d18O compositions of freshwater samples are close to the meteoric water line, most
samples with high chloride concentrations show in 18O-enriched with respect to the meteoric water
line. These more 18O-enriched values (- 5.1 ~ - 4.2 ‰) represent areas affected by seawater. The
d13C values (- 17.8 ~ - 15.6 ‰) in saline groundwater were similar to those observed in the
freshwater, but were depleted in 13C with respect to seawater. This depleted in 13C indicate that a
significant component of the dissolved inorganic carbon (DIC) is derived from organic matter reduction
by microbial activities. The results of d13C values were consistent with the results of iodide
concentrations of groundwater. In order to obtain the qualitative information and relationship between
chemical analyses, principal components analysis (PCA) was performed.
According to results of PCA, the contribution degrees of variation of the 1st, 2nd, and 3rd PC are 55,
14, 11% of data set, respectively, and 80% of the total variance can be attributed to the three PC. The
movement of PC1 means impact by seawater. In case of PC2, it could be described by contribution of
organic matter reduction by microbial activities. Also, the movement of PC3 means influence on
agricultural activities. These results suggest that the salinization of groundwater in the study area
seems to be controlled by not only saltwater intrusion but by other effects such as residual salts or
reduction of plentiful marine organic matters in a land-reclaimed area.
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