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Abstract Pollution of groundwater by seawater intrusion
poses a threat to sustainable agriculture in the coastal areas
of Korea. Therefore, seawater intrusion monitoring stations
were installed in eastern, western, and southern coastal
areas and have been operated since 1998. In this study,
groundwater chemistry data obtained from the seawater
intrusion monitoring stations during the period from 2007
to 2009 were analyzed and evaluated. Groundwater
was classified into fresh (<1,500 uS/cm), brackish
(1,500-3,000 puS/cm), and saline (>3,000 uS/cm) accord-
ing to EC levels. Among groundwater samples (n = 233),
56, 7, and 37% were classified as the fresh, brackish, and
saline, respectively. The major dissolved components of
the brackish and saline groundwaters were enriched com-
pared with those of the fresh groundwater. The enrichment
of Nat and Cl~ was especially noticeable due to seawater
intrusion. Thus, the brackish and saline groundwaters were
classified as Ca—Cl and Na-Cl types, while the fresh
groundwater was classified as Na—HCO; and Ca-HCO;
types. The groundwater included in the Na—Cl types indi-
cated the effects of seawater mixing. Ca”, Mg”, Nat,
K™, SO,%~, and Br~ showed good correlations with C1~ of
over r=0.624. Of these components, the strong
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correlations of Mg”, SO427, and Br~ with Cl™
(r > 0.823) indicated a distinct mixing between fresh
groundwater and seawater. The Ca/Cl and HCO5/Cl ratios
of the groundwaters gradually decreased and approached
those of seawater. The Mg/Cl, Na/Cl, K/Cl, SO,/CI, and
Br/Cl ratios of the groundwaters gradually decreased, and
were similar to or lower than those of seawater, indicating
that Mg2+, Na™, K™, SO427, and Br™, as well as C1™ in the
saline groundwater can be enriched by seawater mixing,
while Ca®" and HCO; ™ are mainly released by weathering
processes. The influence of seawater intrusion was evalu-
ated using threshold values of CI™ and Br~, which were
estimated as 80.5 and 0.54 mg/L, respectively. According
to these criteria, 41-50% of the groundwaters were affected
by seawater mixing.

Keywords Seawater intrusion - Groundwater -
Coastal aquifer - Ionic ratio - Korea

Introduction

Groundwater has been used to supply living, agricultural,
and industrial water for a long time in many countries.
Recently, the use and development of groundwater have
increased due to industrialization and urbanization, leading
to various problems such as depletion of groundwater,
deterioration of water quality, land subsidence, and sali-
nization of groundwater (Zhou et al. 2000; Capaccioni
et al. 2005; Hiroshiro et al. 2006; Won et al. 2006). These
problems can gradually reduce the amount of available
groundwater.

Many studies have been performed to solve these
problems (Narayan et al. 2007). Especially, salinization of
groundwater becomes an important issue with the
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groundwater contamination that occurs in many coastal
areas (Sivan et al. 2005; Ghabayen et al. 2006), and was
mainly caused by evaporite dissolution, fossil seawater,
return flow from irrigation water, leakage of wastewater,
and seawater intrusion (Bennetts et al. 2006; Ghabayen
et al. 2006). Among these salinization processes, saliniza-
tion of groundwater by seawater intrusion is mainly
induced in many coastal areas, where the seawater intru-
sion occurs frequently due to intensive pumping (Kim et al.
2003b; El Moujabber et al. 2006; Kouzana et al. 2009). So,
the efforts optimizing pumping rate have been extensively
conducted using aquifer models such as SUTURA model
(Gorelick et al. 1984; Ahlfeld and Heidari 1994; Mantog-
lou et al. 2004; Narayan et al. 2007).

Brackish and saline groundwaters by seawater intrusion
are unavailable for living and agricultural water in coastal
areas. Therefore, methods such as construction of subsur-
face barrier and development of recharge well were sug-
gested by some researchers to prevent coastal aquifer from
seawater intrusion (Allow 2011). Especially, recharge of
water into a coastal aquifer may raise other problems such
as inflow of virus and bacteria and quick growth of those
(Anders and Chrysikopoulos 2005; Ven Beek et al. 2009).
So appropriate set back distance for available wells should
be considered when recharge wells are designed
(Masciopinto et al. 2008).

Various methods have been used to evaluate ground-
water contamination by seawater intrusion. Some specific
ions such as CI, Na2+, Mg”, SO427, and Br  in
groundwater are enriched by seawater intrusion and can be
used as markers of its influence (Sukhija et al. 1996;
Capaccioni et al. 2005; de Mondal et al. 2008). In partic-
ular, CI” and Br~ of these ions have been used as repre-
sentative proxies to estimate the influence of seawater on
groundwater (Ghabayen et al. 2006). Moreover, ionic ratios
such as CI/HCOs;, Ca/Na, Na/Cl, Br/Cl, and Ca/
(HCO3 + SO,4) ratios of groundwater can be effectively
used to evaluate the degree of seawater intrusion (El
Moujabber et al. 2006; Ghabayen et al. 2006; de Montety
et al. 2008). Recently, threshold values calculated from
cumulative frequency curves have often been used in hy-
drogeochemical research (Russo et al. 2001; Park et al.
2002; Knight et al. 2005; Tutmez 2009). Threshold values
are good tools to identify the starting point of chemical
impact by seawater intrusion. Park et al. (2005) studied the
salinization of groundwater in the western coastal area of
Korea. They classified groundwater into four types using
threshold values of CI~ and NO;~ estimated from cumu-
lative frequency curves. Lee and Song (2007a) also applied
threshold values of C1~ and HNO;™ to evaluate the influ-
ence of seawater intrusion and water-rock interaction on
groundwater in the western and southern coastal areas of
Korea.
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In this study, chemical data for the eastern, western, and
southern coastal groundwaters during the period from 2007
to 2009 obtained from the seawater intrusion monitoring
station installed by the Korea Rural Community Corpora-
tion (KRC) were analyzed and evaluated. The study
objectives are to determine the chemical compositions of
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Fig. 3 Distribution of EC levels of the groundwaters with distance
from the coast. The fresh, brackish, and saline have range of <1,500,
1,500-3,000, and >3,000 uS/cm, respectively (Rai 2004)

the coastal groundwater and evaluate the influence of
seawater intrusion on it.

Materials and methods

Study area

The study area is located along the eastern, western, and
southern coastal areas of Korea. According to previous

research, groundwater use is concentrated in the western
and southern coastal areas compared with the eastern
coastal area (MOCT 2002), due to the proximity of many
large cities and intensive farming such as rice cropping.
Over pumping for irrigation water is closely related with
seawater intrusion in coastal areas (El Moujabber et al.
2006; Lee and Song 2007b). In addition, the hydraulic
gradient in the western and southern coastal areas is low,
because of the predominantly flat lands of these areas (Kim
et al. 2006). Owing to these environmental aspects, sea-
water intrusion was frequently observed in the western and
southern coastal areas (Lee and Song 2007a), and research
on seawater intrusion has been actively performed in these
areas (Park et al. 2002; Kim et al. 2003b, 2006; Song et al.
2007).

Because agricultural activities are intensively practiced
in the western and southern coastal areas, much irrigation
water is supplied from groundwater. The groundwater
usage in Korea increased by ~ 688 million tons from 2000
to 2008, i.e., an average annual increase of ~ 76 million
ton/year. Agricultural water comprises 42.2 to 46.8% of
total groundwater use and has increased by ~460 million
tons (~51 million ton/year) during the same period

(Fig. 1).
Seawater intrusion monitoring network

The KRC has installed 92 seawater intrusion monitoring
wells in 52 regions and have been managed since 1998
to monitor seawater intrusion (Fig. 2). Each monitoring
station had 1-3 wells. Approximately 90% of all sea-
water intrusion monitoring stations are located in the

Table 1 EC and major chemical compositions of the fresh, brackish, and saline groundwaters in coastal areas of Korea

Division Statistics ~ EC (uS/em)  Ca®t  Mg®>t  Nat K+ cl- S0,2~ HCO;~ Br~
Fresh groundwater (n = 130) Min 57.0 0.47 0.39 4.13 0.36 4.36 0.60 9.15 0.05
Max 1,323 212 118 250 21.5 1,008 114 256 1.13
Mean 384 27.7 9.76 28.8 2.67 50.7 15.2 85.2 0.32
S.D 245 26.4 11.8 35.2 2.87 97.6 19.9 474 0.24
Brackish groundwater (n = 17) Min 1,513 0.56 0.46 22.0 2.16 77.8 1.41 6.10 0.15
Max 2,938 211 116 299 17.5 1,088 198 418 5.84
Mean 2,265 78.1 40.6 182 7.87 443 47.8 144 2.07
S.D 413 71.5 41.3 98.8 4.16 308 59.6 129 1.43
Saline groundwater (n = 86) Min 3,129 0.47 0.53 13.4 0.87 26.2 0.84 15.3 0.10
Max 47,538 3,876 1,249 8,754 507 18,793 3,232 1,525 164
Mean 17,965 385 277 1,975 63.6 4,245 472 216 17.6
S.D 14,611 668 361 2,467 106.0 5274 678 245 36.1
Seawater’ 37,208 383 1,248 11,100 405 18,211 2,646 135 64.7

Values are expressed in mg/L
S.D stand deviation

T Mean values of chemical compositions of seawater around Korea reported by Kim et al. (2003b) and Lee and Song (2007b)
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Fig. 4 Concentration ranges of major dissolved components of a the fresh, b brackish, and ¢ saline groundwater

western and southern coastal areas. All the monitoring
wells are within 2 km of the coastal line. The depths of
the monitoring wells range from 30 to 200 m (Lee and
Song 2007a). The mean groundwater levels of the
monitoring wells ranged from —19.7 to 16.2 m above
mean sea level (MAF and KRC 2009). Lee et al. (2008)
reported that the hydraulic conductivity obtained
from aquifer tests ranged from 5.20 x 107> to
4.00 x 1072 cm/sec. A little over a third (37.8%) of the
monitoring wells have been actively used for irrigation
water (especially, from April to August) and the mean
pumping rate of the monitoring wells is 164 m*/day (Lee
et al. 2008).

In each monitoring well, water level, electrical con-
ductivity (EC), and water temperature had been measured
hourly using a multi-probe equipped with a data logger in
each monitoring well (Lee et al. 2008; MAF and KRC
2009). The chemical compositions of groundwater had
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been analyzed for Ca’™, Mg”, Nat, K, CI, SO427,
HCOj;™, and Br™ every year. According to data collected
from 2005 to 2009, seawater had intruded inland in 26% of
the monitoring wells (n = 24), and its regression occurred
in 16% of them (n=15) (MAF and KRC 2009).
According to monitoring data in 2009, influence of sea-
water on groundwater increased at 15 monitoring wells
compared with results monitored in 2008, and 67%
(n = 10) and 27% (n = 4) of these monitoring wells are
distributed in southern and western coastal areas, respec-
tively (MAF and KRC 2009). These results were closely
concerned with agricultural activities in these areas and
causing lack of agricultural water. Thus, the development
of alternative groundwater resources is demanded in the
coastal area where seawater intrusion occurred and gov-
ernment is making a long-term plan to supply agricultural
water based on monitoring data of seawater intrusion
(MAF and KRC 2009).
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Fig. 5 Distributions of the concentrations of major dissolved components

Results and discussion
General hydrochemistry

Groundwater affected by seawater can be classified into
fresh (<1,500 puS/cm), brackish (1,500-3,000 pS/cm), and
saline (>3,000 uS/cm) according to the EC levels (Rai
2004; Mondal et al. 2010). Based on these classification
standards, the fresh, brackish, and saline groundwaters
formed 56, 7, and 37% of the groundwater in the study
area, respectively (Fig. 3), indicating that 44% of the

groundwaters are affected by seawater mixing. The influ-
ence of seawater mixing on groundwater chemistry is
demonstrated in detail below. The EC levels did not show
any correlation with distance from the coast in Fig. 3,
because the study area includes both alluvial and bedrock
coastal aquifers. According to previous studies, the corre-
lations between EC levels and distance from the coast are
affected by the characteristics of coastal aquifer in Korea.
EC levels and distance from the coast show good negative
correlation in alluvial coastal aquifers (Kim et al. 2003a),
but they do not show any correlation in bedrock coastal
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aquifers (Kim et al. 2006). In this study, the study area
could not be divided into alluvial and bedrock coastal
aquifers, because detailed information for the aquifer pro-
file was not obtained.

Table 1 summarizes the EC levels and concentrations of
major dissolved components of groundwater. The EC lev-
els and major dissolved components in the brackish and
saline groundwaters showed wide ranges and large stan-
dard deviations compared with those in the fresh ground-
water, and this difference was attributed to the influence of
seawater mixing (Mondal et al. 2010). Figure 4 shows the
concentration ranges of dissolved components of the fresh,
brackish, and saline groundwaters. The concentrations of
all dissolved components of the brackish and saline
groundwaters were significantly enriched compared with
those of the fresh groundwater, especially the enrichments
of Na* and CI™. In Table 1, the concentrations of Na™ and
CI™ in the saline groundwater increased by ~ 69 and 84
times, respectively, compared with those in the fresh
groundwater, while those of Mg2+, K*, and SO427
increased by ~ 28, 24, and 30 times, respectively. In par-
ticular, the maximum concentrations of Cl~ and Mg” in
saline groundwater (CI~ = 18,793 mg/L and Mg*" =
1,249 mg/L) are very similar to those in seawater
(CI™ = 18,211 mg/L and Mg*" = 1,248 mg/L). However,
the concentrations of Ca>" and HCO; ™~ increased ~ 14 and
2.5 times, respectively. Substantial amounts of HCO3™ and
Ca”* indicate contribution by water—rock interaction (Hem
1985; Vengosh and Rosenthal 1994; Mondal et al. 2010).

In Figure 5, despite the wide range of concentrations of
the dissolved components, Ca2+, K, HCO;™, and Br~
show good lognormal distributions but those of K* and
Br~ have a tail at the high concentration range. This
indicated that Ca>" and HCO;~ are mainly affected by
simple processes, and some of the samples showing high
concentrations of K* and Br™ can be considered as being
affected by anomalous pollution such as seawater mixing.
However, Mg”, Na*, CI™, and SO427 do not show log-
normal distributions, which suggests that these components
may be supplied by complex processes such as water—rock
interaction, seawater mixing and anthropogenic contami-
nation (Barbecot et al. 2000; Alcala and Custodio 2008;
de Montety et al. 2008).

Most of the fresh groundwater was plotted on an area of
Na-HCOj3; and Ca—HCO5 types, and most of the brackish
and saline groundwaters on an area of Ca—Cl and Na—-Cl
types (Fig. 6). It clearly shows the evolution of ground-
water due to seawater encroachment. The water types of
coastal groundwater may be gradually transformed from
Na-HCOj; and/or Ca—HCO; types into Ca—Cl and/or Na—Cl
types by cation exchange reaction and seawater mixing
processes (Appelo and Postma 1994; Capaccioni et al.
2005; Mondal et al. 2008).
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Fig. 6 Chemical compositions of the fresh, brackish, and saline
groundwater. The chemical compositions of seawater are mean value
of seawater around Korea reported by Kim et al. (2003b) and Lee and
Song (2007b). The arrow means evolution trends of groundwater due
to seawater intrusion

Enrichment of dissolved components

When seawater encroachment occurred, enrichments of
Na® and CI- were generally observed (Mondal et al.
2010), indicating that such enrichments can play an
important role as indicators of seawater intrusion. How-
ever, whereas Cl~ is suitable as a proxy of seawater
intrusion, Na™ is not. As well as seawater mixing, Na* can
also be enriched by water—rock interaction processes (sil-
icate mineral weathering processes) and anthropogenic
contamination, while CI™ is dominantly supplied from
seawater only. Therefore, C1~ has been used as proxy to
indicate seawater encroachment. Figure 7 shows the cor-
relation between Ca’™, Mg2+, Nat, KT, SO427, HCO;5 ™,
and Br~ with CI™. Most of the components besides HCO3™
(r = 0.413) showed a good positive correlation with C1~ of
over r = 0.624. Of these components, Mg2+, SO42_, and
Br, with strong correlation with CI™ of over r = 0.823,
showed the distinct mixing trends between the fresh
groundwater and seawater. The correlation coefficients of
the components were calculated using SPSS computer
software. Some of the Ca>*, Nat and HCOj;™ results were
higher than would be expected with only seawater mixing,
suggesting the action of additional supply sources of Ca*",
Na™, and HCO; ™ besides seawater mixing. These sources
are related with the water—rock interaction (Vengosh and
Rosenthal 1994; Oliva et al. 2004). Especially, the con-
centrations of HCO;™ hardly increase due to seawater
mixing, because those of HCO;™ in groundwater (mean
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Fig. 7 Relations of Ca>", Mg>", Na*, K™, SO,>~, HCO; ™, and Br™

represent mean value of seawater around Korea

value of groundwater = 173 mg/L, n = 233) were not
greatly different compared with those in seawater (mean
value of seawater around Korea = 135 mg/L).

Ionic ratios

Tonic ratios of groundwater have been used to evaluate the
influence of seawater intrusion on coastal groundwater
(Sukhija et al. 1996; Vengosh et al. 1999; El Moujabber
et al. 2006; Kouzana et al. 2009). Figure 8 shows the ionic
ratios of the fresh, brackish, and saline groundwaters. All
ionic ratios of the fresh groundwater were higher than those
of the brackish and saline groundwaters because of the
enrichment of Cl™ due to seawater encroachment. Some of

with C17. The solid lines mean linear regression line. The dotted lines

the Mg/Cl, Na/Cl, K/Cl, and SO,/Cl ratios of groundwaters
were much lower than expected by simple seawater mix-
ing. This was owing to additional processes supplying Cl~
besides seawater intrusion (Alcala and Custodio 2008).
Generally, Mg>", Na™, K™, and SO,*~ are hardly removed
from an aqueous system because chemical species,
including these components are unsaturated in aqueous
environment. However, because the amount of Cl™ sup-
plied from additional processes was much lower than
expected by simple seawater mixing, the concentrations of
CI™ released from contaminants can be ignored in the
evaluation of seawater intrusion. The mean Ca/Cl ratio of
the fresh, brackish, and saline groundwaters was 0.967,
0.147, and 0.154, respectively, and of HCO5/Cl ratio was
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Fig. 8 Relations of ionic ratios of the fresh, brackish, and saline groundwaters with the EC levels. The ionic ratios are mg/L ratio. MIRS
represents mean value of ionic ratios of seawater around Korea (solid line)

3.867, 0.587, and 0.274, respectively. Most of the Ca/Cl
and HCO3/CI ratios of groundwaters were much higher
than those of seawater (Ca/Cl = 0.021 and HCO;/
Cl = 0.007) but gradually approach those of seawater
according to increasing EC levels (seawater intrusion). The
mean of Mg/Cl, Na/Cl, K/CI, SO,/CI, and Br/Cl ratios of
the fresh groundwater were 0.312, 0.837, 0.108, 0.408, and
0.010, respectively, and were higher than those of seawa-
ter. However, the mean of Mg/Cl, Na/Cl, K/Cl, SO,/Cl, and
Br/Cl ratios of the brackish and saline groundwaters were
greatly decreased compared with those of the fresh
groundwater, and those of the saline groundwater were
similar to those of seawater. This indicated that the

@ Springer

chemical compositions of coastal groundwater can be
changed by seawater encroachment, and that seawater
mixing can supply a large amount of Mg, Na™, K™, CI™,
SO,*, and Br~ to coastal groundwater (Sukhija et al.
1996; Capaccioni et al. 2005; Mondal et al. 2008).

Cumulative frequency curves and threshold values

Quantitative evaluation of the influence of seawater intru-
sion on groundwater is very important in coastal areas of
many areas, because groundwater usually supplies drinking
or irrigation water. Therefore, many studies on the deter-
mination and evaluation of seawater intrusion in coastal
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Table 2~ Summary of.reglonal This study Previous studies
threshold values of major
dissolved components estimated Park et al. Lee and Song Lee and Song Kim et al.
using the cumulative frequency (2005) (2007a) (2007b) (2009)
curves in the coastal
groundwaters of Korea Study area E, W, and S W W and S W S
Ca** 48.9 - - 56 -
Mg>* 16.9 40 - 37 -
Na*t 46.1 70 - 250 -
K+ 2.94 - - 9 -
ClI™ 80.5 300 63 316 87
NeXen 14.5 250 - 155 -
Values are expressed in mg/L NO;~ _ 20 _ 0.3 _
E eastern, W western, and HCO;~ 119 _ 141 _ 85
S southern coastal areas _
Br 0.54 - - - -

—, Not estimated

areas have been performed. In Korea, some studies using
regional threshold values calculated from cumulative fre-
quency curves were performed to indicate seawater
encroachment and to evaluate the influence of seawater
mixing (Park et al. 2002; Park et al. 2005; Lee and Song
2007a, b; Kim et al. 2009). These studies were mainly
performed in the western coastal area, and some were
performed in the southern coastal area. The present study
included the eastern coastal area as well as the western and
southern coastal areas (Table 2).

The cumulative frequency curves for major dissolved
components can distinguish ‘anomalous’ values from
‘background’ values (Russo et al. 2001; Park et al. 2002;
Knight et al. 2005; Tutmez 2009). The threshold values in
cumulative frequency curves indicate a starting point of
chemical impact caused by the inflow of a water body
showing high concentrations of some components. Of
potential water bodies, seawater can be preferentially
considered in coastal areas. Figure 9 shows threshold val-
ues of major components estimated from the cumulative
frequency curves. The threshold values of all components
lay between the mean of the concentration of each com-
ponent in the fresh groundwater and that in the brackish
groundwater. To confirm the confidence of these values,
the present study results are compared with those of pre-
vious studies (Table 2). The present study results differed
slightly from those of Lee and Song (2007a) and Kim et al.
(2009), but widely from those of Park et al. (2005) and Lee
and Song (2007b). These results may be attributed to dif-
ferences within the study area. The eastern and southern
coastal areas were not included in their studies. The
regional threshold values of the western coastal area may
be higher than those of the eastern and southern coastal
areas, because of the influence of old seawater in the
reclaimed areas predominantly located on the west coast
(Kim et al. 2003a). Approximately 2% of the total land

surface of Korea has been reclaimed from the sea or tidal
flats in the western coastal area (Koo et al. 1998).
Threshold values of HCO5;~, Cl™, and Br™ of major com-
ponents have been frequently used to evaluate the influence
of water—rock interaction and seawater influence. Thresh-
old values of HCO5 ™, Cl ™, and Br were estimated as 119,
80.5, and 0.54 mg/L, respectively. In this study, to confirm
the possibility of threshold value of Br~ as a proxy of
seawater intrusion, the results obtained from the threshold
values of CI™ and HCO3;~ were compared with those of
Br~ and HCO;™ (Fig. 10). According to threshold values
of CI™ and HCO3™, 7.9% of the groundwaters were dom-
inantly influenced by water—rock interaction, while 24.7%
was significantly affected by seawater, and 24.7% was
influenced by both (Fig. 10a). In addition, based on the
threshold values of Br~ and HCO5 ™, 10.5, 22.0, and 19.4%
of the groundwaters were affected by water—rock interac-
tion, seawater encroachment, and both water-rock inter-
action and seawater mixing, respectively (Fig. 10b). The
values estimated by the threshold values of Br~ and
HCO;™ were higher than those of CI~ and HCO; ™, but the
difference was not significant. Using the threshold values
of CI” and Br™ to consider only seawater mixing besides
water—rock interaction, 41.4% of the groundwaters were
affected by seawater mixing (Fig. 11). The results obtained
from the threshold values of C1™ and Br~ were slightly
lower than those shown in Fig. 10.

Conclusions

The hydrochemistry of groundwaters in the eastern, western,
and southern coastal areas of Korea was examined using data
collected from KRC during 2007-2009. Many methods have
been used in attempts to examine such hydrochemistry. In
this study, the enrichments of major dissolved components,
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Fig. 9 Cumulative frequency plots for major dissolved components of the groundwaters. The threshold values are calculated from intersection

point of two linear regression lines of low and high concentration levels

ionic ratios, and threshold values were used to confirm sea-
water intrusion and to evaluate its influence. Groundwaters
were classified into fresh (56%), brackish (7%), and saline
(37%) according to their EC levels. All dissolved compo-
nents in the brackish and saline groundwaters were enriched
compared with those in the fresh groundwater, and these
trends were significant in Nat and C1™. Thus, the brackish
and saline groundwaters were classified as Ca—Cl and Na—Cl
types, while the fresh groundwater was classified as Na—
HCOj; and Ca-HCO; types.

Ca2+, Mg”, Na*t, K*, SO427, and Br~ showed good
correlations with CI™ of over r = 0.624. Of these

@ Springer

components, Mg2+, SO42_, and Br had the strongest cor-
relations with Cl1™ of over r = 0.823, which demonstrated
the mixing trend between fresh groundwater and seawater.
The Ca/Cl and HCO3/Cl ratios of the groundwaters grad-
ually decreased due to seawater encroachment but most of
the Ca/Cl and HCO5/CI ratios of the groundwaters are
higher than those of seawater. The Mg/Cl, Na/Cl, K/CI,
SO,4/Cl and Br/Cl ratios of the fresh groundwater were
higher than those of seawater. However, those of the
brackish and saline groundwaters were similar to or lower
than those of seawater. These results indicated that the
main source of Ca®" and HCO;™ were different from those
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Fig. 11 Evaluation for seawater intrusion based on the estimated
threshold values of ClI™ and Br~

of Mg”, Nat, K¥, SO427, and Br~. The former pair
dominantly resulted from water—rock interaction, while the
latter group was mainly supplied from seawater mixing
processes. Therefore, the Mg/Cl, Na/Cl, K/Cl, SO,/Cl and
Br/Cl ratios can be applied as useful indicators to evaluate
seawater intrusion.

In this study, the influence of seawater intrusion on
groundwater was quantitatively assessed using the thresh-
old values of major dissolved components. The threshold
values of HCO3™, Cl7, and Br~ were suitable as proxies to
evaluate the degree of water—rock interaction and seawater
mixing, because their sources are relatively simple

compared with those of the others. The threshold values of
HCO5;™, CI', and Br~ were 119, 80.5, and 0.54 mg/L,
respectively, indicating that approximately 41-50% of the
groundwaters were influenced by seawater mixing.

From these study results, the occurrence of seawater
intrusion was confirmed in many coastal areas. This high-
lights the potential danger of reduced groundwater
resources in many coastal areas. Any decrease of ground-
water resources would be very detrimental, due to the
growing dependence on groundwater in coastal areas.
Therefore, seawater intrusion should be continuously
monitored and these monitoring data can be helpful for

making a strategy securing sustainable groundwater
resources.
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