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Abstract: Seawater intrusion (SWI) is a major environmental threat to groundwater resources in
coastal regions. GALDIT is an index-based SWI vulnerability model that is increasingly being used in
many parts of the world to identify regions that are vulnerable to various types of SWI based on six
major parameters. In this study, we conducted a vulnerability assessment of Jeju Island to SWI based
on several years of collected groundwater level data and hydrogeological values where the objectives
of the study were to visualize the distribution of recent SWI, to increase the reliability of the GALDIT
assessment method by improving current GALDIT techniques, and to respond effectively to diagnoses
of SWI on Jeju. To improve the GALDIT assessment method to fit the Jeju model, the possibility of
electrical conductivity was explored instead of standard GALDIT parameters that represented the
existing impact of SWI. Improvements to the GALDIT vulnerability assessment method made it clear
that groundwater became increasingly vulnerable to SWI in the existing high-vulnerability group.
The results of this research may be used to develop a quantitative index for rational decision-making
on policies and suggest the need for further improvements in groundwater management, with a
stronger focus on easing groundwater use.

Keywords: coastal aquifer; GALDIT vulnerability test; seawater intrusion (SWI); vulnerability index

1. Introduction

Global water use is increasing because of population growth and industrial development, as
well as recent changes in land and water use patterns. In regions where surface water alone may not
meet the water demand or surface water management is not well-developed, groundwater is a stable
water resource for everyday use, agriculture, and industry. Coastal regions are usually populated
and dependent on groundwater [1]; seawater intrusion (SWI) is a representative type of groundwater
obstruction that reduces the availability of water resources from coastal aquifers. Seawater intrusion
is a natural and anthropogenic issue that occurs in many parts of the world and is also a freshwater
pollution mechanism where saltwater from the sea intrudes into the coastal aquifer. The pattern of SWI
is highly correlated with the characteristics of associated regions. In particular, SWI severely affects the
water use and management for islands and some coastal regions where groundwater is the only source
of freshwater [2—-6].

Approaches to assessment of the vulnerability of coastal aquifers include numerical simulations
with the variable density flow-transport model, the sharp interface approach, and the overlay and
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index method. Numerical simulations reproduce the dynamics of groundwater flow and salt transport
in the coastal aquifer and can incorporate site characteristics [2,7-12]. However, despite their accuracy
and usefulness, numerical simulations require a considerable amount of hydrogeologic data as input
and a difficult calibration process, therefore substantial computing power is needed for data processing
and modeling.

An alternative vulnerability assessment method uses a steady-state analytical solution based on
the sharp interface model with the Ghyben-Herzberg principle, where the mixing of freshwater and
saltwater is neglected and instead a sharp interface is assumed [13]. The sharp interface model is often
employed to assess the vulnerability of aquifers to the effects of SWI because of the relatively easy and
rapid computations. For example, Werner et al. [14] proposed a SWI vulnerability index based on the
sharp interface approach to predict the impacts of future climate change and groundwater depletion by
anthropogenic activities. Morgan and Werner [15] combined the analytical approach with qualitative
investigation to assess the vulnerability of confined aquifers in Australia.

Recently, assessments using overlay and index techniques based on spatial mapping have been
developed and improved to intuitively show the intrinsic vulnerability of aquifers. Some of the
common methods used for classification and mapping of groundwater vulnerability zones include
DRASTIC [16], GALDIT [17], SINTACS [18], and Aquifer Vulnerability Index (AVI) [19]. With the
exception of GALDIT, the methods were developed from the concept that pollutants originate from
the land surface and are transported through the vadose zone with infiltrated water. Thus, they were
mostly used for non-coastal aquifers. The index-based numerical ranking method is advantageous
because it is relatively independent of the boundary condition problem. For the inland region of South
Korea, Yang and Kim [20] performed a SWI vulnerability test that used the analysis hierarchy process
method and considered the fields of the humanities, economics, sociology, and environmental science.

GALDIT [17,21,22] is an overlay and index technique that was developed to assess the vulnerability
of coastal aquifers to SWI. The GALDIT method indexes six parameters to assess SWI vulnerability; it
weighs each index and prioritizes the indices through a decision-making process and then assesses the
possibility of SWI via numerical calculation. The parameters used are the groundwater occurrence
(G), aquifer hydraulic conductivity (A), height of the groundwater level above sea level (L), distance
inland perpendicular from the shoreline (D), impact of existing seawater intrusion in the area (I), and
thickness of the aquifer considered (T). Many studies have employed the GALDIT method to assess
the overall vulnerability of coastal aquifers to SWI in coastal regions and islands of different countries
in Europe, Asia, and Africa over very small (2 km?) and large (2835 km?) areas [4,22-27].

Lobo-Ferreira and Chachadi [21,22] used GALDIT to conduct vulnerability tests on an unconfined
aquifer covering an area of approximately 10 km? at Monte Gordo, Portugal. They mapped the spatial
distributions of the six GALDIT parameters and prepared SWI scenarios describing sea level rises
of 0.25 and 0.5 m and applied them to the parameter G to calculate the vulnerability depending on
individual scenarios. In a recent study, Kura et al. [4] performed a GALDIT assessment on Kapas
Island, a tropical island in northeastern Malaysia and concluded that the alluvial deposits west of
the island were highly vulnerable to SWI. Recinos et al. [26] carried out a GALDIT assessment on a
Mediterranean alluvial aquifer, which is a representative pilot site for various case studies on SWI
and reported that the intrinsic vulnerability shifted from moderate to high vulnerability in 15% of the
regions between 1992 and 2004.

Some studies have compared the GALDIT method to other index-based methods like DRASTIC,
SINTACS, and AVI to evaluate the model performance [3,23,24,28]. Pedreira et al. [25] applied two
overlay and index techniques to one field; they assessed nitrate pollution using the DRASTIC model,
while the SWI vulnerability was tested with the GALDIT method. The individual rankings obtained
from the two models were processed into spatial distribution maps, which showed that 45% of
the field was highly vulnerable to SWI and that nitrate pollution caused by agricultural activities
created a low-to-moderate amount of vulnerability. Kura et al. [4] also employed the DRASTIC and
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GALDIT models simultaneously to comprehensively investigate the pollution vulnerability of coastal
groundwater in the tropical islands of Malaysia.

This study is the first to use the GALDIT method to assess the vulnerability of coastal aquifers
throughout Jeju Island to SWI, which could serve as a good example for the application of GALDIT
to volcanic islands. The risk of SWI based on long-term observations was analyzed, and the effects
of local characteristics on GALDIT results were investigated using parameter data obtained through
observations and mapping with geographic information systems (GIS). To improve the assessment
method, this study used electrical conductivity instead of standard GALDIT parameters to represent the
current impact of SWI. In addition, the ranges of the groundwater parameters obtained from daily and
monthly monitoring data were modified according to the local characteristics of Jeju Island to clearly
distinguish vulnerable regions and identify falling groundwater levels, which provided strong evidence
of increasing vulnerability due to anthropogenic activities. To improve the GALDIT assessment method
to fit the Jeju model, we explored the possibility of using electric conductivity instead of the standard
parameters representing the existing impact of SWI. The results of the GALDIT assessment with
modified ranges and weights were mapped to show the SWI vulnerability of Jeju Island.

2. Materials and Methods

2.1. Site Description

Jeju Island is South Korea’s largest island, and it is located south of the mainland. Its main source
of water is groundwater. Jeju Island was formed by volcanic activity and is oval-shaped with an area
of about 1846 km?. It is located at a longitude of 33°10’-33°57" N and latitude of 126°10’'-127°00’
E (Figure 1). The island is 73.3 km long from east to west and 41.0 km wide from north to south.
Mt. Halla, at the center of the island, is 1950 m high, and the altitude decreases from the mountains
to the shoreline. Groundwater is mostly developed in the coastal regions. The unconfined aquifer
corresponds to the top layer that consists of basalt, and the confined aquifer is located below the
unconfined aquifer.
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Figure 1. (a) Location of Jeju Island, Korea and (b) schematic crosscut of Jeju Island, modified from
Koh et al. [29].

The entirety of Jeju Island is classified into four types of geologic formations based on
hydrogeological characteristics. The principal groundwater aquifers are located in the top formation,
which is called the Basaltic Formation in this study, between lava layers from different eruption periods
and layers of clinker. The Seogwipo Formation (average thickness of 100 m) and sedimentary layers,
such as tuff, generally yield very little groundwater and are classified as aquicludes or low permeable
layers. The U-Formation occurred with an average thickness of 150 m, and the oldest formation is the
relatively Impermeable Basement. We considered the top formation as the unconfined layer that is the
object site of this study. The unconfined aquifers are all in the coastal setting. You can see the outline of
the formations from the cross-section of Jeju Island shown in Figure 1b.

With the recent population increase and changes in industrial activities, groundwater use is
increasing throughout the island. SWI is occurring in various patterns throughout Jeju Island due to
the hydrogeological heterogeneity and different anthropogenic activities depending on the region. Fish
farms have been installed along the shoreline, and groundwater wells have been developed near the
shoreline that take in a significant volume of brackish groundwater. This not only threatens the present
agricultural activities but also limits the municipal use of coastal groundwater and local development
of the island.

To ensure the sustainable management of water resources, the government has established a
seawater intrusion monitoring network (SIMN) on the shoreline of the island and collected basic
data about the groundwater level and quality. This has enabled integrated research to support the
appropriate management and planning of water resources. El-Kadi et al. [30] mapped the water level
and salinity distributions of the island through simulations with MODFLOW [31] and SEAWAT [32],
and their results predicted an increase in SWI due to climate change and drought. SWI vulnerability
tests using overlay and index techniques have never been performed for Jeju Island. Jung et al. [33]
analyzed the water quality of the springs distributed from the peak of Mt. Halla to the coastal regions
and found that the overall dissolved ion concentration in freshwater free from the effect of SWI was
relatively low and that the HCO®~ concentration was 13-75 mg/L.

Jeju Island has no perennial streams; all water use, including drinking water, depends on
groundwater. It has a high level of rainfall and receives the most precipitation in Korea. Jeju Island
shows very large differences in precipitation according to the region and altitude with the southern and
eastern parts receiving greater precipitation than the northern and western parts and the precipitation
increasing with altitude. The island’s annual rainfall is 2061 mm (1991-2011); the monthly rainfall is
highest in August (at least 200 mm) and lowest in December. Seasonal differences in precipitation and
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water use can lead to falling groundwater levels and SWI into coastal aquifers at times of drought
with below-average rainfall and heavy groundwater intake. In some areas with a high groundwater
intake, the groundwater level is continuously falling, and the chloride ion level is exceeding the
permissible drinking water quality [34]. During heat waves and droughts (e.g., 2013 and 2017), water
supplies were interrupted in some areas of Jeju Island due to low groundwater levels. As of 2017,
Jeju Island’s permitted water intake has been estimated to have reached 89% of the total sustainable
availability. In areas with concerns over excessive groundwater use and falling groundwater levels,
monitoring systems are being installed on an ongoing basis, and long-term monitoring of sudden drops
in groundwater level, exhaustion of groundwater sources, and the influx of pollutants are taking place.

2.2. Methods

2.2.1. Calculation of GALDIT Indices and Criteria for Decision-Making

The GALIT model is a numerical ranking method based on overlay and index techniques.
The GALDIT model considers six hydrogeological parameters with regard to significant SWI, and
the name GALDIT is a combination of letters from the six parameters [21,22]. Among the GALDIT
parameters, the aquifer type, aquifer hydraulic conductivity, distance inland perpendicular from the
shoreline, and thickness of the aquifer are assumed to be static, while the height of the groundwater
level above sea level and salinity are assumed to be time-dependent parameters reflecting the stress on
an aquifer [26].

The GALDIT parameters are given three attribute values: weight, range, and importance.
The parameter with the largest impact on SWI is given a weight of 4, and lesser parameters are given
a smaller weight. The range of parameter variables is divided into four ratings specific to the area
under investigation based on available hydrogeologic and morphologic data. An importance rating
of 2.5,5,7.5, or 10 is given to the range of each rating, and a higher importance rating indicates a
larger effect on SWI. The predetermined weight and rating values are substituted into the GALDIT
equation (Equation (1)), which determines the GALDIT index by multiplying the weights with the
rating parameters assigned to each data point:

216:1 (Wi X Ri)

Z16:1 Wi

GALDIT Index = (€))

where W and R are the weight of the indicator parameter and importance rating of the ith indicator
parameter, respectively.

The GALDIT index calculated with the additive model in Equation (1) has a range with a
maximum of 10 and minimum of 2.5. If the GALDIT index is less than 5, the vulnerability is classified
as low. A value between 5 and 7 indicates moderate vulnerability, and a value equal to or higher
than 7.5 indicates high vulnerability. The calculated GALDIT index can be used to identify regions
that may be more vulnerable to SWI, and a region with higher vulnerability has greater potential
for SWI [3,20-22,26]. A map visualizing the spatial distribution of the GALDIT results can help
decision-makers take appropriate action to promote the sustainability of coastal groundwater resources.
As an overview, Figure 2 shows a flowchart for the process of the GALDIT estimation method.
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Figure 2. General flowchart for GALDIT method of seawater vulnerability assessment. GIS—geographic
information systems; SWI—seawater intrusion.

2.2.2. GALDIT Indexing of Parameters for Jeju Island

Table 1 presents the general assessment guidelines for the GALDIT parameters and a detailed
explanation for each index. Each parameter value range is subdivided into four groups according
to the specified characteristics of the site, and the relative significance of the variable is determined
during the vulnerability assessment. This table provides the weight, variable range, and importance
rating of the individual parameters.

Table 1. Assessment guidelines for GALDIT parameters.

Standard GALDIT Factor Modified Factor Variables

Factor/Parameter Weight Importance Rating

Variables Range Range
Confined aquifer Confined aquifer 10
Unconfined aquifer Unconfined aquifer 7.5
Groundwater occurrence (G) 1 Leaky confined aquifer Leaky confined aquifer 5
Bounded aquifer Bounded aquifer 2.5
>40 >40 10
Aquifer hydraulic 3 1040 1040 7.5
conductivity (A) [m/day] 5-10 5-10 5
<5 <5 2.5
<1.0 <0 10
Height of groundwater level 4 1.0-1.5 0-1.0 7.5
above sea level (L) [m] 1.5-2.0 1.0-2.0 5
>2.0 >2.0 2.5
<500 <500 10
Distance from the shore (D) 4 500-750 500-750 7.5
[m] 750-1000 750-1000 5
>1000 >1000 2.5
>2 3000 EC (uS/m) 10
L t of existing status of (Ratio of (CI7/HCO3))
mpetfebling satwof
1-15 1000-2000 5
<1 <1000 2.5
>10 >10 10
Saturated aquifer thickness 5 7.5-10 7.5-10 7.5
(T) [m] 5-7.5 5-7.5 5
<5 <5 2.5
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Groundwater occurrence (G): The groundwater occurrence or aquifer type has a considerable
effect on the degree of SWI [35]. A confined aquifer is given the highest weight among the aquifer
types. As this study was on the unconfined aquifers of Jeju, all areas were assigned an importance
rating of 7.5.

Aquifer hydraulic conductivity (A): The magnitude of the intrusion into an aquifer is affected by
the hydraulic conductivity of the aquifer. At a higher aquifer hydraulic conductivity, the saltwater front
penetrates further inland. Chang et al. [2] performed a SWI sensitivity test by using a cross-sectional
simplified model and showed that the saltwater wedge is placed more deeply in an aquifer with higher
hydraulic conductivity. Regions with hydraulic conductivity greater than 40 m/day were given the
highest vulnerability rating, while regions with hydraulic conductivity of less than 5 m/day were given
the lowest vulnerability rating (Table 1).

Height of the groundwater level above sea level (L): An aquifer with freshwater high above sea
level has a low possibility of SWI; because the parameter is dynamic, the long-term temporal variation
in the groundwater level should be considered. Previous studies have shown that a region with a
groundwater level greater than 2 m should be given the lowest vulnerability rating, while a region
with a groundwater level less than 1 m should be given the highest vulnerability rating. In this study,
the range was modified; a region with a groundwater level greater than 2 m was given the lowest
vulnerability rating, while a region with a groundwater level less than 0 m was given the highest
vulnerability rating (Table 1).

Distance inland perpendicular from the shoreline (D): The effect of SWI generally decreases away
from the shoreline. Lobo-Ferreira and Chachadi [21] determined that the distance inland perpendicular
from the shoreline and height of the groundwater level above sea level are the parameters with the
greatest effect on the SWI potential and gave them a maximum weight of 4. In this study, a region
more than 1000 m from the shoreline was given a rating of 2.5 (i.e., lowest vulnerability rating), while
a region with a distance less than 500 m was given a rating of 10.0 (i.e., highest vulnerability rating)
(Table 1).

Impact of existing seawater intrusion in the area (I): This parameter considers the existing
occurrence of SWI. The molar ratio of chloride ions to bicarbonate ions (C17/[HCO + CO3]) is
used as a measure of the degree of seawater intrusion into a coastal aquifer in standard GALDIT
studies [4,20,21,26]. In this study, instead of the molar ratio or CI~ concentration, electrical conductivity
(EC) was adopted as a GALDIT index parameter because EC data is currently being collected by a
groundwater monitoring network in Jeju. The EC of water, which is controlled by the concentration
of dissolved ions, shows how well the groundwater conducts electricity. Sherif et al. [36] showed an
empirical relationship between the observed chloride ion concentration data and EC data of collected
water samples to delineate SWI in Wadi Ham, UAE.

In this study, EC data were used to evaluate the salinity of the monitoring wells providing the
time-series EC data. In inland South Korea, the seawater intrusion monitoring well network (SIMN)
provides chemical analysis data including the molar ratio by taking water quality samples periodically.
To verify the appropriateness, the molar ratio, C1~ concentration, and EC data acquired in a domestic
SWI study [36] from the SIMN were correlated and are plotted in Figure 3. If the molar ratio is 1 or
smaller, the water is considered freshwater in the GALDIT method. In the regions affected by SWI,
the EC value increased with the molar ratio, and the CI~ concentration showed an approximately
linear correlation with the EC when the C1™ concentration is less than approximately 500 mg/L, which
is the range threshold suggested by Recinos et al. [26]. The EC range of freshwater provided by the
Ministry of Agriculture, Food and Rural Affairs and Korea Rural Community Corporation was less
than 1000 uS/cm [37], which is consistent with the results shown in Figure 3. Considering the effect on
the crops, water with an EC range of 0-20,000 uS/cm was considered to be water that can be used for
all agricultural products in South Korea. In the present study, the GALDIT index was set to 2.5 for
EC values below 1000 uS/cm, 5 for values between 1000 and 2000, 7.5 for values between 2000 and
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4000, and 10 for values over 3000. As far as we know, this is the first attempt to obtain the correlations
between molar values of chloride and bicarbonates ions versus EC data in a GALDIT assessment.
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Figure 3. Comparison between (a) ratio of Cl~/HCO3 to electrical conductivity (EC) and (b) chloride

ion (CI7) to electrical conductivity for the seawater of Korea, provided by the Ministry of Agriculture,

Food and Rural Affairs and Korea Rural Community Corporation [37].

Thickness of the aquifer (T): This parameter represents the thickness of a saturated aquifer.
A thicker aquifer is affected by SWI more than a thinner aquifer. In this study, the thickness of the
aquifer was defined as the distance from the groundwater level to the bottom of the basalt aquifer (or
top elevation of the Seogwipo Formation). A region with an aquifer thickness greater than 10 m was
given the highest vulnerability rating, while a region with a thickness less than 5 m was given the
lowest vulnerability rating (Table 1).
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3. Results

Figure 4 shows the spatial distributions of the GALDIT parameters representing the SWI in 2015:
(a) hydraulic conductivity, (b) aquifer depth, (c) height of the groundwater level above sea level, and (d)
EC values. Figure 4a shows that the spatial distribution of the hydraulic conductivity ranged between
0.1 and 380 m/day, which corresponds to importance ratings of 2.5-10 for parameter (A). At the center
of the island, the hydraulic conductivity tended to decrease with increasing altitude. Figure 4b shows
a map of the aquifer depth distribution up to 330 m, which corresponds to importance ratings of 2.5-10
for parameter (T). Approximately 95% of the area has an aquifer depth greater than 10 m. Figure 4c
shows that the spatial distribution of the annual average groundwater level (L) above sea level ranged
between -2 and 360 m, which corresponded to importance ratings of 2.5-10. Approximately 18% of
the area had a groundwater level less than 1 m, and 4% of the area had a groundwater level below the
mean sea level. The northern and southern areas had high groundwater levels and rapidly formed
hydraulic slopes near the coast because of topographic influences. Figure 4d shows that the spatial
distribution of the annual average EC ranged between 37 and 44,500 uS/cm, which corresponded to
importance ratings of 2.5-10 for parameter (I). Approximately 84% of the area had a salinity level of
less than 1000 uS/cm, which implies a relatively safe level for agriculture. Only around 6% of the
monitoring wells had EC values between 1000 and 4000 pS/cm, which may be because this range of
EC corresponds to a very narrow realm of the mixing zone constituting the boundary between the
groundwater and seawater. Consequently, most areas in Jeju were assigned an importance rating of
either 2.5 or 10 and showed a very clear distinction in the existing SWL

(a) (b)

HIGH: 331

() (d)

— « yR—

Figure 4. Spatial mapping of GALDIT parameters for (a) hydraulic conductivity, (b) aquifer depth,
(c) groundwater level above sea, and (d) electric conductivity.

Figure 5 shows a histogram comparing the GALDIT results from 121 locations collected during
October 2015 with those collected during October 2010. The GALDIT values from the 121 locations
ranged between 4.0 and 10.0. Some locations were assigned the lowest index value of 2.5 because
the bottom elevations of these unconfined layers were located at a higher altitude than sea level,
so the risk of SWI was completely eliminated. Wells assigned a value of 2.5 were generally on the
central slopes of Mt. Halla or in the southern part of the island. When GALDIT values from 2010 and
2015 were compared, no change in vulnerability in areas with values of 2.5-5.3 was observed over
the five-year period. Areas with a value of 5.3 appeared most frequently; this value was yielded in
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cases where the hydraulic conductivity was at least 40 m/day, the aquifer depth was at least 10 m, the
water level was at least 2 m, the distance from the shoreline was at least 1000 m, and the EC value
was up to 1000 puS/cm. Data from 2010 and 2015 shows that approximately 43.8% of areas could be
classified as low vulnerability, 47.9% could be classified as moderate vulnerability, and 8.2% could be
classified as high vulnerability. At five locations between 2010 and 2015, the GALDIT value rose to
an average of approximately 0.7 between 2010 and 2015, without any change in vulnerability status.
At three locations, the GALDIT values fell to an average of approximately 0.56 without any change
in vulnerability status. The Mureung area was in the high vulnerability group and yielded a higher
vulnerability in 2015 than in 2010; this is discussed in detail later.
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Figure 5. Histogram of GALDIT index distribution for the years 2010 and 2015.
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Figure 6a is a spatial map of the modified GALDIT indices calculated using input data from
observations at 121 monitoring wells in 2010. Figure 6b is a similar map created using input data
from observations at 130 wells in 2015. The Jeju provincial government is continually installing new
monitoring wells in order to reinforce its groundwater monitoring network. The maps of the GALDIT
assessment results show the spatial distribution of the vulnerability to SWI. Both maps clearly reveal
the characteristics of SWI vulnerability on Jeju Island. They show high vulnerability across a wide area
of the eastern part of the island; the high vulnerability in the western part of the island was limited to a
smaller area. The western areas with high vulnerability in 2015 were narrower than in 2010 because
of the increased data, which enabled more precise interpolation with the newly installed monitoring
wells. Areas that were forcibly assigned a value of 2.5 because their base was located above sea level
were excluded, and the distribution of GALDIT values was calculated based on groundwater level
observations and EC data from Jeju Island’s monitoring network. Together with hydrogeological data,
the distribution maps showed a minimum index value of 3.8. Most areas classified as low vulnerability
(3.8-5) were located in the central mountainside areas. Index values of 7.5 and above were generally
concentrated in the western and eastern parts of the island. Locations with a high vulnerability were
distributed across a wide area in eastern Jeju Island. Overall, high vulnerability was observed in
Jeju Island’s eastern catchment area and on the coast, where the altitude is low, and the hydraulic
conductivity is high. Mountainous areas showed low vulnerability because of the high altitude and low
hydraulic conductivity. The distribution of EC data, which indicated whether SWI actually occurred,
showed that high EC was not detected in most areas of western Jeju Island. However, GALDIT
analysis indicated high vulnerability along the southwestern coast of the island. This was because
the groundwater level dropped below sea level; these areas showed excessive use of groundwater for
agriculture. During periods in which crop cultivation coincided with drought, salinity was detected at
some groundwater wells while water was being drawn, which frequently resulted in crop damage.
Outside such periods, however, the EC values were generally not particularly high. The detection of
salinity when water is drawn can be seen as the result of temporary upconing. Upconing is a different
form of SWI from lateral intrusion of SWI that is rather slow or static intrusion and is calculated with
the Ghyben-Herzberg relationship. The local government is attempting to introduce measures in
response to the detection of salinity in these areas by upconing. Here, more than anywhere else, the
vulnerability of coastal groundwater due to anthropogenic activity is becoming a problem. Although
the GALDIT results in this study do not show that existing SWI is having a strong impact, they do
show intrinsic SWI vulnerability where intrusion is possible.

The difference in groundwater vulnerability between 2010 and 2015 was not substantial, and
differences appeared only in some specific southwestern areas of the island. The arrow on the map
in the southwestern part of Jeju Island indicates an area where the increase in vulnerability was
particularly notable. In the following section, we offer an analysis of the GALDIT outcomes for this
high-vulnerability location, which was undergoing long-term changes according to the temporal
monitoring data.

Figure 7 shows data gathered from the Mureung area in southwestern Jeju Island on a daily
basis. Concerns about SWI emerged relatively early in this area, which prompted the installation of a
monitoring well. Figure 7a shows the precipitation trends in the Mureung area and indicates very low
rainfall levels due to a drought in 2013, and Figure 7b shows groundwater monitoring data in Mureung.
The groundwater level varied in response to the precipitation. In the long term, the groundwater
level has fallen continuously since monitoring began in November 2004 and fell below the mean sea
level around 2012. Since then, it has only risen to positive values intermittently during wet seasons
with high rainfall. The groundwater level has continued falling since 2013 despite abundant rainfall
during this time. Figure 7c shows EC monitoring data that represents the seasonal stress, shown by
higher peaks. In order to reflect changes in precipitation and the resulting seasonal stress, we graphed
the results of the GALDIT assessment (Figure 7d). The GALDIT assessment showed that the major
reason for shifts to higher values was the long-term decline in the groundwater level, while the EC
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trends were rather site-specific. Since the GALDIT assessment method in this study changed the
highest rating of groundwater level criteria from less than 1 m to less than 0 m, the long-term trend of
GALDIT clearly indicates an increase in aquifer vulnerability. Even though this is actually an area with
a long-term increase in vulnerability, it has sometimes risen to positive values intermittently during
wet seasons with high rainfall. It should be also noted that small changes in groundwater level brought
the average groundwater level across the range thresholds (0 m, 1 m, and 2 m). This outcome shows
that the GALDIT method is by nature liable to misinterpretation because the ranges used in assigning
importance ratings are not continuous but change discretely.

(a)

GALDIT INDEX

- HIGH : 10

. bl ow: 25
Mureung ‘ 0 5 10km . o8BS

(b)

GALDIT INDEX

. HIGH: 10

e

Mureung . 0 5 10km . 0BS

Figure 6. Modified GALDIT map considering anthropogenic activities for the years (a) 2010 and
(b) 2015.
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Figure 7. Temporal daily variation of GALDIT in the Mureung area for (a) precipitation, (b) groundwater
level, (c) electrical conductivity, and (d) GALDIT index.

4. Discussion

Jeju is a relatively large volcanic island that has hydrogeological heterogeneity. A vulnerability
assessment of the whole area, which compares different areas of the island, is needed by the government
and society to support coastal water resource management. Seawater intrusion (SWI) is a concern
for the coastal groundwater management of Jeju Island. Droughts occurred in Jeju Island in 2009,
2011-2013, and in the summer and fall of 2017. The lowest groundwater levels since records began
occurred in December 2017 because the cumulative rainfall from January to November 2017 was only
77% of the annual average; only 52% of the previous year’s rainfall occurred on the upper slopes of Mt.
Halla, which is the island’s main groundwater recharge area.

In the southwestern part of Jeju Island, excessive salinity was detected in several agricultural
groundwater sources, which led to their temporary shutdown. Demand has been growing to investigate
the current status of SWI and prepare appropriate countermeasures so that a general policy regarding
the water resources of Jeju Island can be formulated. The GALDIT model with GIS mapping techniques
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was used to identify regions vulnerable to various types of seawater intrusion. This study improved
the method to fit the Jeju Island model by exploring the possibility of electrical conductivity instead of
GALDIT standard parameters. As per our knowledge, this is the first GALDIT study to use electrical
conductivity data collected from monitoring wells in Korea and the conversion between three different
parameters representing the impact of SWI could be widely used for other vulnerability studies,
including numerical model simulations, as well as index-based approaches. In addition, the ranges of
the groundwater parameters obtained from daily and monthly monitoring data were modified since
groundwater levels falling below sea level were considered strong evidence of increasing vulnerability
to anthropogenic activities.

Overall, the GALDIT assessment of Jeju Island showed sustainable groundwater management
with mid- to long-term vulnerability in most areas. However, the southwestern areas clearly
indicated that a long-term decrease in the groundwater level was increasing the vulnerability to
SWI. Another concerning area in southwestern Jeju, Gosan, also recently showed a continuous decrease
in groundwater level and seasonal SWI since 2017. Thus, new areas vulnerable to seawater intrusion
could appear.

This study has the following implications. First, a large high-altitude area at the center of the island
with a steep slope to the coast was classified as having almost no risk of seawater intrusion. In the
visualization of the vulnerability assessment results, areas where the vulnerability assessment could
not be done properly were cropped from the map, and default values were provided instead. As a
result, the spatial distribution of the GALDIT values could be observed on a complete island-shaped
map. The method used in this study can provide a reference for many volcanic islands where the
elevation of the terrain and groundwater level are high enough that there is no need for a vulnerability
assessment and there are few monitoring wells. As shown in this study, the GALDIT method should
be modified in line with the topographic features of the area, and a relevant guide should be prepared
for follow-up studies. Second, the GALDIT method was applied to examine not only the spatial
distribution of the study site but also the temporal variations of specific sites. The GALDIT method
will become a more useful assessment tool if the visualization and data provision are improved.

The application of the SWI vulnerability method based on numerical ranking will be extended
because the analytical method is familiar, the method is not limited by the scale or scope of the study,
and the method is free from the difficulties involved with boundary conditions. The rapidly growing
number of monitoring wells on Jeju Island mean that the accumulated data will gradually contribute
to the future improvement of the GALDIT method to describe the regional characteristics. During this
process, we should also try to improve the application of the GALDIT method to correspond with the
characteristics of Jeju Island. First, the Jeju Island government has gradually installed new multi-depth
monitoring systems or has performed multi-depth monitoring at some existing monitoring wells since
2015. Currently, the GALDIT method does not consider the monitoring depth of the acquired EC (or
chloride or molar ratio) data. Therefore, methods of using data collected from multi-depth monitoring
wells should be discussed in order to apply time-series data after 2015 to the GALDIT method. Second,
the hydraulic conductivity of a monitoring site used in this study cannot fully represent a large area
because of the high geological heterogeneity of Jeju Island. The amount of hydraulic conductivity
data collected and analyzed throughout Jeju Island in previous studies on the geological structure and
hydraulic conductivity far exceeds the number of monitoring wells. If the amount of acquired data
differs for each parameter, more reliable GALDIT assessment results will be obtained by introducing a
usage method for parameters with a vast amount of data.

Finally, as Gogu and Dassargues [38] suggested, new research on vulnerability assessments should
be conducted that develop dynamic links between numerical models and overlay and index methods.
Although almost 20 years have passed since Gogu and Dassargues [38] study, there have been no clear
outcomes in terms of linking numerical and overlay and index approaches. The previous study by
El-Kadi et al. [30] was the first numerical study for the whole of Jeju Island to assess the sustainability
of the water resources that compared the overall groundwater levels based on simulated and observed
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data. These models showed a good match when the groundwater level was higher than 2 m, which was
far from the coastal regions. However, discrepancies occurred between observed and simulated results
when the groundwater level was less than 2 m. In Jeju Island, most seawater intrusion occurs where
groundwater levels are less than 2 m, which comprises a large proportion of the area. Moreover, in the
GALDIT model, 2 m is an important level for determining the risk of seawater intrusion. Unfortunately,
El-Kadi [30] only modeled the saline distribution for the eastern Jeju watershed and Jung et al. [33]
only considered low levels of ion concentration for springs in coastal areas. Therefore, this study is the
only one to consider the saline distribution for the entire island.
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