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Quantitative Assessment of Coastal Groundwater Vulnerability to Seawater
Intrusion using Density-dependent Groundwater Flow Model
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ABSTRACT

Extensive groundwater abstraction has been recognized as one of the major challenges in management of coastal
groundwater. The purpose of this study was to assess potential changes of groundwater distribution of northeastern Jeju
Island over 10-year duration, where brackish water have been actively developed. To quantitatively estimate the coastal
groundwater resources, numerical simulations using three-dimensional finite-difference density-dependent flow models
were performed to describe spatial distribution of the groundwater in the aquifer under various pumping and recharge
scenarios. The simulation results showed different spatial distribution of freshwater, brackish, and saline groundwater at
varying seawater concentration from 10 to 90%. Volumetric analysis was also performed using three-dimensional
concentration distribution of groundwater to calculate the volume of fresh, brackish, and saline groundwater below sea
level. Based on the volumetric analysis, a quantitative analysis of future seawater intrusion vulnerability was performed
using the volume-based vulnerability index adopted from the existing analytical approaches. The result showed that
decrease in recharge can exacerbate vulnerability of coastal groundwater resources by inducing broader saline area as well
as increasing brackish water volume of unconfined aquifers.

Key words : Seawater Intrusion (SWI), Brackish groundwater, Future Scenarios, Volumetric analysis, SWI Vulnerabil-
ity, Recharge
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Fig. 1. Location of site-study in Jeju Island, Korea.
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Fig. 2. (a) Permissioned total pumping rate and (b) Estimated monthly areal recharge at the study-site from January 2001 to October 2019
(modified from Chang et al., 2020).
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Fig. 3. Boundary conditions and well locations of the study site at eastern Jeju Island. Red represents constant head boundary conditions
describing ocean, black cells represent freshwater pumping wells and brackish water pumping wells, and circles represent monitoring

wells (modified from Chang et al., 2020).
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Table 1. Model parameters used for the SEAWAT simulation (modified from Chang et al., 2020)

Parameter Symbol Value
Horizontal hydraulic conductivity Ky 320 m/day
Vertical hydraulic conductivity Kz 6.4 m/day
Specific yield S, 0.1
Specific storage Ss 1 x10° m™
Longitudinal dispersivity oL 0.0 m
Transverse dispersivity or 0.0 m
Saltwater concentration Cs 35 kg/m’
Saltwater density Ps 1,025 kg/m®
Freshwater density or 1,000 kg/m®
Density slope E 0.714
Porosity n 0.3

Fig. 4. Flow diagram to estimate quantitative SWI metrics.
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Fig. 5. Plan view of concentration in (a) layer 4 , 40 to 50 m below sea-level and (b) the bottom layer, 80 to 95 m below sea-levelat the
initial time of the future-scenario based simulation in October 2019. Salt concentrations range from 0.0 (blue) to 35 kg/m> (red). Black
dots represent brackish pumping wells. Black lines represent 10%, 50% and 90% isochlors.
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Fig. 6. Plan view of concentration in layer 4 at the end of the future-scenario based simulation for (a) base case, (b) dry-climate, and (c)
wet-climate. Salt concentrations range from 0.0 (blue) to 35 kg/m® (red). Black dots represent brackish pumping wells. Black lines

represent 10%, 50% and 90% isochlors.
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Fig. 7. Plan view of concentration in bottom layer at the end of the future-scenario based simulation for (a) base case, (b) dry-climate, and
(c) wet-climate. Salt concentrations range from 0.0 (blue) to 35 kg/m? (red). Black lines represent 10%, 50% and 90% isochlors.
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Table 2. Simulated freshwater volume by SEAWAT for groundwater recharge scenarios

Data Input for the 10-years future scenario (m®) ~ Data Output

at the end of the 10-years future scenario (m?’)

Scenario
Title Accumulated Accumulated Freshwater volume Brackish water volume Saline water volume
recharge groundwater extraction (<10%) (10%~90%) (> 90%)
Initial time (2019) 5.03 x 107 425 x 107 3.49 x 107
of Scenarios (39.1%) (33.0%) (27.9%)
7 7 7
Base C'ase 116 x 10° 178 % 106 5.08 x 10 3.57 x 10 423 x 10
Scenario (39.5%) (27.7%) (32.8%)
. o o 5.65 x 107 3.62 x 107 3.61 x 107
Wet Scenario 1.75 x 10 1.88 x 10 43.9%) (28.1%) (28.1%)
. 3 6 3.75 x 107 3.86 x 107 5.26 x 107
Dry Scenario 0.50 x 10 1.88 x 10 (29.1%) (30.0%) (40.8%)

Table 3. Sensitivities for volume of changes compared to base-case scenario

Volumetric Change,

Change in Accumu- A( Vsrored groundwater volume)

%
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’ A(vﬁ'exhwalw' [71pu/)
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lated recharge, Freshwater Brackish Saline Freshwater Brackish Saline
AWV pestwater inpur) volume water water volume water water
(<10%) (10%~90%) (>90%) (<10%) (10%~90%) (>90%)
Wet Scenario 59 x 10° 0.57 x 10° 0.05 x 10° -0.62 x 10° 9.7% 0.8% -10.5%
Dry Scenario -6.6 x 10° -1.33 x 10° 0.29 x 10° 1.03 x 10° 20.3% -4.5% -15.7%
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Table 4. Volume-based SWI vulnerability compared to base-case
scenario

SWI Vulnerability

considering saline

and brackish water
(year)

Dry Scenario -2.02 -1.57

SWI Vulnerability
only for saline water
(year)
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