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Abstract  Small island countries like Vanuatu are 
facing the brunt of climate change, sea level rise 
(SLR), tropical cyclones, and limited or declining 
access to freshwater. The Tagabe coastal aquifer in 
Port Vila (the capital of Vanuatu) shows the pres-
ence of salinity, indicating saltwater intrusion (SWI). 
This study aims to develop and evaluate effective 
SWI management strategies for Tagabe coastal aqui-
fer. To manage SWI, the numerical simulation model 
for the study area was developed using the SEAWAT 
code. The flow model was developed using MOD-
FLOW and the transport model was developed using 
MT3DMS. Whereby SEAWAT solved flow and 
transport equations simultaneously. The model was 

calibrated, and different scenarios were evaluated for 
the management of SWI. The SLR was also consid-
ered in the model simulations. The results indicated 
that increased population, pumping rates, and SLR 
affect the SWI rates. To manage the SWI, we intro-
duced hydraulic barriers like barrier wells and injec-
tion wells which effectively managed SWI in Tagabe 
coastal aquifer. The results from this study are signifi-
cantly important whereby, the water managers, site 
owners, and governing bodies can use the manage-
ment strategies presented in this study to create poli-
cies and regulations for managing SWI rates in Port 
Vila. Additionally, the water industry, private busi-
nesses, and investors who wish to extract groundwa-
ter from the Tagabe can use this study as a reference 
for daily or yearly freshwater production rates without 
the risk of SWI.

Keywords  Groundwater modelling · Saltwater 
intrusion · SEAWAT​ · Coastal aquifer · Hydraulic 
barriers

Introduction

Water resources are fundamental for the sustainability 
and survival of all living beings on Earth and beyond. 
This precious commodity is declining; only 3% of 
all water is freshwater, and out of this 3%, 31.4% is 
usable, whereas 68.6% are ice caps and glaciers. 
Moreover, groundwater reserves are approximately 
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30.1%, whereas surface water sources are 1.3% (Shi-
klomanov, 1993). The percentage of water resources 
remaining on our planet is shown in Fig.  1. From 
the graph, it can be shown that the majority of the 
freshwater available is groundwater. However, these 
groundwater resources are also constantly threatened 
by natural and anthropogenic means (Khatri & Tyagi, 
2015; Li et  al., 2021; Sharan et  al., 2023a, b; Ven-
gadesan & Lakshmanan, 2019).

Groundwater is the primary water source for 
the Pacific Island countries (PICs) (Sharan et  al., 
2021). Almost all PICs use groundwater for their 
daily needs, which puts groundwater under threat. 
The major environmental threat of coastal aquifers 
in PICs is saltwater intrusion (SWI) (Kotra et  al., 
2022). SWI occurs when the seawater moves towards 
the landward side, changing the freshwater-saltwater 

pressure gradients. The SWI is an environmental 
threat in PICs and all around the globe in coastal 
regions (ACASA, 2011). The management of SWI 
is crucial, especially in small island countries which 
are predominantly surrounded by ocean. The SWI 
management in PICs is minimal due to the unavail-
ability of expertise, proper groundwater data man-
agement, and unavailability of specialised moni-
toring devices (Sharan et  al., 2021). Very few PICs 
thoroughly monitor and collect accurate groundwa-
ter data, for instance, Kiribati (1.84° N, 157.38° W) 
(Lal & Datta, 2019c). The coastal aquifers in Kiribati 
have been extensively studied with some numerical 
and AI-based modelling techniques that provide opti-
mal SWI management strategies (e.g. Lal & Datta, 
2019a, b). Other limited studies conducted in PICs 
include Nauru (0.52° S, 166.93° E) (Alberti et  al., 
2017) and Tonga (21.18° S, 175.19° W) (Sharan 
et al., 2023a, b; White et al., 2011).

The use of numerical-based modelling tech-
niques is complex and computationally expensive. 
However, they are mainly the first source of SWI 
management tools in groundwater. Later comes 
the AI-based modelling techniques, utilising the 
results from numerical models. Moreover, without 
the input–output patterns from a numerical model, 
one cannot develop accurate AI-based models. 
Therefore, numerical models are crucial for devel-
oping curative solutions to reduce SWI (Hamidi 
et  al., 2021). Numerical modelling has been exten-
sively applied to manage SWI around the globe (e.g. 
Andersen et al., 1988; Bobba, 2002; Dhar & Datta, 
2009; Giambastiani et  al., 2007; Lee et  al., 2023; 
Stein et  al., 2023). All these studies used numeri-
cal modelling techniques to provide optimal SWI 
management strategies for coastal aquifers. Numeri-
cal models are mainly developed using the finite 
element method (FEM) or finite difference method 
(FDM). However, the models developed using the 
latter methods use grids which makes it easier for 
optimum SWI management scenario testing (Sharan 
et al., 2023a, b; Werner et al., 2013). Different codes 
can be used in FDM for modelling groundwater flow 
and transport, for example, MODFLOW, MT3DMS, 
PHT3D, and SEAWAT.

SEAWAT numerical codes have been relatively 
applied in managing the SWI in coastal aquifers 
around the globe. Lin et  al. (2009) used the SEA-
WAT code to develop a numerical simulation model Fig. 1   Earth’s water resources. Source (Shiklomanov, 1993)
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to investigate the amount of SWI in the Gulf Coast 
aquifers of Alabama (32.31° N, 86.90° W), USA. 
The authors calibrated and validated their model 
using the hydraulic head values. The calibrated 
model was used to predict the future SWI in Ala-
bama. The authors reported that the extent of SWI 
has increased during a 40-year simulation period. 
The authors also stated that due to population 
growth and more water demands, the SWI would be 
more severe in the future. Romanazzi et  al. (2015) 
developed a numerical simulation model for manag-
ing a Mediterranean karstic coastal aquifer affected 
by SWI and climate change. The authors used the 
SEAWAT code to develop their model and used 
the hydraulic head and the salinity data to calibrate 
and validate the model. The calibrated model was 
simulated to predict three future scenarios: climate 
change, different types of discharge, and SLR. The 
authors reported that all the scenarios tested showed 
non-negligible effects on coastal groundwater. The 
authors also suggested that to manage SWI, the cur-
rent water technologies must be modified, water 
to be recycled, and aquifers must be artificially 
recharged.

Casillas-Trasvina et  al. (2019) applied the SEA-
WAT code to develop a numerical simulation model 
to assess multi-source SWI under natural and pump-
ing conditions in the Great Maputo aquifer (25. 97° 
S, 32.57° E), Mozambique. The authors used hydrau-
lic heads, discharges, and salt concentrations to cali-
brate and validate the model. The calibrated model 
was used to test different scenarios, including the 
impacts of SLR and projected abstraction rates. The 
results indicated that SWI is higher for the scenarios 
tested. The authors also reported that management 
strategies must be drawn, and using a more signifi-
cant number of scattered production wells that can be 
operated with lower pumping rates will prevent the 
saltwater upconing. Abd-Elhamid et  al. (2020) pro-
vided the SWI management strategies for Biscayne 
aquifer in Florida, USA, using numerical modelling. 
The authors suggested that extending the coastline 
towards the sea using coastal earth-fill would increase 
the land surface area and reduce SWI rates. However, 
this technique of managing SWI could damage the 
existing coastal ecosystems and marine organisms. 
Also, this land reclamation technique could be very 
costly and could have low hydraulic conductivity for 
reclaimed soil.

Dibaj et  al. (2020) developed a numerical model 
using SEAWAT to simulate the SWI in the Ping-
tung coastal aquifer (22.70° N, 120.44° E) in Taiwan 
under the influence of SLR and changing abstrac-
tion regimes. The model was calibrated and validated 
using the observed head values. The authors used the 
calibrated model to predict the future SWI into the 
aquifer. Three management scenarios were examined, 
including the SLR, pumping rates, and relocation of 
production wells. The authors reported that all three 
scenarios affect the extent of SWI in their study area. 
Moreover, all the layers of the aquifer were affected 
by SWI. However, the middle layer was least affected 
by SWI when compared with the top and bottom 
layers.

Said and Yurtal (2022) used the SEAWAT code to 
develop a numerical simulation model to predict the 
SWI in the coastal aquifer of Bosaso Plain (11. 28° 
N, 49.19° E), Somalia. The authors calibrated and 
validated the model using the hydraulic head and total 
dissolved solid concentrations. The calibrated model 
was used to predict SWI by changing pumping pat-
terns. The authors reported that SWI mainly affects 
the coastline, and increasing the pumping will cause 
SWIs to reach 6.2  km inland by 2040. Moreover, 
the authors also reported that reducing the pumping 
rates by 50% will reduce SWI significantly. Abd-
Elaty & Polemio (2023) used the SEAWAT numeri-
cal code to provide SWI management strategies for 
the Gaza Strip (32.35° N, 34.31° E) aquifer in Pal-
estine. The authors used the SLR and the reduction 
in fresh groundwater storage to show SWI impacts. 
The authors found that SWI was more severe if the 
SLRs and pumping increased. They suggested that 
using cutoff wells and check dams effectively man-
aged SWI.

The majority of the studies mentioned earlier 
have used different scenarios in testing and mitigat-
ing the SWI. However, we will be using a different 
approach. The use of a numerical simulation model 
to manage SWI in PICs is minimal, which forms the 
central focus area of this research. The present study 
tends to develop first-ever SWI management tech-
niques using 3D numerical simulation models for 
Vanuatu (15.38° S, 166.96° E) in the South Pacific 
region. To the best of our knowledge, no study has 
been conducted in Vanuatu that safeguards ground-
water or provides SWI management strategies. In this 
study, the increase in population and pumping rates 
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will be raised in transient mode gradually. The stand-
ing water levels or the hydraulic head values are also 
raised gradually to factor in the SLR with time. The 
combination of barrier well and injection well will 
also be modelled in this study.

The knowledge gained from this study is novel 
and of foremost importance for Vanuatu and all other 
surrounding island nations in the Pacific region, as it 
will provide optimal SWI management strategies by 
considering uncertainties, including climate change. 
Moreover, as mentioned above, the scenarios evalu-
ated are the first for an island nation in the Pacific 
region, making this study necessary for the smaller 
island nations. The results are beneficial for draw-
ing up robust SWI management strategies in Vanu-
atu. These strategies will help protect groundwa-
ter resources for future use and reduce saline water 
contaminations. In addition, this study also validates 
strategies that could be used to increase the abstrac-
tion rates and simultaneously restrict SWI into the 
coastal aquifers of Vanuatu. Finally, this study pro-
vides new knowledge to stakeholders and/or bore 
drilling companies who want to harvest groundwater 
in Vanuatu, as it gives them the benchmark of fresh 
groundwater’s daily or yearly production rates.

Materials and methods

Study area

Country profile and geology

Vanuatu is located on the eastern side of Australia 
and comprises eighty-three islands, some volcanic 
and mountainous, while others are coral atolls. The 
country has little over 300,000 people, and its capital 
is Port Vila. Vanuatu is known for its stunning natu-
ral beauty, with lush rainforests, pristine beaches, and 
clear waters. The country is a popular destination for 
tourists who enjoy snorkelling, scuba diving, and hik-
ing in the mountains. According to a report by the 
World Travel and Tourism Council (WTTC), tour-
ism significantly contributes to Vanuatu’s economy, 
amounting to 35.5% of its GDP in 2019 (WTTC, 
2021). In addition to tourism, Vanuatu’s economy is 
also supported by agriculture, fishing, and forestry. 
The country is known for producing tropical fruits, 

such as coconuts, bananas, and pineapples, as well as 
coffee and cocoa beans.

Vanuatu is a culturally diverse nation, with over 
one hundred indigenous languages spoken across 
its islands. The country has a rich cultural heritage, 
with traditional practices such as custom dancing and 
sand drawing still practised today. Vanuatu’s culture 
and traditions have been recognised by UNESCO, 
which has designated several sites in the country 
as World Heritage Sites, including the Chief Roi 
Mata’s Domain and the Cultural Centre in Port Vila 
(UNESCO, 2021). However, like many small island 
nations, Vanuatu is vulnerable to natural disasters and 
the impacts of climate change. The country has expe-
rienced severe tropical cyclones, volcanic eruptions, 
and earthquakes in recent years, which have caused 
considerable damage to infrastructure and livelihoods 
(Sharan, 2022, 2023; VMGD, 2023). The government 
of Vanuatu has recognised the importance of build-
ing resilience to these threats and has taken steps to 
incorporate climate change adaptation and disaster 
risk reduction measures into its development plan-
ning (CRCP, 2021; SPC, 2015).

The country is divided into six provinces: 
Malampa, Penama, Sanma, Shefa, Tafea, and Torba. 
The province Shefa is in the country’s centre, consist-
ing of two major islands, Epi and Efate. Port Vila is 
the capital of Vanuatu, located on Efate Island, with 
an area of approximately 980 km2. The primary 
focus of this research is based on Efate Island. Efate 
has diverse geology, including volcanic rocks, lime-
stones, and alluvial deposits, which several geological 
processes have shaped. In addition to volcanic rocks, 
the island has several limestone and alluvial deposits. 
The limestone deposits are in the central and eastern 
parts of the island and were formed from the accumu-
lation of marine organisms such as corals and shells.

Furthermore, the alluvial deposits are in the coastal 
plains and were formed by the erosion and deposition 
of sediment from nearby rivers and streams (Bath 
et al., 1986). Several geological processes, including 
volcanic activity, tectonic movements, and erosion, 
have also shaped the island. The volcanic activity 
on the island has created several volcanic features, 
including the Yasur volcano, one of the most active 
and accessible volcanoes in the world (Pfeiffer, 2023). 
Tectonic movements have also shaped the island’s 
topography, with several faults and folds. Erosion has 
also played a significant role in shaping the island’s 
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landscape, with the coastal areas being highly suscep-
tible to erosion due to their low elevation and proxim-
ity to the sea (Stewart et al., 2010).

Groundwater site hydrogeology

The water supply in Port Vila comes from the Tagabe 
catchment (17.70° S, 168.32° E). The study area 
for this research is Tagabe coastal aquifer, shown in 
Fig. 2. The hydrogeology of this area is complex and 
influenced by the island’s geology, rainfall patterns, 
and land use. According to a report by the Vanuatu 
Geohazards Observatory (VGO), the Tagabe catch-
ment area has a fractured volcanic rock aquifer sys-
tem composed of basalts and andesites (VGO, 2015). 
A study by the United Nations Development Pro-
gramme (UNDP) identified several factors affecting 
groundwater recharge in the Tagabe Catchment area, 
including rainfall patterns, land use, and soil charac-
teristics (UNDP, 2016). Tagabe catchment supplies 
water to the residents, businesses, agriculture, and 

manufacturing industries in Port Vila. However, with 
the rapid urbanisation and population growth of Port 
Vila and the push to increase tourism and infrastruc-
ture, there will be a higher demand for freshwater per 
person, putting more pressure on the Tagabe freshwa-
ter aquifer. Climate change will also make Port Vila 
and Vanuatu more vulnerable, further jeopardising 
the ability to support current and future users of the 
Tagabe water (TRCMP, 2018).

Tagabe catchment has eight active production 
boreholes which supply water in Port Vila. The log 
of borehole EF378 data from 1994 suggested that 
the Tagabe aquifer can be considered two layers. The 
first layer has sand and gravel, whereas the second 
is mainly limestone. The depth of layer one goes to 
80 m, and then limestone is below that. Therefore, to 
cater for any uncertainties, we just considered 20 m 
of limestone as layer 2. Moreover, the Tagabe coastal 
aquifer is heterogeneous, shallow, and unconfined. 
Tagabe coastal aquifer has two active rivers, Sono 
and Tagabe river, which also acts as a source of the 

Fig. 2   Study area inclusive of the plan and 3D views
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Tagabe aquifer. The area we have modelled is approx-
imately 57 km2, with eight boreholes operating in 
close proximity.

The Department of Water Resources, Government 
of Vanuatu, supplied the groundwater data. How-
ever, the data was limited. The dataset included bore 
pumping data from 2017 to 2022 and the electrical 
conductivity of some bores from 2019–2021. The 
hydraulic head values were not available, nor were 
the initial concentrations. We have utilised the limited 
data to develop our numerical model, calibrate and 
validate, and test different scenarios that can manage 
SWI in Tagabe coastal aquifer. The hydrogeological 
parameters and other boundary conditions were taken 
from the bore log data and the report by Depledge 
(1994). The report can be shared with the mutual 
consent from the Government of Vanuatu. The report 
mentioned that hydraulic conductivity was between 
20 m/d and 45 m/d based on the soil types. Moreover, 
the specific storage value of approximately 0.000035 
1/m was assumed based on the limited data from the 
report. Vanuatu receives a lot of rain and 90% can 
be runoff. Therefore, we have used 7.5% of the rain-
fall as recharge and 3% as evapotranspiration. Other 

hydrogeological parameters and boundary conditions 
used from the field are given in Table 1.

Flow and solute transport model

Developing management strategies for SWI is a com-
plicated and nonlinear process that can be addressed 
using mathematical models such as numerical simula-
tion models. In order to simulate and manage SWI, a 
numerical simulation model was developed using SEA-
WAT code within the Groundwater Modeling System 
(GMS). SEAWAT uses a numerical code to replicate 
3D, variable density, and transient groundwater flow in 
porous mediums by combining the MODFLOW and 
MT3DMS programs. MODFLOW solves the nonlin-
ear variable density flow equations, while MT3DMS 
addresses the nonlinear temporal and spatial salt or sol-
ute transport equations, as described by Guo and Lan-
gevin (2002).

Governing equations

The variable-density flow process solves the following 
form of the variable-density groundwater flow equation 
(tensors and vectors are shone in bold) (Langevin et al., 
2008).

(1)
∇ ∙

[

�
�0

�
�0

(

∇h0 +
� − �0

�0
∇z

)]

= �Ss,0
�h0

�t
+ �

��

�C

�C

�t
− �sqs�,

Table 1   Model parameters and the values used for the model design

Defini�on Assigned field values Calibrated values S.I. Units
Layer 1 (Sand and gravel) Hydraulic Conduc�vity, K = 20

Porosity = 0.35
Hydraulic Conduc�vity, K = 25.5

Porosity = 0.45 K = m/d
Porosity = dimensionlessLayer 2 (Limestone) Hydraulic Conduc�vity, K = 35

Porosity = 0.45
Hydraulic Conduc�vity, K = 40

Porosity = 0.55
Recharge 0.0004 0.000271 m/d

Horizontal Anisotropy 1 dimensionless
Freshwater Density 1000 kg/m3

Seawater Density 1025 kg/m3

Saltwater Concentra�on 35 kg/m3

Specific Storage 0.000035 1/m
River conductance 1 m2/dm

Longitudinal dispersivity 30 m
Density/Con. constant, F 0.7143 dimensionless
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where �0 is the fluid density [kg/m3] at the reference 
concentration and reference temperature, μ is the 
dynamic viscosity [kg/md], K0 is the hydraulic con-
ductivity tensor of material saturated with the refer-
ence fluid [m/d], h0 is the hydraulic head [m] meas-
ured in terms of the reference fluid of a specified 
concentration and temperature (as the reference fluid 
is commonly freshwater), Ss,0 is the specific storage 
[1/m], defined as the volume of water released from 
storage per unit volume per unit decline of h0, t is 
time [d], � is porosity [dimensionless], C is salt con-
centration [kg/m3], and q’s is a source or sink [1/d] of 
fluid with density �s.

The integrated MT3DMS Transport process solves 
the following form of the solute transport equation.

where �b is the bulk density (mass of the solids 
divided by the total volume) [mg/m3], Kk

d
 is the distri-

bution coefficient of species k [m3/kg], Ck is the con-
centration of species k [kg/m], D is the hydrodynamic 
dispersion coefficient tensor [m2/d], q is specific dis-
charge [m/d], and Ck

s
 is the source or sink concentra-

tion [kg/m3] of species k. Rk (k = 1, …N) is the chemi-
cal reaction term (kg/m3d) of species k.

SEAWAT’s earlier versions assumed that �0

�
 was 

equal to one, resulting in viscosity effects being 
ignored and fluid density being considered as a sim-
ple linear function of only one solute species. In SEA-
WAT version 4, fluid density and viscosity can be 
computed using concentrations from one or more sol-
ute species. These equations of state link the density 
and viscosity terms in Eq.  1 to one or more of the 
MT3DMS species concentrations (C k) in Eq. 2. By 
permitting one or more MT3DMS species to affect 
fluid density and viscosity, variable-density ground-
water flow can be paired with simultaneous solute 
and heat transport (Langevin et al., 2008). The previ-
ous edition of SEAWAT and the variable density 
groundwater flow and transport equations can be 
found in the studies by Guo and Langevin (2002) and 
Zheng and Wang (1999).

(2)

(

1 +
�bK

k
d

�

)

�(�Ck)

�t
=∇ ∙

(

�� ∙ ∇Ck
)

− ∇ ∙
(

�Ck
)

− qs�C
k
s

+
∑N

k=1
Rk

Conceptual and flow model design

The MODFLOW-2000 code was used to develop 
the conceptual model of the Tagabe coastal aqui-
fer. The length in the model domain’s X, Y, and 
Z directions were 7.50  km, 7.61  km, and 0.1  km, 
respectively. A 100 × 100  m cell size was used to 
create 3D finite-difference grids for the entire model 
domain. Two layers were created with different val-
ues of hydraulic conductivities in both layers. The 
uniform hydraulic conductivities of layers 1 and 2 
were assigned as 20  m/d and 35  m/d, respectively. 
The porosities of layer 1 and layer 2 were also 
assigned as 0.35 and 0.45, respectively. Layer 1 
was from 0 to − 80 m, while layer 2 was from − 80 
to − 100 m. The southern part of the model domain 
was the specified head boundary (CHB), while the 
eastern side was no flow boundary. The northwest-
ern side was the Sono River, connected to the ocean 
boundary and no flow boundary. We have assigned 
no flow boundary merely because the groundwa-
ter flows parallel to the no-flow boundary. Tagabe 
River is connected to the ocean boundary from the 
southwestern side and goes up to the middle of the 
model domain. Tagabe River is near the production 
bore and the Vanuatu International Airport.

The observed hydraulic head values from the 
boreholes in Tagabe were not available. However, 
only one value of each borehole was provided, 
which was recorded in 2019. Approximate head 
values were assigned to the boundaries using the 
given head values. The CHB values for the western 
and southeastern nodes were assigned as 9  m and 
8.8 m, respectively. The head values were assigned 
in such a way that the hydraulic gradient was 
slightly towards the landward side. This was done 
because the initial conditions and head values were 
unknown, but the salinity was present in the Tagabe 
coastal aquifer, indicating a landward-side hydraulic 
gradient.

Moreover, the head values of the Sono River for 
the western and northern nodes were assigned as 
9.2 m and 9 m, respectively. At the same time, the 
head values for Tagabe River at the western and in 
the centre of the model domain nodes were assigned 
as 9.2 m and 7 m, respectively. All eight boreholes 
(B1–B8) were added to the model domain using 
their specific geographic locations from Table  2. 
The actual transient pumping values from 2017 to 
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2021 were also assigned to each bore. Furthermore, 
all the hydrogeological parameters and boundary 
conditions, wells, pumping values, and head values 
were mapped to MODFLOW, and the steady-state 
simulation was carried out for 20 years to establish 
the initial conditions.

Solute transport model design

Upon successful convergence of the flow model, the 
solute transport solver, MT3DMS, was introduced, 
and the simulation was changed from a steady state 
to a transient state by adding the 5-year simula-
tion periods. The head values from the steady-state 
simulations were used as initial heads in the tran-
sient flow simulations. The solute salt was added to 
MT3DMS, and a uniform initial salt concentration 
of 0.1  kg/m3 was assigned in the model domain. 
The advection, dispersion, source, and sink mix-
ing packages were used for solute transport in 
MT3DMS. SEAWAT-version 4 code was then intro-
duced to solve the solute transport equations with 
the help of MT3DMS. A variable-density flow 
package was utilised to solve solute transport for 
freshwater and saltwater fluids.

Moreover, in the SEAWAT module, freshwater 
density was selected as the standard fluid density. A 
constant factor, F, was also applied to the density 
and concentration slope to prevent the model from 
overestimating the freshwater lens. If F were set 
to zero, then the density would not change with a 

change in concentration, providing similar results to 
those obtained from MT3DMS simulations. How-
ever, SEAWAT was preferred for generating results 
as it incorporates a variable-density flow (VDF) that 
restricts the free movement of freshwater and sea-
water, forming a transitional zone for the freshwater 
lens.

Model calibration and validation

SEAWAT was initiated for the 5-year period consid-
ering the pumping data from 2017 to 2021. However, 
we only had the electrical conductivity (EC) data of 
boreholes B1, B2, B3, B7, and B8 to calibrate the 
model. The EC data was only available from 2019 
to 2021. However, some data was missing from the 
year 2021. Hence, we only used 2019 and 2020 EC 
data to calibrate the model. EC was converted to 
parts per million (ppm) or milligrams/litre (mg/L) 
by multiplying the EC, measured in microseimens/
centimetre (μS/cm), values by 0.55 (Landscape-SA., 
2015; Rusydi, 2018). Then, we divided mg/L by 1000 
to convert the salt concentration to kg/m3. The limi-
tation of this calibration process was that the flow 
model was not calibrated because we did not have 
observed head values. Hence, we only used secondary 
data in the calibration process. Calibrating the model 
with secondary data was difficult and time-consum-
ing, especially when the initial concentrations were 
unknown. However, using the trial-and-error method 
and multiple simulations, we adjusted the initial salt 
concentrations, recharge value, hydraulic conductivi-
ties, and porosities to get the desired results.

After calibrating the model, we simulated the 
model for the next 20 years, from 2022 to 2043. The 
results from the calibrated model became the base 
case for this study. Using the same calibrated model 
and stress period, we tested and simulated various 
scenarios that can manage the SWI for Tagabe coastal 
aquifer.

Simulated scenarios

Once the numerical simulation model was developed, 
calibrated, and validated, the base case simulation 
was run for 20 years to see the extent of SWI into the 
Tagabe coastal aquifer. The simulated results indi-
cated extensive SWI. Therefore, we evaluated sce-
narios that can manage SWI considering uncertainties 

Table 2   Location of production boreholes in Tagabe, Port 
Vila

Borehole number Location

Latitude (S) Longitude (E)

B1 17.710828 168.323633
B2 17.710253 168.323403
B3 17.709753 168.323186
B4 17.708767 168.322242
B5 17.711758 168.323814
B6 17.708433 168.321072
B7 17.712467 168.323269
B8 17.713261 168.325547
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like climate change. The scenarios included (1) an 
increase in population and pumping rates, (2) the 
use of barrier wells, (3) the use of barrier wells plus 
injection wells, and (4) a sea level rise. These scenar-
ios were compared with the base case, and the opti-
mal SWI management strategies were suggested for 
Tagabe coastal aquifer.

Results

Calibration and validation

The model was calibrated using the techniques 
mentioned in “Scenario 1: increased population and 
pumping rates.” The observed salt concentrations of 
March, May, July, September, November 2019, and 
February 2020 were used in the calibration process. 
The months of April, June, August, October, and 
December 2020 were used to validate the model. 
These months were chosen based on the quality and 
availability of the data points. The calibration and 
validation results of different boreholes are shown 
in Fig.  3. The initial salt concentration that gave 
the desired results was 0.3  kg/m3. The model was 
simulated for 5  years (2017–2021). However, the 
calibration started from 3rd year (2019), which gave 
us a good correlation (R2 > 0.9) between observed 
and simulated values because the initial concentra-
tion was automatically readjusted based on transient 
pumping rates. If we had complete data, calibration 
would have started using the data from 2017. There-
fore, the initial concentrations had to be assigned 
as < 0.3 kg/m3. The calibrated model was then used 
to test different scenarios.

Base case

Tagabe coastal aquifer has eight operational bore-
holes which supply the water to the capital city of 
Vanuatu. Based on the current field pumping data, 
MODFLOW interpolated the transient pumping 
data for a 20-year period which was used to pre-
dict the SWI in Tagabe coastal aquifer. The cali-
brated model was simulated for 20  years, and the 
SWI was recorded. The plan view of the model 
domain for the base case is shown in Fig. 4 (a-1–a-
20). Five different time step results were recorded 

after the simulation. The front view of the base case 
simulation results was also recorded, as shown in 
Fig. 5 (a-1–a-20). The numbers 1-, 5-, 10-, 15-, and 
20- indicate 1-year, 5-year, 10-year, 15-year, and 
20-year time steps. The contours indicate the SWI 
into Tagabe coastal aquifers. Red indicates > 30 kg/
m3 salt concentration, whereas light blue indicates 
∼ 0 kg/m3 salt concentration.

Scenario 1: increased population and pumping rates

Population growth is inevitable in the future. A 
higher population will lead to higher water demand 
in all sectors. Since Tagabe coastal aquifer is the 
only water supplier in Port Vila, we must carefully 
consider the uncertainties while predicting the SWI 
rates. The projected population growth rates of Port 
Vila for 20 years are given in Fig. 6. The projections 
were made based on the live population forecasts 
given by the World Population Review (WPR) (WPR, 
2023). As per WPR, the population of Vanuatu will 
grow by 2.39%, 2.31%, 2.2%, 2.11%, and 1.98% for 
the years 2022, 2027, 2032, 2037, and 2043, respec-
tively. Based on these projections and using the actual 
population of Port Vila from City Population (CP) for 
the year 2020 (CP, 2023), we found that by 2043, the 
population of Port Vila will be approximately 54,668. 
The projected population till 2043 is an increase of 
∼10% compared to 2020.

Moreover, we increased our transient pumping 
rates of all boreholes by 10% based on population 
growth. Also, we added three more boreholes to cater 
to the higher demand and marked them as BX1, BX2, 
and BX3, as shown in Fig.  2. The transient pump-
ing rates similar to bores 7 and 8 were assigned to 
the three new boreholes. The changes made in the 
conceptual model were mapped to MODFLOW and 
MT3DMS then SEAWAT was initiated. The plan 
view and front view of the simulated SWIs of this 
scenario for 5 time steps are shown in Fig. 4 (b-1–b-
20) and Fig.  5 (b-1–b-20), respectively. The results 
indicated that the extent of SWI has further contami-
nated the Tagabe freshwater aquifer compared with 
the base case. The contours in these figures also indi-
cated that increasing the pumping rates and the num-
ber of boreholes further increases the SWI.

Moreover, to further look at the exact amount of 
changes in the salt concentration, we recorded the 
salt concentrations for bores 1, 3, 7, and 8 for 1-year, 
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Fig. 3   Observed versus simulated salt concentrations obtained during calibration (a–e) and validation stage (f–j). a–e represent the 
data from bores 1, 2, 3, 7, and 8, respectively. Similarly, f–j represent the data from bores 1, 2, 3, 7, and 8, respectively
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5-year, 10-year, 15-year, and 20-year time steps. Fig-
ure  7a compares the salt concentration of different 
time steps and bores for the base case and scenario 1. 
Not many changes were shown for the first two time 
steps. However, the last three time steps did show 
some significant changes. The percentage increase 
in salt concentration from base case to scenario 1 for 
bore 1 during the time steps of 10, 15, and 20 years 
are 86.34%, 759.32%, and 273.75%, respectively. 
Moreover, the percentage increase for bore 7 at 3 time 
steps as bore 1 was 209.79%, 277.78%, and 117.05%, 
respectively. Bores 3 and 8 did not show significant 
changes compared to the base case, which could have 

been the effect of transient and automatic pumping 
data interpolation in MODFLOW.

Scenario 2: addition of barrier wells

Using the same parameters and boundary conditions 
from scenario 1, we added six barrier wells (BWs) 
to prevent the SWI from encroaching into the model 
domain. Based on the initial simulations, the BWs 
were systematically placed near the coast to prevent 
the upconing of the saline water. The BWs acted as 
a barrier in preventing the saltwater from moving 
towards the landward side and contaminating the 

Fig. 4   (a-1–a-20) shows the plan view of the simulated results 
of saltwater intrusion for the base case; (b-1–b-20) increasing 
the pumping and number of pumping wells (scenario 1); (c-1–
c-20) addition of barrier wells (scenario 2); (d-1–d-20) addi-

tion of injection well plus barrier wells (scenario 3); (e-1–e-20) 
sea level rise (scenario 4). The numbers 1, 5, 10, 15, and 20 
represent the time steps 1 year, 5 years, 10 years, 15 years, and 
20 years, respectively
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freshwater, hence the name. The plan view of the 
simulated results for this scenario is shown in Fig. 4 
(c-1–c-20). From the results, the extent of encroach-
ment has significantly decreased when compared with 
the base case and scenario 1. However, the SWI from 
the southeast side of the model shows an increment 
for all 5 time steps. The increment is shown because 
the BWs were not added near the southeast coast. 
However, adding BWs has prevented the saline water 
from reaching the freshwater wells, as shown in the 
plan view.

The front view of the study area is also used to 
show our results for SWI better after adding BWs, 
shown in Fig.  5 (c-1–c-20). The front view shows 
that the SWI has significantly reduced after adding 
the BWs. However, the salt concentration near the 

Fig. 5   (a-1–a-20) shows the front view of the simulated results 
of saltwater intrusion for the base case; (b-1–b-20) increasing 
the pumping and number of pumping wells (scenario 1); (c-1–
c-20) addition of barrier wells (scenario 2); (d-1–d-20) addi-

tion of injection well plus barrier wells (scenario 3); (e-1–e-20) 
sea level rise (scenario 4). The numbers 1, 5, 10, 15, and 20 
represent the time steps 1 year, 5 years, 10 years, 15 years, and 
20 years, respectively

Fig. 6   Projected population of Port Vila, Vanuatu
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coast has increased vastly due to excessive pumping 
from BWs. This increase is shown as the toe length 
of SWI has increased. The increase in the salt con-
centration did not affect the freshwater bore or wells 
in the Tagabe area. The front view also shows that 
the SWI contour’s length and strength have halved for 
10-, 15-, and 20-year time steps compared to the base 
case scenario.

Moreover, the salt concentrations at bores 1, 3, 7, 
and 8 were recorded for the 5 time steps as scenario 
1. Figure 7b compares the salt concentrations for the 
four bores after adding the BWs and the base case. 
The bars in the graph indicate that the salt has signifi-
cantly decreased for bores 1, 3, and 7. However, not 
many changes were shown for bore 8. The salt con-
centration for bore 1 was reduced by 9.55%, 22.96%, 
36.58%, 56.11%, and 92.29% for 1-, 5-, 10-, 15-, 
and 20-year periods, respectively. Similarly, the salt 
concentrations for bore 3 of the five time steps were 
also reduced by 16.47%, 28.86%, 32.57%, 34.92%, 
and 64. 19%, respectively. The salt concentration of 
bore 7 at the 20-year time step was 5.92  kg/m3 for 
the base case, whereas after adding BWs, the salt 
concentration was reduced to 0.46 kg/m3, a decrease 
of 92.19%. The salt concentrations at bore 8 for 1-, 
5-, 10-, 15-, and 20-year time steps for this scenario 
were increased by 0.25%, 0.97%, 0.35%, 2.26%, and 
391.65%, respectively.

Scenario 3: addition of barrier wells and injection 
wells

The injection wells (IWs) and BWs were added to the 
model domain as an SWI management technique for 
the Tagabe coastal aquifer. In scenario 2, we added 
six BWs, whereas, in this scenario, we replaced three 
BWs with IWs. Therefore, for this scenario, we have 
three BWs and three IWs. Transient pumping rates, 
lower than BW pumping, were assigned to the IWs. 
The model simulation was initiated, and the plan view 
of the simulated results is given in Fig. 4 (d-1–d-20). 
The results show significant changes as the SWI is 
reduced further compared to the base case and sce-
narios 1 and 2. The length of encroachments from 
all sides of the model domain, from the coast to the 
pumping locations, was reduced significantly.

Furthermore, Fig.  5 (d-1–d-20) shows the front 
view of the simulated salt concentrations after adding 

BWs and IWs. The length of salt contours has signifi-
cantly decreased compared to the base case and sce-
narios 1 and 2. The intensity of salt concentration at 
the coast is also reduced by injecting freshwater. The 
front view shows the encroachment length is half the 
scenario 2, whereas it is a quarter of the base case 
and scenario 1. Adding IWs has significantly reduced 
SWI in the Tagabe coastal aquifer.

The salt concentrations for bores 1, 3, 7, and 8 
were significantly reduced when compared with the 
base case, as indicated by the bars of Fig. 7c. The per-
centage decrease in salt concentration for bore 1 dur-
ing 1-, 5-, 10-, 15-, and 20-year time steps are 6.36%, 
8.62%, 6.16%, 22.93%, and 83.73%, respectively. The 
percentage decrease for bore 3 for the same respec-
tive time steps as bore 1 is 10.93%, 14.67%, 17.33%, 
18.01%, and 54.29%, respectively. Similar decreasing 
trends were also noted for bore 7. However, the high-
est decrease in salt concentration was noted at bore 7 
for the 20-year time step, with a decrease of 92.37% 
compared with the base case. Moreover, bore 8 has 
shown slight increments of salt concentrations dur-
ing 1-, 5-, 10-, and 15-year time steps. The percent-
age increments for these four time steps were 0.78%, 
0.43%, 0.08%, and 0.11%, respectively. However, the 
salt concentration decreased during the 20-year time 
step by 9.63% when compared with the base case.

Scenario 4: sea level rise

The sea level rise (SLR) is one of the significant 
natural disasters in Vanuatu. The SLR could also be 
affecting the Tagabe freshwater aquifer. We mod-
elled the SLR for Tagabe coastal aquifer to validate 
the previous statement, and the extent of SWI was 
noted. The projected SLR for Vanuatu, in general, is 
shown in Fig.  8. Based on the projections, the SLR 
for Vanuatu by 2043 will be approximately raised by 
25 cm. Hence, we increased our coastal head bounda-
ries gradually by 1.2 cm each year for 20 years until it 
reached 25 cm. Using this projected SLR, the model 
was simulated. The increase in head values for the 
coastal boundary indicated SLR. The plan view of the 
simulated results is shown in Fig. 4 (e-1–e-20). The 
boundary conditions and other initial conditions used 
for the simulation of SLR were used from the base 
case model design.

Moreover, to see the SLR effects further, we com-
piled the front view for 1-, 5-, 10-, 15-, and 20-year 



	 Environ Monit Assess         (2024) 196:120 

1 3

  120   Page 14 of 20

Vol:. (1234567890)



Environ Monit Assess         (2024) 196:120 	

1 3

Page 15 of 20    120 

Vol.: (0123456789)

time steps as shown in Fig. 5 (e-1–e-20). The front-
view results are also similar to the base case results. 
However, the contour and the salt concentrations for 
year 20 are higher, as indicated by colour changes. 
The more orange and yellow colours are noted in the 
contours indicating higher salt concentrations. From 
the front  view the changes are less significant when 
compared with the base case. However, to see the 
effect of SLR on the intensity of SWI, we noted the 
salt concentration values, and the bar graph was plot-
ted to compare the salt concentrations with the base 
case. The results are shown in Fig. 7d.

Using the bar graph, it was visible that SLR does 
have some impact on the water quality in Tagabe 
coastal aquifer. The percentage increase in salt con-
centration for bore 1 during 1-, 5-, 10-, 15-, and 
20-year time steps is 0.07%, 0.19%, 0.36%, 14.99%, 
and 24.45%, respectively. Similarly, the percentage 
increase for the same time steps for bore 3 is 0.33%, 
1.11%, 1.67%, 4.61%, and 16.07%, respectively. 
Moreover, the percentage increase in salt concentra-
tion for bore 7 is also noted for all time steps. The 
highest salinity increases for bore 7 were noted at a 
20-year time step of 23.37% compared to the base 
case. The salt concentration changes for bore 8 were 
insignificant, except at the 20-year time step, which 
was around 13.28% compared to the base case 
scenario.

Discussion

The SWI in Tagabe coastal aquifer was modelled 
using real field data. The simulation results indicated 
that SWI is currently affecting and will also affect 
freshwater resources in the future for Tagabe. Using 
the field data, the model was calibrated and vali-
dated. The calibrated model was used to test differ-
ent scenarios that could help manage SWI in Tagabe 

coastal aquifer. The scenario-based sensitivity analy-
sis for this research was the first for Vanuatu and any 
PICs. Based on the scenarios and sensitivity analysis, 
robust SWI management regulations can be drawn for 
Tagabe coastal aquifer.

Using hydraulic barriers like barrier wells (BWs) 
to abstract the saline water near the coast prevents 
the extent of SWI from contaminating the freshwa-
ter wells. Armanuos et al. (2020) effectively showed 
that using BWs near the saltwater side reduced the 
SWI rates or SWI length ratio. Abdoulhalik et  al. 
(2017) also stated that using BWs reduced the SWI 
rates in coastal aquifers. Similarly, our results also 
indicated that using BWs near the coast positively 
affected the SWI in Tagabe coastal aquifer. The sce-
nario that showed exciting results in minimising the 
extent of SWI in our model domain was using mixed 
BWs and IWs. Abd-Elaty et  al. (2021) investigated 
the strategies for controlling the SWI due to sea level 
rise (SLR) and climate change for humid and hyper-
arid regions. The authors reported that using recharge 
wells or IWs, brackish water abstraction, and desali-
nation reduced the SWI rates. The authors suggested 
using mixed hydraulic barriers to manage SWI. Simi-
lar results were noted in our study.

Moreover, Yang et al. (2021) showed how to miti-
gate the SWI using pumping and injection strategies. 
The authors reported that IWs and PWs are more 
effective in managing SWI than using IWs or BWs 
alone. Our study also revealed that using the combi-
nation of hydraulic barriers like BWs and IWs helps 
to further reduce the extent of SWI in the Tagabe 
coastal aquifer. The hydraulic barriers implemented 
in this study showed that SWI could be managed. 
BWs and IWs alter the hydraulic gradient and prevent 
the upconing of the saline water. Werner et al. (2013) 
reported that the hydraulic barriers block the saline 
water encroachments by increasing the difference 
between the groundwater head and seawater head. 
Similarly, our results indicated that hydraulic barriers 
effectively block saline water from reaching freshwa-
ter wells.

However, physical barriers like subsurface dams 
and cutoff walls in controlling SWI are also widely 
used (e.g.Abdoulhalik et al., 2022; Kaleris & Ziogas, 
2023; Luyun et al., 2011). These studies have inves-
tigated the effect of cutoff walls on SWI in coastal 
aquifers, and they reported that the use of cutoff walls 
is effective in managing SWI. However, this study 

Fig. 7   a shows the comparison of simulated salt concentra-
tions for different boreholes for the base case and the increased 
pumping and the number of pumping wells (scenario 1); b 
shows the comparison of simulated salt concentrations for dif-
ferent boreholes for the base case the addition of barrier wells 
(scenario 2); c shows the comparison of simulated salt concen-
trations for different boreholes for the base case the addition of 
injection well plus barrier wells (scenario 3); d shows the com-
parison of simulated salt concentrations for different boreholes 
for the base case and the sea level rise (scenario 4)

◂
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is the first for Tagabe coastal aquifer, therefore only 
hydraulic barriers were used and modelled for the 
study area. The use of physical barriers in manag-
ing SWI for the Tagabe coastal aquifer will be added 
to our future scope of work. Moreover, cutoff walls 
physically prevent the SWI and it does not need any 
maintenance. However, the initial costs are high 
(Abdoulhalik et al., 2017). Cutoff walls could be used 
for Tagabe in the future.

Moreover, the use of BWs can also have some 
adverse effects on the management of SWI. Pool 
and Carrera (2010) studied the dynamics of nega-
tive hydraulic barriers to prevent SWI and reported 
that BWs sometimes abstract more freshwater, reduc-
ing the freshwater volume in aquifers. The disposal 
of abstracted saline water is an issue because it can-
not be used anywhere unless its desalinated. There-
fore, we proposed using the IWs along with BWs. 
The abstracted saline water can be desalinated and 
injected using IWs in Tagabe. If this process seems 
expensive and time-consuming, the abstracted saline 
water can be disposed of back into the ocean. Dispos-
ing saline water back into the ocean will not be costly 
because most of the population lives near the coast, 
and the freshwater wells are not far from the coast. 
Hence, a shorter length of pipes may be required to 
dispose of the saline water. If the abstracted saline 
water is disposed of in the ocean, the input for injec-
tion wells can be taken from freshwater sources like 
the Tagabe River or Sono River in Port Vila. Also, 
due to high rainfalls in Vanuatu, the rainwater could 
be harvested and injected backing to the aquifer to 
increase the aquifer volumes.

The hydraulic barriers proposed and modelled 
for Tagabe coastal aquifer would manage SWI and 

protect the freshwater wells from over-abstraction of 
groundwater. However, climate change and sea level 
rise (SLR) also affects the groundwater in Tagabe. 
Therefore, the SLR factor was considered and mod-
elled for Tagabe coastal aquifer. The results indicated 
that the extent of SWI and the strength of salt con-
centrations in the freshwater aquifer have increased. 
Similar results were reported by Casillas-Trasvina 
et  al. (2019) and Romanazzi et  al. (2015) for a dif-
ferent study area. Moreover, the SLR by 25 cm was 
less significant, and fewer variations were noted in 
our study. The SLR and SWI simulation results were 
less significant because raising the hydraulic head by 
25 cm has significantly less impact on the SWI rates. 
Loaiciga et  al. (2011) and Sharan et  al., (2023a, b) 
also reported that SLR by < 1 m has less effect on the 
SWI rates in coastal aquifers. However, the length 
and strength of SWI would be extensive if SLRs 
by > 1 m in the future. The SLR by > 1 m would be 
considered for the future scope of work for Tagabe 
coastal aquifer.

Based on the scenario testing and sensitivity 
analysis, the SWI management strategies for Tagabe 
coastal aquifer were proposed, as discussed above. 
Using the results from numerical modelling, the water 
resource managers, site owners, or governing bodies 
can draw up policies and regulations for using Tagabe 
groundwater. However, due to uncertainties and the 
variability of climate conditions in Vanuatu, we sug-
gest that the policies and regulations be revised every 
year. Factoring the different boundary conditions, 
pumping patterns, and uncertainties, hydrogeologists 
can remodel and simulate new sets of SWI manage-
ment strategies. However, this can be challenging 
and computationally extensive because numerical 

Fig. 8   Projected sea level 
rise for Vanuatu, relative 
to 1990. Source: (CRCP, 
2021)
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modelling is a complex and time-consuming exer-
cise. Hence, using AI-based surrogate and ensemble 
models would be much easier, more efficient, and less 
computationally extensive to simulate SWI manage-
ment strategies for coastal aquifers in Vanuatu and in 
PICs.

Conclusions

The Pacific Island countries (PICs) groundwater 
resources are threatened by anthropogenic and natural 
factors. A small PIC, Vanuatu’s groundwater system, 
was studied using real field data from Tagabe coastal 
aquifer, which supplies freshwater in Port Vila. How-
ever, Tagabe is experiencing some salinity concentra-
tions in the freshwater wells. Therefore, the primary 
aim of this study was to provide saltwater intrusion 
(SWI) management strategies for Tagabe coastal 
aquifer.

The SWI management strategies were developed 
based on numerical modelling results. This is the first 
study in Vanuatu whereby a numerical model was 
developed using the SEAWAT code. The developed 
model was calibrated and validated using the salinity 
data. The calibrated model was then used to test dif-
ferent scenarios that could effectively manage SWI. 
The sensitivity analysis revealed that using hydrau-
lic barriers like barrier wells (BWs) and injection 
wells (IWs) significantly reduced the extent of SWI 
in Tagabe coastal aquifers. We found that using BWs 
and IWs in combination was the best technique for 
managing SWI.

Moreover, the sea level rise (SLR) was modelled to 
see how it affects the SWI in Tagabe coastal aquifer. 
It was found that SLR had some effects on SWI rates. 
The numerical simulation period for the study area 
was till 2043. Hence, the sea level was only raised 
by the projected level of 2043, which was < 30  cm. 
Therefore, the effect of SLR was not large. However, 
simulating the model with higher sea face boundary 
conditions and for larger stress periods would have a 
significant effect due to SLR. Moreover, uncertain-
ties need to be catered for while forecasting future 
scenarios.

The management strategies proposed in this 
study can be used by the water managers, site own-
ers, and governing bodies to draw up policies and 
regulations to manage the SWI rates in Tagabe 

coastal aquifer. These strategies will protect the 
groundwater resources from getting contaminated 
by SWI in the future. Moreover, this study can also 
benefit some stakeholders or bore drilling com-
panies who want to harvest groundwater from the 
Tagabe coastal aquifer, as it will give them the 
benchmark of daily or yearly freshwater production 
rates without SWI.

The limitation of this study was the availabil-
ity of quality groundwater data. Also, the hydrau-
lic head values were not available that could have 
been used to calibrate the flow model. We had very 
limited pumping data and salinity data. Therefore, 
we were only able to calibrate the transport model. 
Furthermore, only one borelog was available, which 
we used to gather hydrogeological parameters and 
other ground stratigraphy.

Recommendation and future scope of work

The recommendations and future work that we are 
proposing to carry out for Tagabe coastal aquifer are 
(1) setting up proper groundwater heads and water 
quality data monitoring sites in collaboration with 
the Government of Vanuatu, (2) developing AI-
based modelling techniques, (3) using physical bar-
riers in model to simulate SWI, and (4) rising the 
boundary conditions to factor higher (heads > 1 m) 
SLR.
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