
Introduction

Risk assessment and mitigation measures are the 
key activities that help to identify hazards and risk 
factors that have a potential impact on any system, 

such as an engineering system or a natural system 
[1]. There have been several emerging studies on risk 
assessment of various systems ranging from natural 
systems to manufacturing systems [2-9]. It is observed 
from the literature that the risk studies have helped 
to improve the resilience of natural systems to some 
extent [10]. Although some attempts made to tackle the 
vulnarabilty issues of coastal aquifers, yet their risk 
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Abstract
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analyses and mitigation measures are not fully explored 
in terms of qualitative and quantitative indices due to 
the unpredictable quality degradation of the aquifers 
resulted from intrusion of saline water. This work, 
however, attempts to analyse if the existing literature 
suffice to address the risk-related issues of coastal 
aquifers that are affected by SWI, and provide critical 
analysis for future research direction in risk assessment 
of coastal aquifers vulnerable to SWI.  

The natural systems like coastal aquifers are 
vulnerable to several man- made activities and natural 
phenomena [11]. The influence of salt water prominently 
by the coastal areas in the ground aquifers have 
significantly depleted the amount of fresh ground water 
that we pump out for our regular activities including 
drinking due to which desalinization is prerequisite. 
This is a primary concern where particularly in coastal 
areas the salinity of sea water causes the migration of 
salt water to the fresh ground water interface making it 
gradually unusable and determining the boundary layer 
between saltwater and groundwater becomes tedious 
due to linkage of hydraulic gradients between aquifers 
and sea. The excessive withdrawals that decreases the 
ground water levels and the upward movement of deep 
saline zones towards the aquifer gradients influences 
the saltwater intrusion naturally or anthropogenically. 
This saltwater intrusion also affects the agriculture 
and production of crops. However, analyzing the 
physiochemical parameters of water from open wells 
or bore wells or pumps can be used for predicting the 
intrusion of saltwater and a restoration model can be 
framed out based on the analysis.

Climatic occurrences such as Tsunami have a 
tremendous contribution in contaminating coastal 
aquifers through direct infiltration in form of flood 
waves and pond formation inflicting large scale 
damage and scarcity of water for drinking and other 
regular purposes. Also, lower hydraulic head of an 

aquifer is more susceptible to saltwater intrusion if the 
later has high hydraulic head or else the freshwater 
can flow into the sea if has high gradient than the 
sea. Also, rise in sea levels due to climate change and 
global warming with the thermal expansion of sea and 
decrease in river discharge due to construction of 
dams in river upstream which is also responsible for 
change in river course and discharge capacity along 
with poor infiltration rate of grounds for refilling of 
groundwater and rapid urbanization which has reduced 
the area of infiltration by spreading its concrete surface 
over the ground are some of the factors that assist in 
intrusion of saltwater in freshwater.

The authors propose a framework of saline water 
intrusion risk assessment that shown in Fig. 1, while 
the fishbone diagram, which is extensively used in risk 
assessments of engineering system, has been employed 
to depict in case of saline water intrusion in Fig. 2. 

This study will help at managing the intrusion of 
saltwater at the ground aquifer through risk analysis 
in tandem that would encourage the mitigation and 
conservation of freshwater along the coastal areas of 
India.

Methodology

Theoretical analysis has been done for investigating 
the current situation of saltwater intrusion from sea  
to freshwater aquifers along with pictorial representation 
of the sea-ground interface for highlighting  
the basic causes of saltwater intrusion in ecological 
fluxes and its risk factors relating to demand for drinking 
water, decline in agriculture outputs and population. 
The basic phenomena of saline water intrusion with 
associated coastal groundwater management are shown 
in Fig. 3 and 4 [12, 13].

Fig. 1. Framework of saline water intrusion risk assessment.
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Review of Literature

The research findings obtained by different 
researchers in the field of study have been briefly 
described in this section. The sequence followed 
herein is chronological, i.e., ascending year-wise. Apart 

from describing the work done, the advantages and 
shortcomings of each of the past contributions have 
been included as well.  

Das and Datta [14] proposed a nonlinear 
optimization technique using steady state and transient 
analyses to solve the saltwater intrusion problem. The 

Fig. 2. Fish-bone diagram of saline water intrusion.

Fig. 3. Saline water freshwater interface.
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method was utilized to obtain total sustainable yield 
from coastal aquifers under the constraint of saltwater 
intrusion. The advantage of the model was its simplicity 
and applicable to coastal groundwater management, 
while other study aspects like submarine groundwater 
discharge have not been covered. 

Canales et al. [15] conducted a field investigation 
in Boca Abierta Valley, Mexico to estimate the risk 
of saline water intrusion by considering ground water 
quality, hydro-stratigraphic conditions and balance 
equations terms. From the investigation they have 
assigned risk weighting factor for each of the above 
elements such as high risk for the lack of geological 
boundaries, medium risk for the groundwater quality 
and medium-high risk for the balance equation terms. 
Overall, they anticipated medium to high risk of getting 
a severe salty water intrusion in the groundwater 
pumping area of the study area. While the work is of 
practical interest so far as the risk categorization is 
concerned, several other important factors including 
high pumping rates, natural and artificial recharge are 
not covered.   

Wellington Regional Council [16] conducted 
theoretical investigation on risk management models 
for artesian aquifer. The investigation was based on 
long term ground water monitoring record, previous 
research studies and analysis of the system performance 
using Hutt Aquifer Model. Their study recommended 
improvements in the existing monitoring systems 
as well as construction of another monitoring site 
in the vicinity of the old monitoring bore. Various 
important study aspects like the hydrogeological 
setting, sub-harbour aquifer characterization, saltwater 
intrusion potential, etc. were well covered, although 

recommendations on risk management of saline water 
intrusion requires more investigation.  

Lecca and Cau [17] generated a stochastic 
simulation model to perform risk-based investigation 
in coastal aquifers of Oristano, Italy. The outcome 
evidently forecasted that appropriate consideration of 
aquitard heterogeneities is enormously vital to assess 
the possible risk of ground water contamination and 
reconstruction of groundwater flow patterns along with 
contamination mechanisms and the mixing between 
upper and lower groundwater levels. The authors 
suggested further investigation on cost effectivity for 
mitigation techniques for environmental protection. 

Ball and Campbell [18] developed a GIS based 
tactic for evaluation of saline water intrusion risk to 
aquifers generated by construction of the abstraction 
borehole nearby the coast. The GIS maps are helpful 
in identification of boreholes which can be excluded 
from investigation, minimizing the investigation 
time for hydrologist. The work is quite interesting, 
covering the important aspects of saline water intrusion 
including aquifer characteristics, hydraulic gradient, 
rate of abstraction and shoreline distance, although the 
appropriate mitigation measures were not highlighted.  

Loáiciga et al. [19] carried out risk assessment study 
to simulate saline water intrusion using finite element 
method by variable density method. The study revealed 
that rise in sea level increases the risk of saline water 
intrusion. Although limited to the local area concerned, 
this interesting field-based contribution is beneficial  
to hydrogeological researchers.

Basack et al. [20] carried out laboratory-based model 
tests with associated analytical studies to investigate the 
saltwater intrusion and submarine groundwater recharge 

Fig. 4. Lateral and vertical saline water intrusion.



Review of Risk Assessment and Mitigation... 1509

in granular soil and found that both the processes are 
time dependent and functions of saltwater densities 
and model dimensions. Although the experimental 
observations and analytical results are interesting, its 
specific application in the field from the viewpoint of 
hydrogeological heterogeneity has not been discussed in 
the paper. 

Taclan [21] conducted his study in aquifers of Ilocos 
Norte to identify the potential risk factors associated 
with saline water intrusion and to provide precautionary 
measures. As high chloride content was found in the 
study area the authors recommended using freshwater 
recharge as a preventive measure.

Altalmas [22] have conducted his study using 
FEM-MODFLOW, a three-dimensional numerical 
simulation model coupled with finite element modeling 
to understand how saline water intrusion increased 
the chloride concentration along with reduce in 
groundwater level in North of Gaza Strip. The author 
observed that artificial recharge is not an effective 
technique to mitigate the saltwater intrusion problem 
due to high abstraction rate and hence, recommended 
further investigations to find a suitable method to 
reduce such abstraction.  

Werner et al. [23] carried out a thorough review 
on saltwater intrusion problem and observed that 
saline water intrusion is a global issue aggravated by 
escalation rates of demands of freshwater in coastal 
zones. The author identified the seawater intrusion as 
an active research field with substantial unresolved 
issues including spatial heterogeneity, environmental 
uncertainty, etc., but adequate review on remedial 
measures were not carried out.  

Mazi [24] conducted analytical studies to quantify 
the risk of saline water intrusion under absolute 
conditions. The results show that the hydro-climatic 
conditions and fluctuation in ground water pumping 
along with sea level rise can become major cause of 
heavy saline water intrusion in coastal aquifer. The 
author observed that groundwater recharge is the most 
effective solution to mitigate the saltwater intrusion 
problem, but under declining recharge, the pumping of 
coastal water is not sustainable. 

Basack et al. [25] developed a practical coastal 
groundwater management model with Indian case study 
using Qanat-Well structure with associated recharge 
techniques. The model developed was validated with a 
case study in a coastal locality in the east coast of India. 
They informed that the model is specifically applicable 
to limited and not-so urbanized coastal regions, thereby 
limiting its universal applicability. 

Arumugam and Saraswathi [26] conducted a risk 
evaluation investigation on saline water intrusion in 
Adirampattinam, India. They found that several ground 
water samples collected from study area was having 
greater salinity than allowable limits and it is due to 
saline water intrusion occurring from very long time. 
However, a detailed investigation on spatial variation 
of saltwater intrusion in the study area was not done. 

They also framed a model restoration strategy to reduce 
saline water intrusion in the particular area but did not 
provide a detailed quantification on its effectivity. 

Klassen and Allen [27] have investigated the coastal 
aquifers of Gulf Islands in British Columbia to conduct 
test on newly developed risk assessment approach of 
saline water intrusion caused by over-pumping and 
various natural hazard such as sea level rise, climate 
change and storm surge. To estimate the storm surge 
data, they have collected past data of all the hazards 
causing saline water intrusion and integrated them with 
projected sea level rise. The result is combined with 
maps presenting density of pumping wells and coastal 
zones with higher risk of saline water intrusion. The 
risk was assessed spatially using an economic valuation 
of loss. This is a creditable field-based study pertaining 
to risk analysis of seawater intrusion in the study area, 
although no investigation was done on adopting proper 
mitigation measures. 

Klassen et al. [28] identified several hazard 
responsible for saline water intrusion and mapped the 
datasets separately for comparison of results. The results 
obtained by combining chemical composition and risk 
assessment maps are useful for decision making and 
monitoring coastal water management. 

Kayode et al. [29] briefly reviewed and discussed 
about the possible reasons for saline water intrusion 
and different methods for management of saline 
water intrusion. They found that ADR (Abstraction, 
Desalination and Recharge) as the most cost-effective 
method to control saline water intrusion into coastal 
region. Although the authors presented a brief overview 
on the causes and factors of saline water intrusion 
into coastal regions and possible remedial measures, 
adequate quantifications supported by data could make 
the study more interesting. 

Elsayed et al. [30] found that the process of storm-
induced vertical saline water intrusion was significantly 
detrimental, as observed via an integrated modeling 
approach of the processes utilizing a numerical 
software. The study suggested that risk of storm-
induced saline water intrusion could be minimized by 
sub-surface drainage networks which was found to 
be more efficient in comparison with other mitigation 
methods. A further investigation on the relative 
benefits of various mitigation measures would be more 
interesting. 

Eriksson et al. [31] conducted field-based study 
using GIS software to estimate fundamental conditions 
associated with the risk of saline water intrusion on 
the Baltic Sea island of Öland, Sweden. They found 
out the impact of geomorphological and geophysical 
parameters on the risk of saline water intrusion and to 
develop a salinization risk map. The authors appreciably 
studied diversified aspects relevant to the saltwater 
intrusion and the associated risk management including 
distance from shoreline, sea level rise, well density 
and inundation, precipitation, soil type, etc., adequate 
mitigation measures were not studied. 
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Maity et al. [32] conducted field-based study on  
a coastal district namely Purba Midnapur, West Bengal 
in India. The area was under high risk of deterioration 
of fresh groundwater by saline water intrusion. 
They presented set of plans for rural and urban  

areas including rainwater harvesting and aquifer 
improvement for restoration of the aquifer to reduce  
the risk saline water intrusion and improve the quality of 
groundwater. The merits and demerits of the proposed 
plans including the cost efficiency was presented  

Publications Risk Assessment  Mitigation Measures

Goswami et al. [12] Critical review of existing contributions Critical review of existing contributions

Basack et al. [13] Laboratory model tests Artificial recharge

Das and Datta [14] Nonlinear optimization technique to obtain total 
sustainable yield

Applicability of proposed solutions to coastal 
groundwater management

Canales et al. [15] Field based investigation to categorize risk levels No specific mitigation measures were studied

Wellington Regional 
Council [16]

Analysis of groundwater monitoring record and system 
response

Limited recommendation on remedial measures to 
mitigate saltwater intrusion

Lecca and Cau [17] Stochastic simulation model for risk analysis in coastal 
aquifers

Authors suggested further investigation on cost 
effectivity of mitigation techniques

Ball and Campbell 
[18]

GIS based methodology for risk assessment of 
saltwater intrusion

Appropriate mitigation measures were not 
highlighted

Loáiciga et al. [19] Finite element method by variable density method to 
study localized saltwater intrusion No specific mitigation measures were studied

Basack et al. [20] Laboratory model study followed by analytical work 
on the flow of saltwater through porous medium No specific mitigation measures were studied

Taclan [21] Field-based investigation to assess potential risk 
factors on saline water intrusion

Artificial recharge was identified as a mitigation 
technique

Altalmas [22] FEM-MODFLOW coupled analysis on saltwater 
intrusion for evaluating risk

Suggested further study to assess proper mitigation 
technique

Werner et al. [23] Intensive review works up to 2013 Review on mitigation measures was not included

Mazi [24] Analytical studies to quantify the risk of saline water 
intrusion

Groundwater recharge together with controlled 
coastal pumping 

Basack et al. [25] Coastal groundwater management model with Indian 
case study

Artificial rainwater harvesting with recharge wells 
and ponds

Arumugam and 
Saraswathi [26]

Risk evaluation investigation on saline water intrusion 
in south India

Framed a model restoration strategy, but no detailed 
study

Klassen and Allen 
[27]

Field-based study in British Columbia to develop risk 
assessment approach on saltwater intrusion

No investigation was carried out on mitigation 
measures

Klassen et al. [28] Risk assessment mapping in saline affected coastal 
zones Monitoring of coastal water management

Kayode et al. [29] Reviewed possible reasons for saline water intrusion 
and different methods for its management

ADR was found to be most effective mitigation 
technique

Elsayed et al. [30] Integrated modeling by numerical software to study 
storm induced vertical saline water intrusion Development of sub-surface drainage networks

Eriksson et al. [31] Estimating risk of saline water intrusion on Baltic Sea 
island by GIS software Mitigation measures were not studied

Maity et al. [32] Field-based study on saltwater intrusion in coastal 
West Bengal

Presented plans for rural and urban areas like 
rainwater harvesting and aquifer restoration 

Morgan [33] Groundwater flow modelling at Wellington Harbour to 
evaluate the risk of saline water intrusion

Limited information is available on mitigation and 
control techniques

Senthilkumar et al. 
[34]

Geochemical and geophysical techniques using GIS 
software to study groundwater quality and saltwater 

intrusion in Tamil Nadu.
No specific information on control and mitigation

Shammi et al. [35] Study on health hazards by consumption of salinity 
affected groundwater No specific information on control and mitigation

Table 1. Summarized contributions on risk assessment and mitigation measures relevant to saline water intrusion.
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saline water intrusion or preserving the aquifers from 
being inflicted by sea water is still in prelude stage. 
From the literature survey it is observed that qualitative 
and quantitative models of risk assessment were also 
not implemented effectively. Since risk assessment 
study helps to assess the vulnarabilty and economic 
loss, it has broad scope in investigations relevant to 
saline water intrusion.

Conclusions

Sea water due to its high salinity is inappropriate for 
human consumption, irrigation purposes, construction 
uses and others as it is detrimental for several other 
activities as well. The global limitation of potable 
water for drinking is at risk primarily for countries 
possessing sea boundaries. So, there is a global need 
for a process that would help in overcoming the risk of 
sea water intrusion in the freshwaters. The paper has 
presented a review of available literature pertaining 
to the risk management and mitigation measures of 
coastal aquifers vulnerable to saline water intrusion and 
provides guidance to identify the research gaps in this 
direction.
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