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areas host ~40% of the total global population. Impacts of the seawater intrusion on the health of the local com-
munity, economic and socio-cultural developments in the coastal areas have led to a wide variety of research
being conducted. The objective of the present study is to provide a detailed review of the processes that control
the seawater intrusion into the coastal aquifers and the necessary measures to mitigate the same. Various

?g\\:vvztrg:.immsmn methods of investigation and their applicability are explained. Finally, the status of seawater intrusion in India
Coastal aquifers has been discussed in greater detail.
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1. Introduction seawater intrusion (Abdalla, 2016; Allow, 2011; Barlow and Reichard,

Coastal zones contain some of the most densely populated areas and
have an average population density of about 80 persons per sq. km,
which is twice the world's average population density (Kantamaneni
etal., 2017). Apart from an increase in population, continuous improve-
ment in living standards is further enhancing the water demand in
these areas (Neumann et al., 2015). In coastal areas, groundwater
being the primary source of freshwater is exploited indiscriminately to
fulfill the increasing water demands for domestic, agricultural as well
as industrial usages (Hamed et al., 2018). The excessive withdrawal of
groundwater disturbs hydrodynamic equilibrium that exists between
the freshwater — seawater in the aquifer and causes upward movement
of the seawater (van Camp et al., 2014). This causes depletion in the
available fresh groundwater resources in coastal areas (Alfarrah and
Walraevens, 2018; Werner et al., 2013). The upward or downward
movement of seawater into the coastal aquifer is governed by a well-
established mathematical relationship known as the “Ghyben-Herzberg
relationship” (Narayan et al., 2007). The relationship indicates that for a
one-meter increase in the water table, the thickness of seawater reduces
by 40 m. A decline in groundwater level below the mean sea-level leads
to a reversal of hydraulic gradient and causes inland movement of sea-
water in the coastal aquifer (Lee and Cheng, 1974; Nair et al., 2013). The
inland movement of seawater into the coastal aquifer is called seawater
intrusion, which has been the major cause of deterioration of the coastal
groundwater resources (Fig. 1). Seawater intrusion not only affects the
industrial and agriculture growth in the area but also hampers the living
standards of people (Demirel, 2004).

The extent of seawater intrusion varies widely from regional to
global scale. A significantly large number of studies have been con-
ducted in coastal areas across the globe to understand the problem of

2010; Felisa et al., 2013; Garing et al., 2013; Manivannan and Elango,
2019; Rajaveni et al., 2016; Shammas and Jacks, 2007; Shi and Jiao,
2014; Suhartono et al.,, 2015; Werner and Gallagher, 2006; Zghibi
et al,, 2013). However, limited attempts have been made to connect
these individual studies for a broader understanding of the seawater in-
trusion process and its remedial measures. In the present work, an at-
tempt has been made to explain various factors controlling seawater
intrusion and the mitigation strategies. The scope of different methodol-
ogies for the investigations of seawater intrusion has been discussed in
detail. Finally, the status of seawater intrusion in the coastal aquifers of
India has been thoroughly reviewed.

2. Factors controlling seawater intrusion

Coastal aquifers are highly sensitive to both regional and global phe-
nomena that include sea-level rise, storm surges, change in climatic
condition, shoreline erosion, coastal flooding, etc. (Barlow, 2003). Addi-
tionally, human activities are enhancing the salinization process in
coastal regions (Rapti-Caputo, 2010). Apart from the coastal aquifers,
surface water sources also get affected due to their interaction with
the seawater. The rivers and estuaries allow the natural inflow of seawa-
ter due to the backwater from the sea and make the surface water saline
(Oude Essink, 2001; Vijay et al., 2011). Various factors affecting the
coastal aquifer and their effects are summarized in Fig. 2 (Kumar,
2006). A synoptic view of the factors affecting the hydrodynamic equi-
librium between the freshwater and seawater with the causes of seawa-
ter intrusion in coastal aquifers has been explained in the proceeding
paragraphs.

(’ Pumping well

Sea level

Fig. 1. Schematic diagram of seawater intrusion into the coastal aquifer.



P. Prusty, S.H. Farooq / HydroResearch 3 (2020) 61-74 63

Relative sea level rise

-Land subsidence
-Tectonic Uplift

Changes in hydrological regime

-Change in natural recharge
-Precipitation
-Evapotranspiration

-Coastal erosion
-Shoreline retreat
-Tidal Effect

Coas Coastal Aqu fer River and estuaries
astal Zone ifers \
-Backwater effect

-Salinity surface water
-Seepage

Effects
Human Activities

-Saltwater intrusion

-Groundwater extraction -Increase in seepage
-Land reclamation -Decrease in groundwater resource
-Mining -Salt damage crop

-Degradation ecosystems

Fig. 2. Factors affecting the coastal aquifer and their effects (Kumar, 2006).

2.1. Geological factors

Geological factors such as lithology, geomorphology, structural fea-
tures, etc. play important roles in controlling the seawater intrusion
into the coastal aquifers. The inland flow of water in the coastal aquifer
depends on the nature of geological formations, i.e., aquifer lithology
(Michael et al., 2013). The geological history of water-bearing forma-
tion, hydraulic gradient, rate of groundwater extraction, and its replen-
ishment directly affect the extent of seawater intrusion (Ammar et al.,
2016; Barlow, 2003; Choudhury et al., 2001). Geologic formations
with varying porosity and permeability have different water-holding
capacities. The seawater flooding into the inland areas may get trapped
in the under-saturated pore spaces and form paleo-seawater (Werner
and Gallagher, 2006). Clayey layers usually occur in small patches in
coastal regions, which act as barriers and help to preserve the paleo-
seawater (Barrett et al., 2002; Cary et al., 2015). In contrast, these clay
patches may develop perched aquifers and accumulate the freshwater
in non-seawater flooding areas (Yousif and Bubenzer, 2012). Under
such circumstances, the distribution of freshwater and seawater de-
pends upon the distribution of clay patches in coastal aquifers. How-
ever, the interaction of freshwater with the old trapped seawater and
saltpans can lead to much higher salinity in the coastal groundwater
(Ayolabi et al., 2013; Nair et al,, 2016).

Studies have reported that structural features such as fractures,
deep-seated faults, and lineaments act as potential pathways for the
seawater to intrude into the coastal aquifer and mix with the fresh
groundwater (Gupta et al., 2010). Besides, coastal landforms and land
use patterns play a vital role in controlling the surface and subsurface
runoff. They affect the seawater migration in the inland areas and can
explain the salinity distribution in the coastal soils (Liu et al., 2008; Yu
et al., 2014). Various fluvial, marine, fluvio-marine, and aeolian land-
forms work as the potential fresh groundwater zones down to 10 m in
the coastal areas (Central Ground Water Board, 2014). It has been
found that the beach dunes, which generally occur as narrow strips
along the coast, have not been affected by the seawater and have
formed potential perched freshwater aquifers locally (Prusty et al.,
2020).

The study of buried paleochannels is of scientific interest to under-
stand the hydrogeology of an area as they contain permeable sediments
to form excellent aquifers (Shirke et al., 2005). Studies have reported
that paleochannels form freshwater zones in a seawater dominated en-
vironment in the coastal areas (Prusty et al., 2020; Samadder et al.,
2011; Sharma et al., 2016). Paleochannels, filled with high permeable
sediments, provide preferred pathways for the movement of ground-
water and seawater in coastal regions (Daniel et al., 1996; Falls et al.,
2005). The sub-marine groundwater discharge through paleochannels
restricts the landward movement of the saline front. However, these
paleochannels may support seawater intrusion with the increase in
the groundwater abstraction on land (Mulligan et al., 2007). In such
cases, the increased salinity indicates that the same routes that
transported freshwater to the ocean have been turned into pathways
for seawater intrusion (Gallardo and Marui, 2007). By simulation of
coastal aquifers, Mulligan et al. (2007) confirmed that the
paleochannels permit both inflow and outflow of the seawater.

2.2. Tidal activity

Effects of tidal activity on coastal groundwater quality have been
studied by several researchers involving experimental studies, field
studies as well as simulation studies. Using time series analysis, Kim
et al. (2005) found that the groundwater quality in the coastal regions
of Kimje, Korea reflects periodic changes in the tidal activities. In an-
other study, the effects of tides on the coastal groundwater system
have been traced up to 3 km inland from the coastline of Jeju Island,
Korea (Kim et al., 2006). Studies have shown that the oscillation in
tidal movement fluctuates the groundwater head in coastal regions,
which causes periodical changes in the groundwater table (Carr and
van der Kamp, 1969; Nielsen, 1990). Such fluctuations in the groundwa-
ter head have a direct effect on the freshwater - seawater mixing zone
(Bear, 1972; Strack, 1976; Wang and Tsay, 2001). Shalev et al. (2009)
have reported that this fluctuation in freshwater - seawater interface
causes an inflow of the seawater into the pumping wells during the
high tide period. Einsiedl (2012) stated that the natural conduits sup-
plying water to the tube wells could also act as pathways to transport
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the tide-induced seawater into inland areas. Further, studies have found
that tides not only influence the freshwater - seawater mixing zone but
also affects the rate of groundwater discharge into the sea (Robinson
and Gallagher, 1999; Uchiyama et al., 2000; Urish and McKenna, 2004).

Simulation studies have identified tidal fluctuations as one of the pri-
mary causes of freshwater - seawater mixing in the Atoll Islands
(Underwood et al., 1992). Simulation of tidal activity by Ataie-Ashtiani
et al. (1999) highlighted that the tidal activity enhances the seawater
intrusion process and causes thickening of freshwater - seawater inter-
face. The study also indicated that the tidal fluctuations affect the water
table severely in the shallow aquifer, while the beach slope plays a vital
role in groundwater discharge into the sea (Ataie-Ashtiani et al., 2001;
Li et al., 2002). In contrast, the integration of laboratory experiments
with numerical simulations found that the tidal action is negatively re-
lated to the seawater intrusion in the inter-tidal zone (Kuan et al.,
2012). It is found that the tide-induced seawater circulation develops
a saltwater plume in the inter-tidal zone, which reduces the freshwater
discharge into the sea, and in turn, reduces the seawater intrusion
considerably.

2.3. Climate change and sea-level rise

Climate change and sea-level rise are the most important climatic
factors that control seawater intrusion in coastal regions. The atmo-
spheric precipitation is the primary source of groundwater recharge;
however, its quantity changes in terms of both space and time. Further,
atmospheric precipitation shows a high degree of inter-annual variabil-
ity. During the rainy season, the groundwater level increases with the
increase in precipitation, while in the summer season, a many-fold in-
crease in evapotranspiration coupled with a decrease in precipitation
results in a decline of groundwater level (Rapti-Caputo, 2010). Thus,
during non-rainy seasons even relatively lesser withdrawal of ground-
water may result in seawater intrusion. Therefore, the chances of sea-
water intrusion remain higher during non-rainy seasons as compared
to the rainy season. Meteorological drought, storm surges, and coastal
erosion are some of the other factors associated with climate change
that are explicitly linked to seawater intrusion (Terry and Falkland,
2010). Storm surges threaten the coastal aquifers by flooding the low-
lying coastal areas with seawater, which salinizes the coastal ground-
water and causes deposition of salts on soil (Central Water
Commission, 2017; Rezaie et al., 2019). This makes the groundwater
and soil unusable for agricultural and other usages.

Rise in the atmospheric temperature due to global warming acceler-
ates glacial melting and supplies large quantities of water to the ocean,
which in turn results in sea-level rise. A rise in sea-level leads to an in-
crease in the seawater head at the ocean boundary, causing migration
of the freshwater - seawater mixing zone to inland areas (Custodio,
1997). Simulation studies indicated that a decrease in the slope of
shoreline increases the land-surface inundation, which causes inland
advancement of the freshwater - seawater interface with the sea-level
rise (Ataie-Ashtiani et al., 2013; Hussain and Javadi, 2016; Ketabchi
et al.,, 2016). Chen et al. (2015) have predicted that there will be an in-
crease in the salt content as well as the length of seawater intrusion in
the Tamsui River, Taiwan due to a rise in the sea-level. This will also in-
crease the salinity of the river due to delayed transport of dissolved con-
tents to the sea. In another study by Shi and Jiao (2014), sea-level
fluctuation is shown to cause paleo-seawater intrusion in the coasts of
Laizhou Bay, China.

Climate change and land-sea elevation contrast can enhance the ef-
fects of sea-level rise on seawater intrusion. This has been well-
explained by Sherif and Singh (1999) in Nile delta, Egypt and Madras
aquifer, India with the help of numerical simulations. Scare rainfall
and high-temperature conditions prevail in the Nile delta region due
to its occurrence within a desert and arid belt. Besides, it has low
land-sea elevation, which results in higher seawater intrusion with an
increase in the sea-level. It has been predicted that a sea-level rise of

0.5 m in the Mediterranean sea will result in 9 km more inland move-
ment of seawater in the Nile delta aquifer, while the same sea-level
rise in the Bay of Bengal can only cause an increase in seawater intrusion
~0.4 km along the east coast of India. Simulation studies further indi-
cated that sea-level rise causes severe coastal flooding issues (Lodiciga
etal., 2012; Shrivastava, 1998). Interestingly, Chang et al. (2011) identi-
fied a self-reversing process in the confined aquifer, which causes natu-
ral reversal of the seawater intrusion process induced by sea-level rise.

2.4. Human-induced factors

Human activity is the foremost important factor that is directly or in-
directly related to all other factors controlling seawater intrusion. Over-
exploitation of groundwater resources is the most crucial human-
induced process that enhances the seawater intrusion in coastal regions.
Groundwater is primarily used for domestic, agricultural, and industrial
purposes in coastal areas. With the increase in the water demand, the
groundwater sources are over-exploited, causing seawater intrusion.
Excessive withdrawal of groundwater has been reported as the main
cause of seawater intrusion in many parts of the world, for example in
Africa (van Camp et al., 2014), Australia (Narayan et al., 2007), China
(Shi and Jiao, 2014), Europe (Daliakopoulos et al., 2016; Einsiedl,
2012), India (Kanagaraj et al., 2018), USA (Misut and Voss, 2007),
Vietnam (Ngo et al., 2015), etc. Periodic fluctuation in freshwater - sea-
water interface exposes the aquifer sediments to freshwater and seawa-
ter alternately. This differential flow of water severely affects the
hydraulic properties of the aquifer (Barlow, 2003). Additionally, exten-
sive withdrawal of groundwater develops stress conditions in the aqui-
fer and causes a reduction in the pore pressure of the aquifer sediments,
which may lead to land subsidence (Gambolati and Teatini, 2015). Se-
vere effects of groundwater extraction induced subsidence on buildings
and coastal structures have been reported from many coastal regions
across the globe (Feng et al., 2008; Minderhoud et al,, 2017).

Other human activities such as large-scale groundwater usage for
agriculture, land reclamation, unplanned shrimp culture, inland
saltpans, insufficient or poorly maintained infrastructure, and inade-
quate water management systems can encourage salinization of the
coastal aquifer (Mahmuduzzaman et al., 2014). At places where fresh-
water is under severe stress, the groundwater with relatively higher
salt content is used in agricultural fields, which over time, makes the
soil saline (Han et al., 2011). The removal of salts from the soil is a diffi-
cult task and is not beneficial; thus, the saline soil becomes unusable for
agricultural activities. In some of the coastal regions, shrimp farming is
adopted to raise income and employment. However, extensive shrimp
culture has several negative impacts on the coastal environment, such
as depletion of water resources, loss of biodiversity, seawater intrusion,
environmental pollution, etc. (Hossain et al., 2013; Nguyen et al., 2019).
Studies have further shown that the development of an extensive drain-
age system in the river's upstream direction may lower the groundwa-
ter level in the coastal areas and may facilitate the seawater intrusion
(Barlow, 2003; Barlow and Reichard, 2010). Several infrastructures
have been developed in many of the coastal regions to prevent the in-
flow of seawater and supply of water to the coastal population. How-
ever, improper maintenance and management tactics may lead to
leakage of water, contamination from surficial activities leading to fail-
ure of their purposes.

3. Methods of investigation

Over the years, a large number of studies have been conducted on
coastal aquifers to understand the various aspects of the seawater intru-
sion process. Investigation of seawater intrusion includes determining
the spatial distribution of physicochemical properties of the subsurface,
such as electrical conductivity (EC), salinity, water quality, total dis-
solved salts (TDS), seawater mixing, etc. (Bear et al., 1999). The
methods applied to achieve this can be broadly divided into two
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types: (i) direct method and (ii) indirect method. The direct techniques
involve collection and analysis of water samples for various physio-
chemical parameters, while in indirect method, the hydrologic proper-
ties are interpreted from the measurement of bulk conductivity, bulk re-
sistivity, and seismic velocities of the aquifer material. Measurement of
groundwater levels and the geochemical analysis of groundwater sam-
ples are some of the examples of the common direct methods used in
seawater intrusion studies. Additionally, in many cases, remote sensing
and geographical information systems (GIS) have also been used in
combination with direct or indirect methods to monitor the coastal
aquifers. A brief description of the common direct and indirect methods
used for seawater intrusion studies are given below.

3.1. Direct methods: geochemical methods

Seawater intrusion is the main cause of higher salinity in coastal
water. However, the salinity in coastal water could also be contributed
by several other sources like entrapped fossil seawater, sea-spray accu-
mulation, evaporite rock dissolution, anthropogenic pollution (from
sewage effluents, industrial effluents, mine water, road deicing salts,
etc.) (Alcala and Custodio, 2008; Davis et al., 1998). The changes in
the salinity in coastal groundwater are generally found to be associated
with four geochemical processes, namely (i) freshwater - seawater
mixing, (ii) carbonate precipitation, (iii) ion exchange, and (iv) redox
reactions (Bear et al., 1999). For the purpose to determine the dominant
processes that control the groundwater salinity at a particular location,
concentrations of major ions such as Na, Cl, Ca, and Mg, and some minor
ions such as Br, F, and I are widely used (Alcala and Custodio, 2008;
Manivannan and Elango, 2018; Nair et al., 2013). Additional parameters
such as EC and TDS are incorporated to precisely locate the major intru-
sion plumes in the coastal areas (Sylus and Ramesh, 2015; Zghibi et al.,
2013). Molar ionic ratios such as Na/Cl, Cl/Br, Ca/Mg, ClI/HCOs, Ca/
(HCO3 + S04), etc. have also been used as tracers for seawater intrusion.
In many studies, stable isotopes of oxygen (8'%0), hydrogen (6°H), and
boron (8!'B) are used to determine the origin of water and trace the
contribution of seawater mixing in modulating the groundwater quality
in coastal regions (Han et al., 2015; Nair et al., 2015). Werner et al.
(2013) have also used the strontium isotopic ratio (87Sr/%6sr) to differ-
entiate past and recent seawater intrusion. Utilizing EC, Na, and Cl con-
centrations, seawater intrusion has been identified in the coastal areas
of south India (Kumar et al., 2014). Tomaszkiewicz et al. (2014) have
calculated the groundwater quality index for seawater intrusion from
the geochemical parameters. Excessive Cl over Na concentrations with
the molar ratio of Na/Cl equals to 0.86 and excessive Mg over Ca concen-
trations with the molar ratio of Mg/Cl varying between 4.5 and 5.2 has
been reported to indicate seawater intrusion (Bear et al., 1999).

3.2. Indirect methods: geophysical methods

Seawater intrusion causes higher Na and Cl concentrations in the
coastal groundwater, which is reflected in the form of higher EC values.
Thus, measurement of EC or resistivity of aquifer fluids can be used to
understand the water quality in the coastal aquifer. Usually, groundwa-
ter has high resistivity values (low EC), and lower resistivity values
(high EC) in coastal regions are indicative of saline groundwater
(Manivannan and Elango, 2018). Electrical methods (resistivity and
electromagnetic) have commonly been used in coastal areas to delin-
eate the subsurface brackish or seawater bodies from the freshwater.
In the resistivity method, an electric current is passed into the ground
through current electrodes, and resistivity is measured from electrical
potential between the current electrodes. Vertical electrical sounding
(VES) and electrical resistivity tomography (ERT) are the most common
electrical resistivity methods used for the study of seawater intrusion in
coastal regions (Kumar et al., 2016). In electromagnetic methods, a
magnetic field is developed on the surface, which induces an electric
current in the subsurface, and the secondary magnetic field produced

by the induced current is measured to know the subsurface condition.
Very low frequency (VLF), an electromagnetic method is used to locate
the freshwater - seawater interface in the coastal aquifer (Bear et al.,
1999). Seismic methods are also used to demarcate the lithological
boundaries that may provide hydrological information of the geological
formations. In this method, changes in seismic velocity are measured
and interpreted in terms of the mechanical properties of the geological
formations. The technique has been very successful in understanding
the subsurface information in remote areas and gives very reliable re-
sults in combination with electrical methods. Ground-penetrating
radar (GPR) includes both seismic reflection and electromagnetic
methods and can be used to locate the freshwater - seawater interface
in a coastal aquifer (Bear et al., 1999; Kumar et al., 2016). However,
these methods are limited to investigate the subsurface depth of a few
meters to a few hundred meters. For the investigation of deeper subsur-
face, borehole logging methods can be applied. The integration of vari-
ous geophysical methods may provide a piece of clear information
about the subsurface hydrological condition. Sathish et al. (2011) have
adopted high resistivity electrical tomography technique to precisely lo-
cate the freshwater - seawater mixing zone in the Indian city of Chen-
nai. Melloul and Goldenberg (1997) have used a time-domain
electrical resistivity method to study the penetration of seawater into
the coastal aquifers of Israel. Further, VES and shallow seismic refraction
methods are explicitly applicable in evaluating the seawater intrusion in
the coastal alluvial terrain with thick clay formations (Choudhury et al.,
2001; Majumdar and Das, 2011).

3.3. Remote sensing and GIS

Remote sensing of the surface features can provide information
about the subsurface geological structures. This technique is useful for
quick groundwater mapping, especially in large and inaccessible areas.
The surficial features associated with groundwater, such as vegetation
and runoff, can be recognized easily in the satellite imageries based on
their spectral signatures (Elbeih, 2015). Remotely sensed imageries
could also be utilized for the identification of the surface water bodies
like streams, lakes, wetlands, seepage areas, recharge zones, etc.,
which help in predicting the subsurface water flow. Fang et al. (2010)
have identified seawater intrusion in the Pearl River Estuary, China
using Earth Observing-1 (EO-1) Advanced Land Imager (ALI) satellite
imagery. In another study, Astaras and Oikonomidis (2006) have used
high-resolution Landsat and Thematic mapper (TM) satellite images
to delineate the seawater affected coastal areas in central Greece.
Nguyen et al. (2018) have also predicted seawater intrusion in the Me-
kong Delta, Vietnam based on Landsat reflectance. Later, the Landsat im-
ages have also been used to assess the soil salinity of the region (Nguyen
et al,, 2020). GIS techniques have been proved to be very powerful tools
in understanding the spatial distribution of water quality parameters
(Elbeih, 2015; Prusty et al., 2020; Rao et al., 2008). It is a common prac-
tice to use remote sensing and GIS techniques in conjunction with other
studies like VES and geochemical surveys to identify various pathways
for seawater intrusion (Dhakate et al., 2016). With the application of
GIS techniques, high salinity hazards zones have been demarcated in
Maharashtra, India (Anbazhagan and Nair, 2004).

4. Mitigation methods

The investigation, monitoring, and management of seawater intru-
sion is a tedious task since it has large spatio-temporal variations. The
groundwater quality in two wells located just a few tens of meters
apart can be drastically different on account of local and regional scale
variations in hydrogeological conditions and anthropogenic activities.
Such variations make it challenging to manage the coastal groundwater
resources sustainably and cost-effectively. There are many coastal
groundwater management techniques. However, there is no strait-
jacket formula to determine which method can be applied to a
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particular region to protect the coastal groundwater. A poor manage-
ment technique may lead to the loss of freshwater resources. For the de-
termination of best-suited groundwater management techniques, the
current status of groundwater quality and seawater intrusion,
hydrogeological characterization of the region, recharge and utilization
estimation, etc. must be taken into consideration. Some of the important
management strategies are discussed below.

4.1. Reduction in pumping rate

Reduction in over-draft and rate of groundwater abstraction are
some of the most effective and free of cost mitigation measures to pre-
vent further ingress of seawater into the coastal aquifer (Manivannan
and Elango, 2018). The reduction in over-draft can be achieved by the
utilization of surface water and rainwater through artificial drainage
channels for agricultural activities (Central Water Commission, 2017).
It has been reported by Hussain et al. (2019) that periodic changes in
crop patterns and avoiding high water demanding crops like rice,
wheat, soya, etc. can significantly reduce groundwater pumping in
coastal regions. The construction of major commercial structures that
require huge quantities of water should be restricted in the coastal
areas. The installation of desalination plants can also reduce groundwa-
ter usage by making saline groundwater meet the industrial require-
ment of water (Shalev et al, 2009; Soni and Pujari, 2010).
Additionally, the wastewater and the water used in industrial processes
can be reused for some other purposes after appropriate treatment. The
facilitation of water supply to the coastal areas from far inland areas can
reduce the pumping activity to a great extent. However, high population
growth creating high water demand is the main barrier for the deploy-
ment of this method. In some cases, an alternate usable water source is
limited, and the supply of good quality water is not cost-effective; thus,
the method fails to achieve its goal.

4.2. Rearrangement of pumping wells

Intense pumping activities close to the seashore will cause rapid in-
land movement of seawater. Generally, the freshwater — seawater inter-
face is located at a shallow depth close to the sea, while it occurs at
greater depths in inland areas. Thus, the shifting of sea-side pumping
wells towards the inland areas could minimize the seawater intrusion
(Manivannan and Elango, 2018). Reduction of pumping activities in
the seawater affected area helps in re-establishing the natural hydraulic
gradient between the seawater and freshwater, which can prevent the
landward movement of the seawater (Hussain et al., 2019). This
method is especially suitable for coastal aquifers with high lateral het-
erogeneity. However, in many cases, the cost of the relocation of wells
may not be beneficial. A well-planned strategy needs to be adopted
while deciding the location of the shifted wells.

4.3. Artificial recharge and rainwater harvesting

Natural replenishment of the groundwater reservoir is a slow pro-
cess. Generally, the rate at which groundwater withdrawal occurs over-
steps the natural recharge. Under such conditions, the groundwater
head decreases and causes the landward migration of the seawater.
The acceleration of natural recharge in coastal areas may prove to be
an effective strategy to deal with the seawater intrusion problem. In
this process, the surface water is connected to the groundwater reser-
voir through various artificial constructions. Renovation of old ancestral
structures like ponds/tanks and installation of different recharge struc-
tures may prove to be very effective in facilitating the groundwater re-
charge in over-exploited and critical regions (Central Ground Water
Board, 2013a). Sakthivadivel (2007) has suggested that the construction
of a series of check dams may also help in groundwater recharge in the
coastal areas and slow down the seawater intrusion process. The devel-
opment of thick forests along the shorelines can increase the water

holding capacity of the aquifer sediments, which can prevent the inun-
dation of seawater. The process is not only environment-friendly but
also cost-effective. Further, it does not require much land and displace-
ment of the population. However, the unavailability of good quality
water for recharge, especially during dry periods, is the major issue as-
sociated with this strategy. There are also chances of groundwater con-
tamination from the surface water recharge. The cost of the
development of subsurface structures is another limitation.

Rainwater, a renewable water resource, can be quite helpful in deal-
ing with water scarcity and related problems if stored and appropriately
utilized. The storing of rainwater can prevent the risks associated with
storm-water runoff. The collected rainwater can be used for groundwa-
ter recharge, domestic and agricultural usages, and other purposes sub-
sequently. With the depletion of groundwater level in fluctuating
climate conditions, especially during the non-rainy seasons, harvested
rainwater can play a major role in meeting the groundwater demands.
The collection of rainwater not only reduces urban flooding but also
helps in recharging the local aquifers and supplying water to water-
scarce areas (Kumar et al., 2005; Rekha, 2002). The recharge of ground-
water increases the water table, and the chances of seawater intrusion
are minimized. Datta (2019) has reported several consequences of rain-
water harvesting such as overcoming water shortage, supplementing
existing supplies, stopping seawater intrusion, auto-filtration through
soils, storing water for agricultural usage in dry periods, controlling
floods by storing excess runoff, mitigating drought effects, recharging
groundwater, dry and dead rivers, etc. Since rainwater harvesting is
rainfall dependent, the abrupt change in rainfall pattern is the major
challenge of this management practice.

4.4, Injection and abstraction wells

Construction of a series of freshwater injection wells close to the sea
may help in maintaining the freshwater - seawater equilibrium. The
high-pressure freshwater injection forces the freshwater - seawater in-
terface back towards the sea (Manivannan and Elango, 2018). Lodiciga
et al. (2012) have succeeded in groundwater recharge by this method
in California, USA. This method is most suitable for coastal areas that
have restricted land availability with a good network of rivers. These
rivers may act as local sources of freshwater to be injected. High volume
injection of freshwater will increase the water level, and thus will push
the seawater front away from the land (Abdalla, 2016). However, the in-
jection of inferior quality of freshwater may lead to deterioration of
groundwater quality. Further, injection under high pressure may
change the pore pressure and alter the aquifer properties.

Another method to push back the freshwater - seawater interface
towards the sea involves the construction of a series of seawater ab-
straction wells close to the sea. The abstracted seawater can either be
utilized in desalination plants or discharged directly into the sea
(Hussain et al., 2019). The excessive withdrawal of seawater can de-
velop a seaward hydraulic head that may direct the water flow towards
the sea and protect the coastal aquifer from seawater intrusion. It is of
utmost importance to calculate the seawater abstraction rate carefully
to avoid any freshwater extraction. In most cases, it is neither economic
nor practically possible to remove the seawater entirely by pumping.

4.5. Construction of subsurface barriers

The construction of physical subsurface barriers can restrict the in-
land flow of seawater into the coastal aquifers. These barriers are usu-
ally constructed with concrete, grout, slurry walls, etc. on
impermeable strata to prevent seepage from beneath. They have a lon-
ger lifetime and minimal maintenance (Hussain et al., 2019; Werner
et al., 2013). The construction of physical barriers prevents not only sea-
water intrusion but also the mixing of seawater with the fresh ground-
water (Dey and Prakash, 2020). The method has successfully been
adopted at the Okinawa island in the Pacific Ocean, where the
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subsurface barriers prevent seawater intrusion into the limestone
coastal aquifer (Sugio et al., 1987). This method may prove to be cost-
effective and yield good results in shallow coastal aquifers. In the case
of deeper aquifers, high costs associated with the construction of the
retaining wall (or similar subsurface structure) may pose a challenge.
Further, in the absence of impervious strata at a shallower depth, diffu-
sion of seawater may occur beyond the barrier depth.

4.6. Groundwater monitoring network

Various water laws and policies have been implemented nationally
and at state levels across the globe for effective management and pro-
tection of coastal water resources. It has been stressed that high-
resolution water quality data is crucial to determine the current state
of seawater intrusion, which can only be possible through a carefully de-
signed monitoring network. Regular monitoring of water resources also
helps in indicating the shrinking surface water bodies due to siltation
and clearance of watershed in the catchment areas (Central Ground
Water Board, 2014; Central Water Commission, 2017). Additionally, to
provide crucial data for mitigation planning, these agencies develop
awareness among the people through various awareness and training
programs. Periodic publication of reports appraises people about the
impact of their efforts on local groundwater quality and seawater
intrusion.

5. Status of seawater intrusion in India

The problem of seawater intrusion is predominant in Asian coun-
tries, especially in the Indian subcontinent, which falls under medium
vulnerability (Fig. 3a; Fuchs, 2010). A vast coastline of approximately
7500 km surrounds the Indian subcontinent on its three sides: the Bay
of Bengal in the east, the Arabian Sea in the west, and the Indian
Ocean to the south (Fig. 3b; Central Ground Water Board, 2014). Ac-
cording to Chachadi (2005), the Indian coastline stretches over nearly
53 coastal districts in nine coastal states. These nine maritime states
from west to east include Gujarat, Maharashtra, Goa, Karnataka, Kerala,
Tamil Nadu, Andhra Pradesh, Odisha, and West Bengal. Besides, there
are four coastal union territories, two located in the mainland (Daman
and Diu, and Puducherry) and two islands (Andaman and Nicobar
Islands, and Lakshadweep Island). The coastal zones of India comprise

extensive fertile delta plains, industries, harbors, airports, land ports,
tourism, etc. They have diverse ecosystems, including mangroves,
coral reefs, salt marshes, mudflats, estuaries, and lagoons (Central
Water Commission, 2017). A number of major rivers, including the
Ganga, Brahmaputra, Mahanadi, Krishna, Godavari, Cauvery, Narmada,
Tapti, etc. discharge their water into the sea through the coastal tract
of India (Mukhopadhyay and Karisiddaiah, 2014). The geological forma-
tions of the coastal tract vary from Archean crystalline rocks to recent
fluvial and marine sediments (Manivannan and Elango, 2019). The Qua-
ternary sediments cover a major portion in the southeast coast with the
Deccan traps in the west and the Archean rocks in the southwest.

In recent times, enormous developments and rapid increase in
coastal populations have stressed the coastal freshwater resources lead-
ing to water scarcity issues and seawater intrusion into the coastal aqui-
fer. Various coastal districts of India that are under the direct influence
of the seawater are shown in Fig. 3b (MoEF and CC, 2016). A study
from Central Soil Salinity Research Institute (Karnal, India) indicates
that there are about 70 thousand sq. km salt-affected soils in India, out
of which about 21 thousand sq. km comprise saline soils in the coastal
tracts (Farooqui et al., 2009). A detailed explanation of the available
coastal groundwater resources, state-wise seawater intrusion status,
and adopted mitigation measures are presented in the following
subsections.

5.1. Coastal groundwater resources of India

Uncertainty in rainfall, scarcity of surface water at a few places and
the onsite availability of fresh groundwater have resulted in higher de-
pendency on groundwater resources in India. Growing urbanization
and changes in land usage patterns have largely reduced the natural
groundwater recharge process, which has significantly decreased the
groundwater level (Mishra et al., 2014; Mukherjee et al., 2018; Patra
et al.,, 2018). The situation becomes worse during the summer season
when there is a considerable decrease in the groundwater table due to
very limited recharge (Dams et al., 2012). This leads to severe water cri-
sis, especially in the coastal areas where over-exploitation of groundwa-
ter is prevalent. Various states and central government organizations
have assessed the groundwater resources of India. The groundwater re-
sources in the coastal states of India assessed by Central Ground Water
Board (2017) are provided in Table 1. The annual replenishable
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Table 1
Groundwater resources in the coastal states of India as on March 2013.
Source: Central Ground Water Board (2017).

States of Annual replenishable groundwater Natural discharge Net annual Annual groundwater draft Net groundwater
India resource during groundwater availability for future
Monsoon Non-monsoon Total Non-monsoon season availability Irrigation  Domesticand  Total uses
recharge recharge industrial
Rainfall Others Rainfall Others uses
Gujarat 13.93 3.22 0.00 3.71 20.85 1.07 19.79 12.30 1.14 13.44 6.35
Maharashtra 21.96 1.64 1.83 7.76 33.19 1.71 31.48 15.93 1.14 17.07 14.41
Karnataka 6.74 418 2.67 3.40 17.00 2.16 14.83 8.76 0.99 9.76 5.07
Goa 0.15 0.01 0.01 0.08 0.24 0.10 0.15 0.02 0.03 0.05 0.10
Kerala 4.51 0.04 0.59 113 6.27 0.60 5.66 1.18 145 2.63 3.03
Tamil Nadu 7.12 9.87 1.52 2.15 20.65 2.07 18.59 12.98 1.38 14.36 423
Andhra 8.97 425 321 397 2039 191 1848 7.29 0.81 810 1038
Pradesh
Odisha 11.29 2.53 133 2.63 17.78 1.09 16.69 414 0.87 5.02 11.67
West Bengal 18.71 5.26 1.51 3.85 29.33 2.77 26.56 10.84 1.00 11.84 14.72
Total 93.38 31.0 12.67 28.68 165.7 13.48 152.2 73.44 8.81 82.27 69.96

All values are in billion cubic meters (bcm).

groundwater resource in the coastal states has been assessed as 165.7
billion cubic meters (bcm). The groundwater replenishment is mostly
dependent on the rainfall recharge, which contributes about 64% of
total groundwater resources (total 106 bcm; monsoon rainfall: 93.38
bcm; non-monsoon rainfall: 12.67 bem). The rest 59.68 bem is obtained
from other sources including canal seepage, return flow from irrigation,
recharge from tanks, ponds, water conservation structures, etc. Out of
the total natural replenishable water, 13.48 bcm is discharged naturally
per annum during the non-monsoon season, and 152.23 bcm is avail-
able for various usages. Further, it is estimated that the net annual
groundwater draft including domestic, industrial, and agricultural us-
ages is 82.27 bcm, which will leave 69.96 bcm of groundwater for future
usages (Table 1). Based on the present population growth rate, Gupta
and Deshpande (2004) have estimated that India will face severe
water scarcity problem by 2050.

Central Ground Water Board (2017) in association with the state
groundwater departments has assessed different administrative units
of Indian coastal states and categorized them as safe, semi-critical, crit-
ical, over-exploited, and saline. It is found that out of 3307 administra-
tive units, 495 units are over-exploited, 409 units are semi-critical,
146 units are critical, and 92 units are entirely saline (Table 2). The sa-
line units are mainly found in the states of Gujarat, Tamil Nadu, Andhra
Pradesh, and Odisha. Further, the number of semi-critical, critical, and
over-exploited units is significantly higher in the states of Tamil Nadu,
Andhra Pradesh, Karnataka, and West Bengal. However, all the coastal
states are under stress in terms of semi-critical, critical, over-
exploited, and saline groundwater conditions, except Goa, where all
units are found to be safe. Mukherjee et al. (2015) have reported that

Table 2
Groundwater condition in different administrative units in the coastal states of India.
Source: Central Ground Water Board (2017).

intensive irrigation is the main factor in stressing the groundwater re-
sources in India.

5.2. Status of seawater intrusion

On the basis of geomorphic setup, the Indian coast can be divided
into two types: (a) East coast and (b) West coast. The east coast com-
prises vast coastal plains and sedimentary depositions with the devel-
opment of well-defined deltaic plains at the river mouths. In contrast,
the west coast is mostly rocky with a number of islands, inundated
river channels, tidal creeks, rock-cut surfaces, etc. (Central Water
Commission, 2017). The east coastal plains extend from the Sundarban
delta in West Bengal to Coromandal coast in Tamil Nadu, while the west
coastal plains stretch from Rann of Kutch in Gujarat to Malabar coast in
Kerala. The status of seawater intrusion in the coastal states of India is
explained in detail in the following paragraphs.

5.2.1. West Bengal

The state of West Bengal includes three coastal districts on its south-
ern side. Goswami (1968) has conducted a hydrological survey in the
coastal regions by sinking an Auger borehole and groundwater quality
analysis. The study identified the presence of a freshwater wedge that
is separated by two 7-9 m thick saline units in the aquifer. It is also
found that the movement of the interface is controlled combined by
tides, natural recharge, and groundwater pumping. Several studies
have confirmed extensive groundwater withdrawal as the main cause
of seawater intrusion in the coastal regions (Das et al., 2018; Maity
et al.,, 2017). VES method has been integrated with the geochemical

States Length of coastline (km)*? Total no. of assessed units Safe Semi-critical Critical Over-exploited Saline
Gujarat 1214.7 223 175 9 6 23 10
Maharashtra 652.6 353 324 19 1 9 0
Karnataka 280.0 176 98 21 14 43 0
Goa 151.0 12 12 0 0 0 0
Kerala 569.7 152 131 18 2 1 0
Tamil Nadu 906.9 1139 429 212 105 358 35
Andhra Pradesh 973.7 670 497 54 17 61 41
Odisha 4764 314 308 0 0 0 6
West Bengal 157.5 268 191 76 1 0 0
Total 5382.5 3307 2165 409 146 495 92

Blocks: Kerala, Odisha, West Bengal; Taluks: Karnataka, Goa, Gujarat, Maharashtra; Mandal: Andhra Pradesh; Firka: Tamil Nadu.

2 Mukhopadhyay and Karisiddaiah (2014).
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method to identify different subsurface layers (Majumdar et al., 2016,
2014; Majumdar and Das, 2011). It is found that the deeper aquifers
are mostly safe for various usages, while the seawater contaminates
the shallow aquifer. By integration of VES with shallow seismic refrac-
tion method, Choudhury et al. (2001) have identified clay patches in
the subsurface up to a depth of 60 m, which prevents large-scale seawa-
ter intrusion at depth. In a few places, Adyalkar et al. (1981) have re-
ported paleo-seawater as the source of salinity. It has been observed
that groundwater over-extraction is the main cause of groundwater sa-
linization in the state. However, the saline units in the state have irreg-
ular distribution patterns, and there exits limited literature. Thus,
extensive hydrological studies are needed for a better understanding
of seawater intrusion in the state.

5.2.2. Odisha

In the neighbouring state of Odisha, around 8500 sq. km area spread-
ing in six coastal districts is under the influence of seawater. Central
Ground Water Board (2014) has reported that the saline groundwater
zones have a width of around 15 km in the northeast, 1.5-5 km in the
north, and 2-3 km in the southeast of Odisha. Over-exploitation of
groundwater has been reported to cause a reduction in groundwater
levels and closure of several tube wells in the coastal regions of the
state (Panda and Kumar, 2011; Rejani et al, 2009; Vijay and
Mohapatra, 2016). Hydrochemical studies have shown that mixing of
seawater with the fresh groundwater has increased the major ion con-
centrations in the coastal groundwater (Mohanty and Rao, 2019;
Mohapatra et al., 2011; Prusty et al., 2020, 2018). The deteriorating
groundwater condition due to the mixing of seawater with freshwater
in the central deltaic region is well-demonstrated by self-potential and
resistivity surveys (Radhakrishna, 2001; Singh et al,, 2011). These stud-
ies have identified different hydrological zones such as freshwater,
freshwater underlain by saline water, freshwater overlain by saline
water, and alternate fresh-saline zones in the coastal areas. However,
the salinity of the soils is mainly associated with the inundation of
land by the seawater during high tides and seawater ingression through
estuaries, creeks, drains, rivers, etc. (Farooqui et al., 2009). The state
shows a high degree of variation in salinity and lack of uniformity in
terms of lateral and vertical distribution of water types in the coastal re-
gions. The problem of seawater intrusion is emerging in the state and
needs urgent attention.

5.2.3. Andhra Pradesh

Andhra Pradesh has the 2nd largest coastline in India. An area of
around 1760 sq. km in the state has been estimated to have higher salin-
ity in the groundwater (Farooqui et al., 2009). Sea-level rise plays a sig-
nificant role in deteriorating groundwater quality and agricultural land
degradation (Kantamaneni et al., 2019). Using remote sensing and GIS
techniques, Rao et al. (2008) have assessed the coastal vulnerability of
the state by calculation of coastal vulnerability index from geomorphol-
ogy, tide, coastal slope, shoreline change, and wave heights. It has been
calculated that with a sea-level rise of 0.6 m, around 43% of the coast will
be under very high risk and 35% under high risk. In another study, a
huge loss of land has been predicted with 1 m rise in sea-level, espe-
cially in the low-lying deltaic regions (Rao et al., 2011a). Numerical sim-
ulations by Bobba (2002) have also predicted a significant risk of
seawater intrusion in the deltaic regions due to sea-level rise during
non-irrigation periods. Based on hydrochemical analysis, Surinaidu
et al. (2015) have identified up-coning of brines and paleo-seawater
in contributing to groundwater salinity at some places. However, the
presence of thick clay layers and steep hydraulic gradients prevents
the seawater to further intrude into the aquifer. The presence of thick
clay layers has also been confirmed by the ERT method (Naidu et al.,
2013; Rao et al,, 2011b; Surinaidu et al.,, 2013). Raju et al. (2013) have
traced seawater intrusion up to 11.6 km in the state. However, it has
been traced up to 40 km away from the coastline through the lake
water (Karanam et al., 2019). Such studies highlight that the deltaic

regions in the state are highly vulnerable to seawater intrusion due to
sea-level rise.

5.2.4. Tamil Nadu

In the state of Tamil Nadu, the problem of seawater intrusion is more
prevalent, and highly saline groundwater extends to far inland areas.
Nair et al. (2016, 2015, 2013) have conducted extensive hydrochemical
studies in the coastal regions of Chennai. From the ratios of seawater
tracers (Cl/Br) and isotopic signature, they have traced seawater intru-
sion up to 13-15 km from the coastline and identified over-pumping
as the main cause of seawater intrusion. Similar observations have
also been made in other parts of the state (Gopinath et al., 2019,
2016). However, at a few places, higher salt content in soils is found to
be associated with over-pumping related to agriculture activities
(Farooqui et al., 2009). Senthilkumar et al. (2019) have pointed out
the existence of various subsurface saline water zones occurring at dif-
ferent depths. In a few studies, the existence of saltpans along with
the anthropogenic activities has also been reported as the main cause
of groundwater salinity at a local scale (Chandrasekar et al., 2014;
Kanagaraj et al., 2018; Singaraja et al., 2015, 2014; Srinivas et al.,
2017). The existence of saltpans with groundwater over-pumping has
been identified as the main cause of groundwater salinity in the state.

5.2.5. Kerala

Limited attempts have been made to determine the status of seawa-
ter intrusion in the state of Kerala, which is located at the southern tip of
India. Sindhu et al. (2012), through groundwater simulation models,
have demonstrated that a 1% increase in pumping activity may develop
a landward hydraulic gradient sufficient to accelerate the seawater in-
trusion in the coastal regions. Interestingly, there are areas in the
state, where the groundwater level is below the sea-level. In these
areas, the negative hydraulic gradient causes seawater intrusion. With
the help of hydrochemical and statistical analysis, Shaji et al. (2009)
found that tidal activity and marine aerosols are degrading the coastal
groundwater and may form shallow patches of saline groundwater.
However, the groundwater along a major part of the coastal stretch is
safe from the seawater intrusion (Jacks and Thambi, 2018; Kumar
et al,, 2015, 2020; Prasanth et al., 2012). The widespread application
of the rooftop rainwater harvesting method in the state helps in quick
replenishment of groundwater resources. Further, direct utilization of
the harvested rainwater minimizes the groundwater pumping activity
in the area and limits the seawater intrusion.

5.2.6. Karnataka

The vulnerability of the state to seawater intrusion has been
assessed by GALDIT index involving six parameters such as groundwa-
ter occurrence (G), aquifer hydraulic conductivity (A), groundwater
level above the sea (L), distance from the shoreline (D), impact of
existing seawater intrusion (I), and thickness of the aquifer
(T) (Lathashri and Mahesha, 2008). Based on the GALDIT index, the
areas with low, moderate, and high vulnerability to seawater intrusion
were identified. Hydrochemical and isotopic studies conducted in vari-
ous river basins of the state do not show a significant effect of seawater
on coastal groundwater (Ravikumar and Somashekar, 2017,2011; Sylus
and Ramesh, 2018). Further, saturated-unsaturated transport model
(SUTRA) has related groundwater salinization with over-exploitation
during dry periods (Vyshali et al., 2008). The study has also identified
tidal activity as the main cause of seawater intrusion in some cases. It
is further observed that the effect of seawater is limited up to 200 m
throughout the year, which may extend up to 5 km during dry periods.
Studies have indicated that the coastal regions in the state have ade-
quate water sources, which are suitable for various usages. However,
continued industrialization in the coastal belt may lead to salinization
of coastal aquifer in near future. Thus, regular monitoring of water re-
sources and pumping activity are essential to safeguard the aquifer
from seawater intrusion.
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5.2.7. Goa

The state of Goa has the least coastline among the Indian states.
Chachadi (2005) has applied the GALDIT index to assess the vulnerabil-
ity of the coastal aquifer to the seawater intrusion in the state. It has
been found that the low-lying alluvial areas close to the rivers have a
higher susceptibility to the seawater intrusion due to tidal activity.
Based on finite element model, the extent of seawater intrusion has
been predicted up to 300 m away from the coastline (Kumar et al.,
2007). Besides tidal activity, marine depositional environments also
contribute to groundwater salinity in the state (Central Water
Commission, 2017). Using the GPR technique, Loveson et al. (2014)
have observed extension and widening of beach in the state due to ma-
rine depositions. The depositions are enhanced by high sediment influx
by the rivers due to mining activities in upstream. The withdrawal of
groundwater is increasing over time, with a rapid increase in the infra-
structure development for tourism, which may cause serious ground-
water problems in the state.

5.2.8. Maharashtra

In the state of Maharashtra, the VES-geophysical method has been
adopted to delineate the effects of seawater intrusion along the coastal
zones (Gupta et al., 2010). It is found that the movement of seawater
from the Arabian Sea towards the inland areas is facilitated by deep-
seated faults/lineaments. The study, along with other studies, also indi-
cated that the southwestern parts of the state are under higher seawater
influence (Maiti et al,, 2013, 2012). A hydrochemical study conducted in
one of the districts shows that the low-lying areas are affected by the
seawater intrusion due to the backwater of the sea through the rivers
(Omprakash and Gadikar, 2018). Another study by Naik et al. (2007)
has indicated seawater intrusion through the creeks in the coastal re-
gions. With the help of radioactive isotope (82Br), seawater intrusion
has been traced even in the deeper aquifer, which is a serious cause of
concern in the state (Keesari et al., 2014). The coastal regions in the
state are mostly covered by the Deccan traps, composed of basalts.
The volcanic rock comprises numerous vesicles and lava flows, which
allows the inflow of seawater in several places along the coast during
high tide periods.

5.2.9. Gujarat

The state of Gujarat has the longest coastline among the Indian
states and is well-known for its coastal communities. Hydrochemical
and isotopic studies have shown that intense groundwater pumping
for irrigation reverses the hydraulic gradient at many places near the
coast that results in seawater intrusion (Maurya et al., 2019; Pujari
and Soni, 2009; Rina et al., 2013; Soni and Pujari, 2010). From the ERT
images of the subsurface, Pujari and Soni (2009) concluded that the sea-
water intrusion occurs at a depth range of 4-13 m. According to Kumar
et al. (2019), changes in land-use patterns have significantly enhanced
the water demand in the coastal regions resulting in seawater intrusion.
Kale et al. (2012) have predicted the seawater movement up to 20 km
from the coastline in the highly industrialized areas of the state. It has
been suggested that an increase of 6.3 m in the water table at a ground-
water recharge rate of 2.175 x 103 m?/s/m will cause ~50% reduction
in seawater intrusion. Thus, extensive groundwater usage for domestic,
agricultural, and industrial purposes has been the main cause of seawa-
ter intrusion in the state.

5.3. Management strategies adopted in India

India has a vast coastline with a good percentage of the population
residing along with it. Seawater intrusion has degraded the coastal aqui-
fers due to large-scale groundwater developments along the shores. In
order to save the coastal groundwater resources from the seawater con-
tamination, several measures have been taken by the central and state
governments. The National Water Policy-2002 formulated that the
“over-exploitation of groundwater should be avoided, especially near

the coast to prevent the ingress of seawater into sweet water aquifers”.
The Water Prevention and Control of Pollution Act enacted in 1974 to
maintain or restore the wholesomeness of water across the country.
Central Ground Water Board (CGWB) has been constituted by the gov-
ernment of India to monitor and implement national policies for the
sustainable development and management of groundwater resources.
CGWSB has developed a monitoring network across the country for con-
tinuous monitoring of groundwater quality. It also conducts several
Mass Awareness Programmes (MAP) and Water Management Training
Programmes (WMTP) for the development of awareness among the
people to save the coastal groundwater resources (Central Ground
Water Board, 2013b). It regularly publishes the status of seawater intru-
sion and groundwater quality through various reports. Additionally, the
state governments have formulated various water quality monitoring
boards for the preservation of groundwater resources. Individual re-
searchers, working in various educational institutions or organizations
are also monitoring the coastal groundwater quality and status of sea-
water intrusion from time to time.

In many parts of India, rainwater harvesting techniques have been
widely utilized to address various groundwater problems. Some ancient
rainwater harvesting methods followed in India include havelis, bandh,
bandhulia, virda, eri, dhora, khadins, madakas, ahar-pynes, surangas,
taankas, etc. (Rivera-Ferre et al., 2013). Adaptation and implementation
of rainwater harvesting have been made mandatory in more or less all
states of India through various legislative decisions. The Central Minis-
try for Drinking Water and Sanitation, in association with the CGWB,
has set up multiple projects with an intention to mitigate the ground-
water problems in the rural and urban areas of India through the con-
struction of various rainwater harvesting structures.

As a part of the groundwater recharge drive, CGWB has constructed
various recharge structures in several parts of the country. Several re-
charge projects have been undertaken in coastal areas that are affected
by seawater intrusion, and special efforts have been made in the over-
exploited and critical regions. Several steps have been undertaken to
maintain the existing structures with the construction of many new ad-
ditional recharge structures for groundwater recharge (Central Ground
Water Board, 2013a). Construction of a series of check dams across the
rivers in the coastal areas has been proved to be quite successful in
preventing seawater intrusion (Nair et al., 2013; Sakthivadivel, 2007).
To deal with the problem of soil salinity in coastal areas, provisions for
storing surface runoff and its usage for irrigation purposes has also
been tested.

54. Summary

The studies have demonstrated that the seawater intrusion is more
prominent on the east coast than the west coast of India. The east
coast not only has a more extensive coastline but also comprises thicker
alluvial sediments as compared to the narrow and crystalline west
coast. Such geological settings facilitate a smoother inflow of seawater
into the east coast aquifers. Further, huge sediment loads brought by
the east-flowing rivers and their subsequent deposition into the Bay of
Bengal results in a lower hydraulic gradient. This allows the seawater
from the Bay of Bengal to easily intrude into the coastal aquifers. The
east coast also experiences frequent cyclonic disturbances originating
from the Bay of Bengal. These cyclonic disturbances result in higher
tidal activities along with severe flooding and salinization in the coastal
areas. The non-existence of such conditions along the west coast mini-
mizes the seawater intrusion from the Arabian Sea. Further, it has
been observed that the seawater intrusion along the west coast is
mainly controlled by the structural features existing in the area. On ac-
count of the wide variation in geological, structural, climatic, and coastal
geomorphic set-up along the Indian coast, it is advisable to adopt the
best mitigation strategies based on the local conditions. Several mea-
sures have been taken by the government on the national level. How-
ever, it is felt that involvement and active participation of the



P. Prusty, S.H. Farooq / HydroResearch 3 (2020) 61-74 71

individuals at the local level are necessary for more effective manage-
ment of seawater intrusion. The awareness among the coastal commu-
nity is of foremost importance in the safekeeping of coastal water
resources for future usages.
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