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Abstract The hydrogeochemical characterization of ground-
water helps to assess the trend of salinization and freshening of
the groundwater. The present study was carried out to under-
stand the lateral and vertical variation of groundwater salinity
and the process of salinization and freshening of the ground-
water in a coastal aquifer comprising a freshwater lens. The
partially isolated unconfined aquifer selected for the present
study is lying just south of the Chennai City, one of the densely
populated cities on the east coast of South India. Critical prob-
lems affecting this aquifer include a thin aquifer which is
connected/surrounded by saltwater on all the sides, overexploi-
tation of the groundwater, surface impermeabilization due to
increasing residential areas, and destruction of existing dune
morphology by conversion of barren land to the residential area
which causes a reduction in their barrier effect to seawater
intrusion. The process of salinization and freshening of the
groundwater was studied and monitored by using electrical
resistivity survey and hydrogeochemical analysis. The vertical
electrical sounding was carried out at 17 locations, and 400
water samples were collected and analyzed from 50 locations
during the period fromAugust 2008 toMay 2010 for this study.
The apparent resistivity values were analyzed and compared
with groundwater quality to demarcate the zone of seawater

intrusion. The regional flow direction of the groundwater is
westward and eastward with respect to the central stretch and
groundwater level ranges from 4.96 m MSL at the dune mor-
phology to 0 mMSL along the boundary on all the sides. Base
exchange index indicates that salinization trend in the northern
part of the study area is due to the extensive groundwater
pumping which increases the possibility of seawater intrusion.
The increase of base exchange index towards southern part
indicates a better groundwater quality of the aquifer due to
proper land use practices. A strong trend of quality alteration
is clearly visible from the base exchange index in response to
the seasonal change between monsoon and dry season. In the
western side, the monsoonal variation in the salinization and
freshening of the groundwater was not noticed; however, the
salinity is slightly higher than freshwater due to the presence of
clay.
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Introduction

Groundwater occurring in coastal aquifers is highly vulnera-
ble to contamination due to over use.The quality of
groundwater in shallow aquifer is severely affected by human
intervention (Hinrichsen 2007). The hydrogeochemical
composition of the coastal groundwater is highly vulnerable
to seawater intrusion, and the quality must be regularly
monitored. Seawater intrusion is a global environmental phe-
nomenon changing the chemical composition of the coastal
groundwater and probably going to worsen in the future as a
result of sea level rise associated with climate change
(Antonellini et al. 2008; IPCC 2007). The dominant rate of
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groundwater pumping than the rate of recharge will reduce the
availability of freshwater in the coastal aquifer. Also, the sa-
linity in the coastal groundwater can be induced by marine
transgression (Kooi et al. 2000), sea spray spreading (Smith
and Johnson 2011), upcoming of connate saline water
(Gondwe 1990), and seawater flooding (Apello and
Willemsen 1987). The lateral and vertical gradation in the
groundwater salinity occurs due to the migration of seawater
into the coastal aquifer to maintain density equilibrium. The
influence of seawater and the range of salinizations changes
from place to place depend on the aquifer characteristics, land
use practice, and recharge and discharge of the groundwater.
Hence, it is very important to understand the process of sali-
nization to manage the freshwater availability in the coastal
aquifer for various usages.

The 7500-km stretched Indian coastline is inhabited by
25 % of the total Indian population (CRZ 2010), and the
coastal aquifers are severely affected by the seawater in-
trusion. Most of these areas are coming under the vulner-
able zones because of the increased population density
and industrialization which demands more groundwater
pumping. Previously in December 2004, the coastal aqui-
fers along the south-east of India were affected by tsuna-
mi and the increased chloride concentration comes under
normal value after 3 years of rainfall recharge (Sivakumar
and Elango 2010). The coastal aquifer located at south of
Chennai, India is subjected to seawater intrusion since
several decades (Elango et al. 1992; Gnanasundar and
Elango 1998, 1999, 2000), and several policies were
made to reduce groundwater pumping which is mentioned
in BThe Chennai Metropolitan Area Groundwater
(Regulation) Act 27^ (1987). Research works have been
carried out by many researchers like Elango et al. (1992),
Gnanasundar and Elango (1998, 1999, 2000), Sathish
et al. (2011), and Sathish and Elango (2015) to analyze
the status of seawater intrusion in the area of study by
using electrical resistivity survey, major ion characteriza-
tion, and by development of numerical model. The prob-
lems occurring in this coastal unconfined aquifer include the
presence of saltwater on all the sides, overexploitation of
groundwater, lack of natural recharge due to land
impermeabilization as a result of urbanization and settlements,
destruction of natural beach dunes leading to the reduction of
their barrier effect to seawater intrusion, and improper drain-
age system. All these factors promote seawater intrusion
into this coastal freshwater aquifer, and still this aquifer is
being used for the supply of groundwater to the Chennai
City needs. The surface water with high concentration of
salt at all the sides causing a density gradient towards the
freshwater aquifer at various distances depends on the rate
of pumping of groundwater (Sathish and Elango 2011). The
density gradient in coastal groundwater is due to the
difference in density between freshwater and seawater, and

the lower density freshwater lens overlie the higher density
saltwater wedge (Bear et al. 1999; Post and Simmons 2005;
Bereslavskii 2006; Mollema et al. 2010). An understanding of
changes in the freshwater lens that overlie saltwater
wedge from all the sides will be useful tomanage groundwater
resources in the south Chennai coastal aquifer. Hence, in
addition to previous research work carried out by several
authors in this area, the present study was carried out with
the objective to understand the lateral and vertical variation
of groundwater salinity and variation in the process of
salinization and freshening of groundwater under various
seasons. The salinization and cation exchange process are
fortunately happening when the groundwater is mixing with
seawater (Stuyfzand 2008; Kouzana et al. 2010). The
approaches to study this particular problem have been
managed by using electrical resistivity understanding of the
aquifer, measurement of salinity, and calculation of cation
exchange behavior of the groundwater with seawater
(Massoud et al. 2015; Gimenez forcoda 2010). The change
in the salinity and freshness of groundwater was mainly trig-
gered by the heavy groundwater pumping that will induce the
mixing of saltwater with freshwater in this aquifer. Irrigation
in this area is minimal; hence, the salinity due to irrigation is
not considered in this work.

Study area

The study area is located on the east coast of south India and
lies south of Chennai metropolitan city. The area is surrounded
by the Bay of Bengal in the east, Buckingham canal in the
west, and the Adyar River and Muttukadu backwaters in the
north and south, respectively (Fig. 1). The topographical ele-
vation ranges from sea level to maximum elevation of 12 m
MSL (Fig. 2a). The Precambrian gneiss of charnockitic com-
position is the basement rock of the study area. The weathered
charnockitic rock of variable thickness is overlaid by uncon-
solidated quaternary sediments with a thickness ranging be-
tween 10 and 24 m. The quaternary sediments comprised of
sand, clay, sandy clay, and clayey sand. The sandy formation
covers most part of the area, and the clay, sandy clay, and
clayey sand are present as patches in between the sand forma-
tion. Along the western boundary, i.e., along the Buckingham
canal, clay is the dominant formation. The upper unconsoli-
dated formation and lower weathered formations function as
an unconfined aquifer.

The southwest monsoon prevails from July to
September, and the northeast monsoon is active from
October to December. The remaining months from
January to May are considered as a transition or dry period.
The annual average ra infa l l is about 1200 mm.
Temperature varies in summer between 35 and 42 °C,
and in winter it ranges from 25 to 34 °C. The geomorphol-
ogic features present in the area are sand dunes, beach, and
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terraces. The land use and land cover pattern are primarily
composed of urban settlements, aquaculture, recreational
theme parks, and hotels and secondarily by agricultural
land and small-scale industries. The urbanization is com-
paratively large in the northern part (Fig. 2b). The ground-
water flow in this region follows the hydraulic head differ-
ence resulting from topographic relief (Gnanasundar and
Elango 2000). However, short-term variation in the
groundwater flow that allows lateral and vertical mixing

of groundwate r occurs due to heavy pumping .
Gnanasundar and Elango (2000) reported that the exces-
sive groundwater withdrawal in this area causes seawater
intrusion. Kuzhali et al. (2009) stated that before 1950s this
area was undisturbed by means of human activities, and
from 1950s to 1985, industrialization and settlements de-
veloped from the northern part of the study area. In the
period from 1985 to 1997, there was a steep increase in
settlements which induced the seawater intrusion due to

Fig. 1 Location of the study area
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heavy groundwater pumping from this thin freshwater
aquifer. From 1997 to 2006, there was a rapid growth of
many industries at various scales following the economic
boom and unluckily this leads to a deterioration of the
environment and its natural resources. In 2002, there was
a government act that made rainwater harvesting mandato-
ry in all buildings to avoid seawater intrusion by means of
increasing groundwater recharge. This aquifer is one of the
major sources of groundwater to the public and industrial
activities with a withdrawal of groundwater varying be-
tween 0.131 and 0.199 m3 day−1 in 2010 (Senthil et al.
2001; Sathish and Elango 2015). The pumping of ground-
water by government well fields was reduced than earlier,
but still the private houses located in this region also have
wells to meet their needs. In the present situation, the en-
vironmental and ecological imbalance is arising in the
coastal area due to overexploitation of groundwater

because of increase in settlements, hotels, tourism centers,
and many industrial activities that are also affecting the
availability of freshwater in this relevant aquifer.

Material and methodology

From the literature, it is clearly understood that this aquifer is
affected by seawater intrusion for a prolonged time. Electrical
resistivity survey is an excellent tool to delineate the boundary
between seawater and freshwater (Barker 1980; Griffith and
Barker 1993). Additionally, it will provide information rela-
tively to the depth of the saturated medium (Sathish et al.
2011; De Franco et al. 2009; Adepelumi et al. 2009; Lee and
Song 2007b; Nowroozi et al. 1999; Goldman et al. 1991).
After starting electrical prospecting for earth’s material by
Robert W. Fox in 1830s for making use of natural current,

Fig. 2 a Topography of the area.
b Land use and land cover map
derived from IRS-LISS III
(February 2004)
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many researchers were focused on electrical prospecting that
was initially for ore bodies. Usage of direct or low-frequency
alternating current to detect the subsurface begins with
Schlumberger and Wenner in the beginning of 1900s. Later
on, electrical resistivity survey has been used for aquifer char-
acterization from 1930s (Sundberg 1932; Senthil kumar et al.
2001; Shevnin et al. 2006) like groundwater quality assess-
ment (Corriols and Dahlin 2008; Park et al. 2007; Lee and
Song 2006), zone of liquefaction (Balkaya et al. 2009) and
identification of features like sinkholes (Garman and Purcell
2004), fractures (Yadav and Singh 2007), etc. Basically in the
subsurface, current flow is formed in two ways that include
electronic and electrolytic conduction (Zhang et al. 1995;
Keller and Freschknecht 1966). The aquifer is composed of
sand which is a mixture of quartz and feldspar. Hence, the
flow of current is dominated by an electrolytic solution which
is groundwater that is available in the porous medium of the
saturated formation. In the unsaturated medium, role of me-
tallic ions in feldspar, partially filled groundwater in the po-
rous medium, and moisture content plays a major role for
current flow. In the unsaturated clay, the conduction is moti-
vated by metallic ions (Worthington 1993; Oskay et al. 1993;
Kelly 1977; Waxman and Smith 1968; Archie 1942;
Sundberg 1932). Due to variation in density and concentration
of electrolyte (groundwater), the contrast between seawater
and freshwater is easily understandable by qualitative and
quantitative interpretation of electrical resistivity data
(Sathish et al. 2011; Kouzana et al. 2010; Adepelumi et al.
2009; Benkabbour et al. 2004). Hence, the electrical resistivity
surveys have been employed to delineate the zone of seawater
intrusion in the current study.

The electrical resistivity survey was conducted by using
Vertical Electrical Sounding (VES) method. The locations
were marked along the coastal zone, canal boundary, and the
dune geomorphic features in such a way to identify ground-
water flow and lateral and vertical changes in the quality of
groundwater. Care was taken for the site selection to avoid
failure in resistivity measurements by means of surface inho-
mogeneity, the presence of buried conductors, etc. (Stollar and
Roux 1975). Totally 17 locations were chosen to cover the
entire area of around 23 km length and width of 1 to 3 km.
The accuracy of the result mainly depends on the type of array,
spacing between electrodes, type of formation present beneath
the subsurface, measurability of the signal by the equipment,
and ability to reduce the noise (Bernard 2003; Srinivasa Gowd
2004). The Schlumberger (1920) array has been employed by
using Terrameter SAS 1000/4000 which is one of the best and
widely used array for delineating the seawater and freshwater
interface (Nowroozi et al. 1999). The maximum spacing be-
tween current electrodes was 160 m. To avoid ambiguity in
the results due to less apparent resistivity obtained for both
clay and seawater intruded zone, the quantitative interpreta-
tion was made by comparing borehole logs available in the

nearby location. The quantitative measure of thickness and
apparent resistivity of the each electrical resistivity layer was
measured by forward modeling (Davis et al. 1980; Anderson
1989) by introducing the known lithological layers. The in-
version of nonlinear measured field data was done by ridge
regression analysis (Inman 1975) which is a standard tech-
nique for correlation (Jupp and Vozoff 1975). The multiple
iteration curve matching technique was adopted without
disturbing the measured field data by using Resist IX1D soft-
ware. The layer model and smooth model curve were obtain-
ed, and the parameters such as the thickness of unsaturated
zone, saturated zone, the thickness of lithological layers, and
apparent resistivity of each layer were finalized. The low re-
sistivity zone representing a zone of seawater intrusion was
identified. Electrical resistivity methods can be used to iden-
tify the contaminated zone, but still, it cannot be able to give
information about the chemical characteristics of the aquifer.
Hence, an integrated study of electrical resistivity and geo-
chemical analysis will reduce the limitations of both methods
and will give a better understanding of the aquifer (Sonkamble
2014). In addition to the electric resistivity methods, ground-
water monitoring, hydrogeochemical analysis, and hydrogeo-
chemical indicators were used to characterize the groundwater
quality and process of salinization and freshening of ground-
water within the coastal aquifer.

The groundwater monitoring was started in August
2008 in various large diameter wells and bore wells located
in the study area. Since then, all the wells were periodically
monitored at 3-month interval until May 2010. Totally 50
samples were collected during each monitoring period. It
includes 49 well samples and 1 surface water sample from
the canal. About 500 ml of sample was collected in a clean
polyethylene bottle from each location. The collected sam-
ples were subjected to physical and chemical characteris-
tics analysis. In total, 87.8 % of the monitored wells are
less than 10 m in depth and the depth of the well varies
from 3 to 18.4 m. The groundwater level, electrical con-
ductivity (EC, μS cm−1) and temperature (T, °C) were mea-
sured in the field by using portable meters. The samples
were preserved at the Department of Geology, Anna
University, Chennai until the determination of the concen-
tration of various parameters by titration and ion chromato-
graph (Metrohm). During the month of May 2010, the ver-
tical variations of EC and T were measured in all the bore
wells until the depth of 0.5 m above the bottom. The data
were organized in profiles passing through the well loca-
tions normal to the coast from the sea to the Buckingham
canal (Fig. 1). Three profiles were created to calculate the
thickness of freshwater availability.

The boundary of freshwater lens is defined by using
the salinity standard for drinking purpose that is less than
or equal to 1 g l−1. Several algorithms are available to
calculate salinity such as by using ratio of mass of
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seawater (Knudsen 1901), EC and chlorinity relationship
(Cox et al. 1967), conductivity and mass of seawater re-
lationship (UNESCO 1981a), etc. The algorithm based on
practical salinity scale (PSS), which is the function of EC,
temperature, and pressure published by UNESCO (1983),
was used to calculate the salinity. This algorithm gives
promising accuracy in between calculated and field salin-
ity of water samples having temperature ranges between
−2 and 40 °C. By using the developed algorithm given by
Eq. (1), the variations of salinity across lateral and vertical
directions were calculated by using EC and temperature
that was measured from the field. In order to create a 2D
section of salinity variation, the salinity measured from
the canal and the salinity of 31.06 g l−1 (Mondal et al.
2011) for the Bay of Bengal were also used together with
the salinity values obtained from the wells. The section
(one for each profile) has been created by using
Rockworks 2006 and Arc GIS 9.1.

Salinity gl−1
� � ¼ a0 þ a1Rt

1=2 þ a2Rt þ a3Rt
3=2 þ a4Rt

2 þ a5Rt
5=2 þΔS

ð1Þ

where a, Rt, and ΔS are constants that will vary based on three
factors such as EC (μS cm−1), T °C, and pressure measured in
the field.

The base exchange was first recognized by Versluys during
the period of 1916 (Stuyfzand 2008) who used equivalence of
sodium, calcium, and magnesium. Many theories behind the
chemical concentrations of water were started from Arrhenius
in 1887, and the increase in the concentration of ions will in-
crease the activity of ionic exchange as a function of pressure
and temperature (Fetter 2001). Hence, the hydrogeochemical
modification of groundwater by seawater intrusion has been
attributed to base exchange reactions as given in Eq. 2
(Vengosh 2003). The freshwater is dominated by the Ca2+–
HCO3

− equilibrium, whereas the seawater is dominated by
the Na+–Cl− equilibrium. During the mixing of high concen-
trated seawater with low concentrated groundwater, at the high
activity, monovalent cation Na+ replaces divalent cations such
as Ca2+ and Mg2+. The reversible reaction can also be possible
when Ca2+- andMg2+-enriched clays are present. The presence
of shells in the aquifer also contributes to reversible reaction
due to the presence of calcium in its composition (Fetter 2001).
In the case of the anion, HCO3

− is replaced by Cl−.

Naþ þ 1

2
Ca–X2↔ Na–Xþ 1

2
Ca2þ ð2Þ

The base exchange index (BEX) is a molar ratio that
indicates salinization and freshening of the groundwater.
The process of base exchange is also attributed by min-
erals present in the aquifer. One of the mostly used hy-
drogeochemical index among the all those available
(Table 1) is that of Stuyfzand (1986). This BEX formula

proposed by Stuyfzand (1986) is suitable for this study
area because the aquifer mainly consists of quartz and
feldspar with nil carbonate (Gnanasundar and Elango
1998). Integer negative BEX indicates salinization of the
groundwater, and integer positive BEX indicates freshen-
ing of the groundwater. The zero indicates a conservative
equilibrium state between seawater and freshwater.

Results and discussion

Vertical electrical sounding

The coastal zone and dune surface are mostly covered with
sand. The type of curve is QHA with five number of elec-
trical resistivity layers (ρ1 > ρ2 > ρ3 < ρ4 < ρ5). The top
electrical resistivity layer always represents the unsaturated
formation of varying thickness from place to place. It is
followed by saturated sand, a mixture of sand and clay,
weathered zone, and basement rock. The locations D5
and C6 in the south end represent four electrical resistivity
layers, and a layer comprising a mixture of sand and clay is
absent with type curve HA (ρ1 > ρ2 < ρ3 < ρ4). It is also
confirmed with nearby borehole lithologs (Fig. 3).

The first layer comprised of unsaturated sand with the
thickness ranges from 1.3 m in the location C-4 to 7 m in
the location D-5 and the apparent resistivity ranges from
249.9 to 17,881.1Ω-m. The second layer consisting of sat-
urated sand with the thickness varies from 1.2 m in the
location C-2 to 10.3 m in the location C-6. The apparent
resistivity value ranges from 3.2 to 826.8Ω-m (Table 2).
The apparent resistivity value between 3.2 and 45.1Ω-m
indicates the influence of seawater which is noticed in all
the locations except C2 and C5. The freshwater layer usu-
ally floats on the high-density saline water along the coast-
al boundary which is not identified due to its insignificant
thickness (Hodlur et al. 2010). In the locations C-2 and
C-5, the influence of seawater is not identified in the entire
saturated layer. In the C-2 location, the thickness of the
aquifer is shallow and depth to hard rock is lesser than

Table 1 Overview of BEX formula from literature (Stuyfzand 2008)

No. Author Index (meq/l)

1 Versluys (1916, 1931) Na+/(Na+ + Ca2+ + Mg2+)

2 Schoeller (1934) (Cl− – (Na+ + K+))/Cl−

3 Schoeller (1956) (Na+ + K+)/Cl−

4 Schoeller (1956) (Ca2+ + Mg2+)/(HCO3
− + CO3

2− + SO4
2−)

5 Delecourt (1941) Na+ + K+ – Cl−

6 Stuyfzand (1986)a Na+ + K+ + Mg2+ – 1.0716 Cl−

7 Stuyfzand (2008) Na+ + K+ – 0.8768 Cl−

a Used in this study
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the remaining locations in the coastal zone, whereas in the
location C-5, the thickness of freshwater is expected to be
high with the absence of seawater intrusion.

The third layer is made up of a mixture of sand and clay
with thickness ranging from 1.3 to 6.9 m in the C-2 and C-3
locations, respectively. The apparent resistivity is also less in
this layer along the coastal zone like in the first layer. The
thickness is less in the central part at the dune surface,
reaching high thickness on both sides towards the canal, and

the sea subsequently acquires a concave shape to the layer. In
the dune surface, this layer has a thickness of 1.1 m in the
location D-4 to 4.7 m in the location D-3. In the western side,
it is connected with the outcropped clay and sandy clay along
the boundary of the canal. The lesser apparent resistivity value
along the coastal boundary varies from 1.1 to 33.8Ω-m due to
high conductance caused by seawater intrusion and may also
due to the process of cation exchange which is usually high in
the clay minerals as mentioned by Shevnin et al. (2007).

Fig. 3 Inversion of field data and
comparison of lithologies from
borehole stratigraphy
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The fourth layer is a weathered zone and has a thick-
ness ranging from 2 to 9.7 m. The grade of weathering
played a major role to conduct electrolytic flow in this
layer. The different grade of weathering is noticed in var-
ious locations by means of a different range of electrical
resistivity measurements in the field. The successive in-
crease in the electrical resistivity values from the top sur-
face to the bottom of the weathered zone represents a
decrease in the grade of weathering. Similarly, a sudden
decrease in the deeper level is an indication of the pres-
ence of a fracture or weak zone. Finally, the weathered
rock is followed by the basement rock to the depth rang-
ing from 8.1 to 23.7 m.

The VES locations along the canal boundary exhibit a low
apparent resistivity due to the presence of clay/sandy clay. The
thickness of unsaturated zone ranges from 1.2 to 3.7 mwith an
apparent resistivity ranges from 3.1 to 371.4Ω-m. The satu-
rated layer includes sandy clay and weathered charnockite
which together varies in thickness from 6.5 to 11 m. The depth
to the basement rock varies from 9.9 to 12.2 m. A low appar-
ent resistivity is measured in B-3 as 0.8Ω-m because this area
is dominated by clay compared to all the other locations.
Similarly, in the locations B-1 and B-6, the apparent resistivity
is higher due to limited clay content.

The results obtained by inversion and curve matching
techniques are shown in Table 2. Generally, the apparent
resistivity is high on the dune surface all over the study
area. The higher apparent resistivity in the dune surface is
due to the presence of coarse and dry sand. The order and
number of layers are similar in all the locations except the
locations nearby the western boundary bordering
Buckingham canal. Here, the top layer is composed of
clay and sandy clay. The VES locations C-1, C-2, C-3,
C-4, C-5, and C-6 are located at a distance of 170, 273,
130, 200, 340, and 111 m from the sea. The influence of
seawater is identified in all the locations other than C-2
and C-5. However, the seawater intrusion is significantly
noticed in C-1 and C-6 locations. These were correlated
and confirmed with hydrogeochemical results which are
discussed in the later sections. The zone of seawater in-
fluence is characterized by a decrease in the value of
apparent resistivity. In the VES location C-1, a sudden
decrease of apparent resistivity from several thousands
to 42.6Ω-m is noticed. The area where the VES location
C-6 is placed is similar to an elongated or island aquifer
which is around 400 m width and 1.5 km length. It is
surrounded by seawater and backwater on all the sides
that occupy the subsurface aquifer and the freshwater
thickness is very less as reported by Bakker (2000) and
Oude Essink (2001). Hence, in the VES location C-6, the
apparent resistivity value decreases down to 0.34 Ω-m
(Fig. 3) which gives an apparent resistivity of the entire
layer 3.2Ω-m as an indication of seawater intrusion.

Groundwater monitoring and hydrogeochemical
analysis

Groundwater level fluctuations

The groundwater level ranges from 0 m MSL along the
boundary at all the sides to 4.96 m MSL in the dune surface
(Fig. 4a). The maximum groundwater level of 4.96 m MSL
was observed during the monsoon period and the maximum
groundwater level of 2.45 m MSL during the dry period of
May 2009. The average annual fluctuation in the groundwater
level is 1.36 m, and the maximum fluctuation is 2.74 m in the
northern part of the study area. The temperature of groundwa-
ter ranges from 34.8 to 27.7 °C. The maximum temperature
was recorded during the period of May 2009, and the mini-
mum temperature was recorded during August 2009. The EC
ranges from 130 to 5250 μS cm−1 during the period of inves-
tigation. The maximum EC of 5250 μS cm−1 was observed
along the coastal boundary of the profile A-A′ in the north
during the dry season (Fig. 4b). Towards canal, the maximum
EC of 2000 μS cm−1 was observed during the same period. At
the middle of profile A-A′, the observed EC value of
137 μS cm−1 is less than the desirable limit which confirms
the presence of the freshwater lens. The well located at the
south part where the land is surrounded by seawater and back-
water on all the sides shows high EC ranging from 1650 to
13,490 μS cm−1 during the period of study. The mentioned
high EC variation is observed only in one well which is in the
extreme south. The maximum value was measured during the
dry period, and the minimum value was measured during the
end of monsoon. The EC can be increased along the direction
of groundwater flow and also when it reaches close to the
pollution source. The rock–water interaction could be the rea-
son for the former statement and the process of dispersion,
dissolution, etc. could be the reason for the latter. The cross-
sectional comparison of groundwater level and EC gives a
better understanding of the influence of saltwater presence
on all the sides.

Groundwater chemistry and concentration gradient
between sea and canal

An abundance of ions in groundwater samples are in the
following order: Na+ > Ca2+ > Mg2+ > K+ = Cl− > HCO3

− >
SO4

2−. The type of groundwater in this area is primarily
Na+-Cl− and secondarily Ca2+-HCO3

−. The maximum con-
centration of Na+ is 4269 mg l−1 during the month of
May 2009, and the minimum concentration is 8 mg l−1 dur-
ing the month of November 2008. Generally, K+ concen-
tration in the groundwater is one tenth to one hundredth of
Na+. The K+ maximum and minimum concentrations vary
between 2 and 61 mg l−1. The maximum concentration was
measu red dur ing May 2009 , and the min imum
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concentration was measured during the monsoon period.
The calcium content of the groundwater ranges between 2
and 346 mg l−1. The calcium can be derived from rainfall,
aquifer matrix, and shell fragments present in the sandy
aquifer. The sandy aquifer also contained shell fragments
that dissolve the calcium into the groundwater. The concen-
tration of calcium is inversely proportional to the presence
of sodium. The water enriched with sodium may replace
calcium in the groundwater and induce the salinity. The
concentration of magnesium ranges from 2 to 140 mg l−1.
Carbonate is not observed in the groundwater samples col-
lected during the period of study. The concentration of the
bicarbonate varies from 21 to 626 mg l−1. The maximum
concentration of bicarbonate is recorded during the mon-
soon period. It is maximum towards the north part and min-
imum towards the south part of the study area. However, the
concentration of bicarbonate is minimum towards the south

still; its contribution to the total concentration of ions in the
groundwater is high. Chloride salts, being highly soluble
and free from chemical reactions with the minerals present
in the aquifer medium, remain stable once they enter into
solution. Chloride has a concentration ranging from 10 to
6867 mg l−1. The minimum concentration of chloride was
measured in the groundwater samples collected from deep
bore wells located in the central part of the study area. The
maximum concentration was measured in the well located
at the southern most part of the study area during the month
of May 2009. The important source for chloride in the study
area is the saltwater surrounding the aquifer. Based on the
chloride classification proposed by Stuyfzand (1993), the
majority of the groundwater samples are primarily of the
oligohaline to fresh category in the study area and brackish
to saline along the coastal boundaries. The sulfate content
in the groundwater varies from 2 to 392 mg l−1.

Aug-09Aug-08 Feb-09 Feb-10a

b

Fig. 4 a Spatial variation in
groundwater level (m MSL). b
Distance from the sea vs.
Groundwater level (m) and EC
(μS cm−1)
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Salinity

Groundwater salinity calculated from EC, temperature, and
pressure measurements ranges from 0.004 to 2.07 g l−1

during the monsoon season and from 0.01 to 5.71 g l−1

during the dry period as shown in Fig. 5a. The salinity is
under the permissible limit (1 g l−1) in the shallow ground-
water samples in most of the area. In the area nearby the

mouth of Adyar River in the north and the area bordering
Muttukadu backwater in the south represent salinity great-
er than the permissible limit. The flow of groundwater is a
three-dimensional property which follows the gradient of
topography as well as the gradient of salinity from low
concentration to a higher concentration bordering the study
area. A comparative analysis of all the measured and
calculated data shows that the interface between seawater

May 2009Feb 2009 Feb 2010 May 2010

0

5

10

15

20

25

Aug/08 Nov/08 Feb/09 May/09 Aug/09 Nov/09 Feb/10 May/10

Rainfall in (mm/100) (3 month interval)Salinity (gl-1)

a

b

Fig. 5 a Variation in salinity
(g l−1) during the monsoon and
the dry period. b Seasonal
comparison in rainfall and salinity
ranges within the Buckingham
Canal
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and freshwater is migrating landward during the months of
the dry period. This aquifer behaves as a partially isolated
aquifer due to the presence of water body on all the sides.
The thickness and areal extent of the freshwater lens of the
partially elongated aquifer are supposed to be directly
proportional to the width of the aquifer as noticed by
Bakker (2000) and Oude Essink (2001). In the present
study area, the areal extent of freshwater lens is inversely
proportional to the width of the aquifer. Towards the north-
ern part, the width of the aquifer is larger but the areal
extent of the freshwater lens is smaller than the south. It
indicates the heavy pumping of the groundwater that in-
duces intrusion of seawater and subsequent decrease in
areal extent of the freshwater lens in the northern part.

The canal contains stagnant brackish water and is connect-
ed to the sea by means of Muttukadu backwater in the south
and by the Adyar River in the north. The water in the canal
shows a salinity range from 0.46 to 21.96 g l−1 as shown in the
graph of Fig. 5b. The maximum salinity was recorded at the
end of the each monsoon period during this study. This was
due to the mixing of seawater into the backwater at the end of
eachmonsoon that will increase the concentration of salt in the
canal. This canal was originally established for navigation, but
now, it is used to collect storm water to moderate flood in
south Chennai during monsoon (Shanmugam and Ambujam
2012). The increase of salinity may also due to the presence of
salt in the topsoil and unsaturated zone by means of evapo-
rates and sea spray that will be washed out into the canal by
means of storm water.

The vertical two-dimensional profiles represent salinity
variation within the aquifer (Fig. 6). The shape of the
freshwater lens and its thickness follow the topographic
relief, concentration gradient, and the groundwater level.
The thickness of the freshwater lens is larger in the south-
ern part (profile C-C ′) than in the northern part
(profile A-A′). The maximum thickness of freshwater
(salinity < 1 g l−1) is measured in the southern part (profile
C-C′) of the study area and it is 13.7 m. The minimum
thickness of the freshwater is measured in the northern part
(profile A-A′) of the study area is 6.3 m. The thickness of
freshwater in the middle part (profile B-B′) of the study
area is 11.1 m. By comparing the thickness of freshwater
measured from all the locations, it is apparent that the
thickness of freshwater is less in the northern part of the
area. In the partially isolated or elongated aquifer, high
hydraulic conductivity generally shows a shallow interface
between freshwater and seawater, whereas if the hydraulic
conductivity is low, the interface is deeper. The northern
part of the study area has smaller hydraulic conductivity
than the remaining area to the south. The thickness of the
freshwater lens in the profile A-A′ is smaller, and the in-
terface is shallow than the other profiles. This is probably
related to the fact that the quantity of groundwater
pumping is larger in the northern part of the study area
with respect to the southern part. The area close to the
canal shows a higher salinity due to the presence of clay
and influence of canal. By comparing the three profiles
from south to north, a decreasing trend in the areal extent

Bay of Bengal
(east) 

Canal
(west) 

Legend
Salinity (gl-1)

Fig. 6 Salinity profile between
the Buckingham Canal and the
sea
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of freshwater lens is clearly observed. The freshwater lens
in the profile A-A′ is mostly present towards westwards.
The decrease in thickness and areal extent of the freshwa-
ter lens along the coastal boundary indicates the migration

of zone of seawater intrusion towards the landward side.
VES survey carried out in the coastal zone of profile A-A′
also indicates a low apparent resistivity of 42.6 Ω-m,
which confirms the seawater intrusion.
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Fig. 8 a Piper diagram shows
trend of salinization. b
Comparison of groundwater
level, rainfall, and BEX index
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Base exchange index

The classification of groundwater is used to a grouping of
samples into particular type in the particular environmen-
tal zone. All among the water type classification methods,
piper diagram is the point indicator of water type. In the
current study, strong differences in the hydrogeochemical
facies were noticed. The migration of groundwater facies
during the period of study is given in Fig. 7. All the
groundwater samples are representing the trend of fresh-
ening and salinization between the period of monsoon and
dry season (Fig. 8a). The factors which control the hydro-
geochemical facies of groundwater are lithology, ground-
water flow pattern, and solution kinetics of the aquifer.
The groundwater is dominated by Na+-Cl− type along
the coastal boundary, and it is followed by Ca2+-HCO3

−

towards inland. The location of the interface between
freshwater and seawater and zone of mixing between
them were controlled by the fluctuation of groundwater
level which is controlled by the source of recharge and
discharge from the aquifer. The BEX index calculation for
coastal groundwater can give information about the trend
of salinization and freshening of groundwater or into a
state of conservative equilibrium between seawater and
groundwater. The BEX index calculated from the hydro-
geochemical data obtained from the wells was compared
with groundwater levels, and rainfall is given in Fig. 8b.
In general, the BEX index points out a salinization trend
(BEX < 0) in the northern part of the study area due to the
extensive residential settlements which cause over
pumping and consequent seawater intrusion. The BEX
index increase towards the south is indicating a better
quality (freshening) of groundwater because of proper
land use practice and least residential settlements. The
northern part of the area close to the coastal zone (well
nos. 35 and 36) is more saline due to the intrusion of

seawater (Table 3). The negative BEX index is also ob-
served in few locations other than these three profiles
which point out an irregular pumping of groundwater de-
pending upon the needs of individuals. In the western
side, the monsoonal variation in salinization and freshen-
ing of the groundwater was not noticed due to the pres-
ence of clay that will slow the movement of groundwater.
The salinity along the western boundary may due to the
same reason that the clay will increase the residential time
of groundwater. The salinity caused by agriculture activi-
ties is less compare to pumping of groundwater for do-
mestic purposes. Even though in the southern part of the
area occupied by cultivated land, the availability of
thicker freshwater zone confirms that the influence of
least agriculture activities.

Conclusion

The aquifer selected for the present study behaves as a partially
isolated aquifer due to the presence of surface water on all the
sides. The freshwater lens present in this aquifer is investigated
by using electrical resistivity survey and hydrogeochemical
analysis. The VES results identify the presence of four electri-
cal resistivity layers in the western part bordering the canal and
five electrical resistivity layers in the rest of the area that covers
dune surface and coastal zone. The apparent resistivity values
varying between 3.2 and 45.1Ω-m indicate the influence of
seawater which is noticed in all the locations investigated in
the coastal zone except the locations C2 and C5. However, the
seawater intrusion is significantly noticed in locations C-1
(north) and C-6 (south). These were correlated and confirmed
with hydrogeochemical results. In the location C-1, a sudden
decrease of apparent resistivity from several thousands to 42.6
Ω-m indicates seawater intrusion. The least value of 3.2 Ω-m
noticed in the location C-6 also indicates the same.

Table 3 BEX index calculated from the wells

Well no. August 8 November 8 February 9 May 9 August 9 November 9 February 10 May 10

35 −0.1343 −0.1122 −0.2419 −0.3188 −0.3796 −0.3193 −1.6892 −1.4243
36 0.6895 0.4209 −0.1892 −0.2982 −0.3173 −0.2130 −0.0516 −0.9589
38 1.6162 1.7744 1.8332 1.6907 4.3170 5.2379 3.4661 0.8108

39 3.0576 2.1337 1.4029 2.7881 3.4154 3.3266 4.7663 2.1714

22 1.1939 1.1818 −2.7513 −0.5314 −0.2048 1.1143 0.6782 1.4816

23 2.0285 2.3382 1.7744 0.6393 −0.3888 −2.1205 1.5797 0.9598

24 −0.0406 2.3996 2.0953 0.6172 0.7433 1.3967 1.1320 1.1329

25 −0.2948 1.7239 −0.0797 −0.8363 0.7412 1.9014 1.0492 2.2194

26 1.8704 0.0317 4.6547 3.3119 0.5721 0.9507 6.2398 2.3171

12 0.2629 1.5359 0.4209 1.1150 0.9019 1.4565 1.8525 2.3606

11 0.1281 1.0118 0.8047 0.6246 0.5523 1.6073 1.4553 1.6910

Rainfall in mm (3-month interval) 181.5 920.6 37.2 12.5 163.7 726.6 206.0 195.0
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The groundwater is dominated by Na+-Cl− type along the
coastal boundary, and it is followed by Ca2+-HCO3

− towards
inland. The presence of lower EC and elevated groundwater
level in the middle of the each cross-sectional profile confirms
the presence of the freshwater lens. Based on chloride concen-
tration, the majority of the shallow groundwater samples are
primarily of the oligohaline to fresh category in the dune sur-
face and brackish to saline along the coastal zone. The change
in the bicarbonate concentration also emphasizes the presence
of freshwater in the south and quality degradation towards the
north. The cross-sectional comparison of groundwater level
and EC gives a better understanding of the influence of salt-
water presence on all the sides. By comparing the three salin-
ity profiles (A-A′, B-B′, and C-C′) from south to north, a
decreasing trend in the areal extent of freshwater lens is clearly
observed. From the salinity profile A-A′, it is clear that to-
wards the northern part, the width of the aquifer is larger but
the areal extent of the freshwater lens is smaller than the south.
It indicates the heavy pumping of the groundwater that in-
duced the intrusion of seawater and subsequent decrease in
areal extent of the freshwater lens in the north. VES survey
carried out in the coastal zone of profile A-A′ also indicates a
low apparent resistivity of 42.6Ω-m, which confirms the sea-
water intrusion. A comparative analysis of all the measured
and calculated data shows that the interface between seawater
and freshwater is migrating landward during the months of the
dry period.

The comparison of BEX index with groundwater level and
rainfall confirms the progressive trend of salinization in the
northern part and freshening in the southern part. The BEX
index also gives a clear idea that depicts a strong seasonality
changes in salinity between monsoon and dry period. The
negative BEX index is also observed in few locations in the
wells located inland which point out an irregular pumping of
groundwater. The wells located close to the canal does not
represent significant monsoonal variations in the trend of sa-
linization and freshening; however, the salinity is high due to
the presence of clay. The present study clearly helps to under-
stand the lateral and vertical variation of groundwater salinity
and the process of salinization and freshening of groundwater
under various seasons. From the present work, it is clear that
the thickness of the freshwater lens and quality of groundwa-
ter is decreasing from south to north due to the extensive
pumping to meet the needs. Hence, this study recommends
that the pumping of groundwater in the northern part has to be
reduced to recover the thickness and areal extent of freshwater
lens and to maintain the natural hydrodynamics in this aquifer.
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