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Abstract
The groundwater is the main resource of water for irrigation activity in river lacking area. The freshwater–seawater interface 
in the study region that has existed 3 km away from the coast in the year 1969 has been found to be migrated to distance 
of 13 km from the coast during the year 2007 noticed by the Central Ground Water Board (Central ground water board’s 
district groundwater brochure, Thiruvallur district, Tamil Nadu, 2007). Integrated geochemical and geophysical techniques 
were carried out in the study area to decode subsurface geologic pattern and delineate the seawater–freshwater zones. Total 
numbers of 50 samples were collected from the entire study area and analyzed for major ions. The considerable samples 
are brackish scenery of groundwater water at low depth. Chadha and Piper’s plots categorize the coastal groundwater into 
Na–HCO3, Ca–Na–HCO3, Ca–HCO3, and Na–Cl water facies, with Ca–HCO3 as the dominant. Cl/CO3 + HCO3 ratio, Cl/
HCO3, and ionic strength, Mg/Ca and Cl/HCO3 ratios show that most of the samples in the study area are affected by seawa-
ter intrusion, which is also confirmed by the geophysical method. The results of vertical electrical sounding carried out in 
the study area reveal the low transverse resistance and high longitudinal conductance. It suggests the brackish nature of the 
groundwater in the eastern part of the study area may be due to the seawater intrusion. The final map using GIS platforms 
productively delineates the location that is really undergoing seawater and freshwater zone is migrated toward the inland. The 
article suggested further studies to arrest the migration of sea/freshwater interface into the land and avoid overexploitation 
of groundwater to further development.
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Introduction

Coastal regions are generally vulnerable to seawater intru-
sion especially in regions where groundwater is over-
pumped. Saline water interference is the main issue in 
coastal areas due to over-extraction of groundwater, and it 
directs to the devastation of the excellence of the freshwater 
aquifers. The level of seawater intrusion is influenced by the 
natural history of geological settings, hydraulic gradient, rate 
of groundwater extraction and its renew (Choudhury et al. 

2001). It is important to recognize the extent of saline water 
intrusion in order to avoid the deterioration in groundwater 
quality. Heavy demand of water for various domestic, irriga-
tion, industrial purposes and rainfall recharge less than the 
groundwater abstraction are the main causes of the decrease 
in groundwater level in the coastal aquifer (Nair et al. 2013). 
Saline water intrusion in the coastal region not only is affect-
ing the communal and financial systems but also damages 
the whole environment of the affected region (Amores et al. 
2013). The identification of seawater intrusion has been done 
by various methods including isotope studies, geochemi-
cal and geophysical studies (FAO 1997; Gnanasundar and 
Elango 1999; Kim et al. 2003; Gowtham 2003; Marimuthu 
et al. 2005; Richter and Krietler 1993; Davis et al. 1996; 
Sathish et al. 2011; Aris et al. 2007; Banerjee et al. 2012; 
CAMP 2000; Giménez-Forcada 2010, 2014; Najib et al. 
2017;). The assessment of seawater intrusion in coastal aqui-
fers from groundwater geochemistry has been successfully 
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done by different authors (Pujari and Abhay 2009; Subba 
Rao 2002; Naik et al. 2007; Saxena et al. 2002, 2004, 2005).

The geophysical method is one of the useful techniques 
to differentiate the subsurface resistivity to identify the sea-
water intrusion. The huge differences among the resistivity 
of fresh water zone and saltwater zones have been used by 
numerous investigations for the resolve of seawater intrusion 
in various coastal regions (Choudhury et al. 2001; Kouk-
adaki et al. 2007; Hodlur et al. 2010; Zohdy 1969; Sabet 
1975; Respond 1990; and Frohlich et al. 1994).

The research boundary located an eastern coastal part of 
Thiruvallur district of Tamil Nadu in South India which is 
nearer to Chennai metropolitan city. Generally, the coastal 
area faces many problems in groundwater quality main-
tenance due to huge settlement along these zones, well-
developed road network, densely agricultural activity, and 
groundwater overexploitation. The present study mainly 
deals with groundwater quality affected by seawater intru-
sion. The freshwater–seawater interface in the study area 
that has existed 3 km away from the coast in the year 1969 
has been found to be migrated within a distance of 13 km 

from the coast during the year 2007 (CGWB 2007). The 
present study is planned to recognize the extent of seawater 
into the coastal aquifer of entire Thiruvallur district by using 
hydrogeochemistry and geophysical techniques. Water qual-
ity study has been conceded for pre-monsoon 2012 and post-
monsoons of 2013 from various wells in the study region. 
High electrical conductivity (EC) and sodium and chloride 
concentration in this area have motivated us to acquire geo-
physical investigation for delineating high-salinity zones 
from vertical electrical sounding (VES) method.

Study area

The study area that falls in the coastal region of Arani–Korat-
talaiyar river basin is situated between 13°00′N to 13°35′N 
latitude and 79°55′ to 80°25′E longitude enclosed by Indian 
Toposheets No. 66 C 4, 66 C 3, 66 C 8 and 66 C 7 (Fig. 1). It 
is surrounded in the eastern region by the Bay of Bengal, the 
Western region covered by Poondi reservoir, Southern part 
covered by Kancheepuram and Chennai districts, and state 

Fig. 1  Location map of the study area
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of Andhra Pradesh is bounded in the northern part; the total 
area covered is 1402.79 sq km. Average annual rainfall in 
this area is 1200 mm which is caused by northeast monsoon 
(October–December). Generally, the study area receives rain 
due to both southwest monsoon and northeast monsoon. 
Sub-dendritic is the drainage pattern of the study area. The 
Arani River that flows in the northern part of this region and 
Koratallai River occupied by southern part are the major 
rivers flowing in the study area which is non-perennial in 
nature. In the eastern boundary, Buckingham Canal runs 
parallel to the sea and this carries saline water from the Bay 
of Bengal. The Pulicat Lake is situated in the northeastern 
side of the study region directly connected with the sea.

Geology and geomorphology

Geologically, the gneiss and Charnockite rocks of the Pro-
terozoic era occur as basement arranging between 65 and 
105 m (UNDP 1987). These rocks are overlain by the Gond-
wana formation of Jurassic to Lower Cretaceous rocks con-
sisting of clay, shale, sandstone, conglomerate, and boulders 

(Fig. 2a). The upper Gondwana sediments consist of two 
stages, viz. the lower Sriperumpudur stage consisting of 
fluviatile clays, shales, and feldspathic sandstones and the 
Satyavedu stage representing the marine sediments of fer-
ruginous sandstones, conglomerates and boulders (GSI 
2005). Tertiary formations overlay these with clays, shale, 
and sandstone. Alluvium of quaternary to recent period con-
sisting of clay, silt, sand, gravel, and pebbles occurs at the 
top. The thicknesses of alluvium vary from 45 to 60 m, and 
it is high between the rivers and increases toward the coast. 
The alluvial deposits of about 60 m thickness are water-
bearing and function as aquifers. Groundwater in the upper 
part of the alluvial formation with a huge amount of finer 
material with reasonably low hydraulic conductivity occurs 
in unconfined condition. The groundwater table is gener-
ally at a depth of about 5 to 7 m. The interlaying clay and 
slit of varying thickness (2–5 m) function as an aquitard, 
which is about 15 m in depth. The lower part of the allu-
vium with relatively high hydraulic conductivity functions 
as a semi-confined aquifer. The conglomerates with a sandy 
clayey matrix are hard and compact, and exposures of it are 
invariably strewn with gravel, pebbles, and boulders. The 

Fig. 2  a Geology map. b Geomorphology map
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conglomerates and boulder beds occur nearer to the crystal-
line rocks with a total thickness exceeding 30 m.

The maximum altitude of the study area is in relation to 
10 m in the west and sea level in the east. Thus, the area 
gently slopes toward east. There is no remarkable elevation 
difference in the north–south direction, except for the two 
river courses. Important geomorphic units include alluvial 
plains, shallow/deep pediments, pediplains, coastal plains/
dunes and a number of paleochannels (Fig. 2b). Most of 
the area consists of alluvial plains, between the two rivers. 
Geomorphic evaluation and morpho-structural analysis of 
the area reported by the previous study suggest that the neo-
tectonic activity during the Quaternary period resulted in 
marine regression, large-scale changes, and shifting in the 
courses of major rivers. The coastal landforms include estua-
rine, tidal, mud flats or lagoons and salt marsh. A few iso-
lated beaches of 100 to 500 m widths occur along the coast.

Materials and methods

Groundwater sample collection and analysis

Groundwater sample collected in 50 locations from both 
open well and bore well is covering the entire study area in 
equal network projection. Groundwater samples were col-
lected in fresh polyethylene bottles of 500 ml capability dur-
ing pre-monsoon 2012 and post-monsoon 2013. The samples 
were analyzed for all major ions using the following standard 
methods (APHA 2005). Physicochemical parameters like 
pH, EC, and TDS were measured at the sample collection 
site using a water analysis kit (Deep Vision-191). Sodium 
(Na) and potassium (K) were analyzed by a flame photom-
eter (ELICO CL354); calcium (Ca) and magnesium (Mg) 
were determined titrimetrically using EDTA standard solu-
tion. Bicarbonate  (HCO3) was estimated by titration with 

 H2SO4 standard solution. Chloride (Cl) was determined by 
titrating against  AgNO3 standard solution and sulfate  (SO4) 
using spectrophotometer (ELICO SL 164). Nitrate and fluo-
ride were determined using a spectrophotometer (Shimadzu 
UV-1800). The analytical accuracy for the measurements of 
ions was resolved by calculating the ionic balance error that 
varied between 5 and 10% (Domenico and Schwartz 1998).

Geophysical field survey

The electrical geophysical prospecting technique consists of 
determining the distribution of a physical parameter which 
is characteristic of the subsoil on the basis of apparent resis-
tivity made from the ground surface (Telford et al. 1990; 
Store et al. 2000). Twenty-five locations conducted verti-
cal electrical sounding(VES) in the entire study area using 
Schlumberger array method at the maximum spreading of 
220-m interval spacing electrode. Schlumberger configura-
tion has been employed with Aquameter CRM500 (Anvic 
System). Curve matching technique has been used for inter-
pretation of field data using standard master curves (Mooney 
and Orellana 1966; Zohdy 1969; Rajkwaterstaat 1975) as 
well as ‘IPI2win’ software through computer. The results 
of interpreted VES reveal three to five subsurface geoelec-
trical layers using Narendra and Tata (2007) interpretation 
method. The IPI2win software has been successfully used 
for making geoelectrical cross sections of the study area.

Results and discussion

Groundwater quality analysis

The statistical results were carried out using 50 groundwa-
ter samples analyzed during pre-monsoon (June 2012) and 
post-monsoon (January 2013) seasons which are provided 

Table 1  Groundwater quality 
parameter statistics for various 
seasons

Parameter Pre-monsoon—June 2012 Post-monsoon—January 2013

Minimum Maximum Mean SD Minimum Maximum Mean SD

pH 6.88 8.2 7.99 0.43 6.88 8.2 7.72 0.44
EC (µS/cm) 219 9180 1077 1523.15 200 9150 1414.16 1329.97
TDS (mg/l) 140 5875 723 948.59 128 5856 859.4 827.91
Ca (mg/l) 11 536 56 80.21 20 312 71.38 47.22
Mg (mg/l) 7 209 26 39.67 8 452 39.54 63.52
Na (mg/l) 9 1205 101.5 246.13 14 1205 133.28 173.51
K (mg/l) 4 91 19.5 17.22 3 59 24.76 16.54
Cl (mg/l) 39 2964 164 446.17 35 2879 270.6 416.96
HCO3 (mg/l) 10 1775 198 251.63 49 659 224.22 108.64
SO4 (mg/l) 12 978 55 156.7 3 552 89.86 91.94
NO3 (mg/l) 1 55 12 11.76 2 97 13.44 15.7
TH (mg/l) 60 2405 203.5 430.95 40 2640 269.98 360.77
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in Table 1. The results show that the pre-monsoon values of 
the majority parameters in the study area are higher absorp-
tion as compared with the post-monsoon values. The major-
ity of samples were indicating a little alkaline environment 
with pH unreliable from 6.88 to 8.2. The electrical conduct-
ance of groundwater varies from 219 to 9180 µS/cm with 

an average of 1077 µS/cm in pre-monsoon season and from 
200 to 9150 µS/cm with an average of 1414 µS/cm for post-
monsoon season.

The dominance of major ions in the samples 
was in the order of  Na+, > Ca2+, > Mg2+  >  K+ and 
 Cl− > HCO3

− > SO4
− > NO3

−. The maximum  Na+ concen-
tration is higher in both seasons, i.e., 1205 mg/l. The  Ca+ 
ions of the studied samples vary between 11 and 536 mg/l 
with an average of 56 mg/l at the time of pre-monsoon, and 
increase in this value ranges from 20 to 312 mg/l with an 
average of 71 mg/l during the post-monsoon. The  K+ ion 
varied from 4 to 91 mg/l with an average value of 19.5 mg/l 
during the pre-monsoon and an average value of 25 mg/l in 
the post-monsoon. The concentration of  Mg2+ ranges from 
7 to 209 mg/l with an average of 26 mg/l during the pre-
monsoon and during post-monsoon values ranges from 8 
to 452 mg/l with an average value of 39.54 mg/l. Among 
the anionic values,  Cl− plays a major role in mineraliza-
tion of the studied samples.  Cl− value ranged from 39 to 
2964 mg/l with an average of 164 mg/l in the pre-monsoon 
time, whereas in the post-monsoon the  Cl− ion varies from 
35 to 2879 mg/l with an average of 270.6 mg/l. The next 
dominant anion is  HCO3

−, and its concentration varies 
from 10 to 1775 mg/l with an average of 198 mg/l during 
pre-monsoon and during post-monsoon ranges from 49 to 

Fig. 3  Piper classification for groundwater
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659 mg/l with an average of 224.22 mg/l. The concentration 
of  SO4

2− ions ranges from 12 to 978 mg/l with an average 
of 55 mg/l in pre-monsoon and varies from 3 to 552 mg/l 
with an average value of 89 mg/l in post-monsoon. Nitrate 
concentration varies from 1 to 55 mg/l with an average of 12 
and 2 to 97 mg/l with an average of 13 mg/l with reference 
to pre- and post-monsoon periods, respectively. The  CO3 is 
almost absent in all locations for both seasons. Higher TDS 
concentration is noticed in and around Kalpakkam, Minjur, 
Chinnasekkadu, Kummanur, and Thirumullaivayal loca-
tions. High values of sodium and chloride are also reported 
in these same locations. The presence of more TDS, sodium, 

and chloride contents can be accredited to the feasibility for 
seawater intrusion (GurunadhaRao et al. 2011). The high 
concentration of TDS, sodium, and chloride in samples indi-
cates brackishness in nature.

Piper diagram

Hydrogeochemical facies of groundwater sample were clas-
sified by Piper (1944) using a trilinear diagram. In this dia-
gram, the triangular fields are plotted independently with 
milliequivalent per liter (meq/l) values of cations  (Ca2+, 
 Mg2+) alkali earth,  (Na+  K+) alkali,  (HCO3) weak acid and 

Fig. 5  Spatial variation map of 
the Cl/CO3 + HCO3 ratio during 
a pre-monsoon and b post-
monsoon
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 (SO4
2− and  Cl−) strong acid. This plot has been adopted by 

several authors to understand the hydrogeochemical facies 
(Chidambaram 2000; Subramani et al. 2005; Jasrotia and 
Singh 2007; Prasanna et al. 2010; Sivasubramanian et al. 
2013; Senthilkumar et al. 2014; Najib et al. 2017).

For recognize the chemical character of groundwater in 
the study area, samples have been plotted in Piper trilinear 
diagram (Piper 1944) using Aqua CHEM software (Fig. 3). 
The samples are classified as various chemical facies on the 
Piper diagram for both pre-monsoon of 2012 and post-mon-
soon period. Major types of groundwater in the study area 
are in the order of NaCl > mixed CaMgCl > CaHCO3 > CaN-
aHCO3. However, the majority of the samples are gather-
ing in NaCl and CaMgCl field. Water types such as (mixed 
 CaHCO3, mixed CaMgCl and NaCl) broadly avail in the 

study region during both seasons and imply the mixing of 
high-salinity water caused from surface infectivity sources 
such as domestic wastewater, irrigation return flow and 
septic tank effluents with water followed by ion exchange 
reactions. The  NaHCO3 and  CaHCO3 water types represent 
the process involve mineral dissolution is representing the 
rock–water interaction facies in the Piper plot (Gopinath 
et al. 2019). The samples representing Na–Cl and mixed 
CaMgCl types in both seasons are identified as seawater 
intrusion facies present along the coastal part of the study 
area. The maximum Cl concentration of high saline water 
(Na–Cl type) is 2964  mg/l present in the coastal part. 
From the Piper diagram, the general trend of groundwater 

Fig. 6  Relationship of mole 
ratio of Cl/HCO3 to Cl in 
groundwater of pre-monsoon 
and post-monsoon

Fig. 7  Relationship between Cl/HCO3 and ionic strength of the 
groundwater samples
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chemical composition shows from mixed Ca–Mg–Cl waters 
to Na–Cl waters from inland toward the coast. 

Chadha’s plots

In this study, Chadha 1999 hydrochemical diagram was used 
to understand the hydrochemical reactions involved in the 
study area. This method was successfully applied by many 
researchers in coastal aquifers to resolve the evolution of 
two diverse hydrogeochemical processes like seawater intru-
sion and rock–water interaction (Vandenbohede et al. 2010; 
Thilagavathi et al. 2012; Senthilkumar et al. 2017a, b).

As shown in the Chadha’s plot (Fig. 4), 42% of the 
samples fall at in Field 3 (Na–Cl) during the pre-monsoon 
season, suggesting that the waters are distinctive seawater 
mixing and are typically constrained to the coastal areas 
reveal that the sea water intrusion facies of this region. 
The 20% of post-monsoon samples fall in Field 1 which 
is recharging water type. The 32% of the samples during 
both seasons drop at Field 2 (reverse ion exchange field), 
enlightening that the waters are represented groundwater 
where Ca + Mg is in excess to Na + K either due to the 
superior release of Ca and Mg from mineral weathering 

of uncovered bedrock reveal that the rock–water interac-
tion facies of the study area. Only 2% of samples fall in 
Field 4; it is (Na–HCO3) type of waters, not as much of 
importance in this area during both seasons. 

Cl/CO3 + HCO3 ratio

The spatial distribution map of Cl/HCO3 + CO3 ratio has 
been prepared for both pre-monsoon and post-monsoon peri-
ods (Fig. 5a, b). Cl/HCO3 + CO3 ratios range between 0.3 
and 23.2, and it reveals the strong constructive linear relation 
with Cl ion concentrations (Fig. 6). This linear relationship 
indicates mixing of fresh groundwater with sea waters. In 
view of the Cl concentration (35 mg/l) values and the ratio 
of Cl/HCO3 + CO3, 26% of the groundwater was strongly 
affected by the saline water and 74% were slightly affected 
during pre-monsoon season. During the post-monsoon 
period, 20% of the samples is strongly affected by saline 
water intrusion and the remaining samples are slightly to 
moderately contaminated. The high ratio in groundwater 
around Rakkampalayam, Minjur and Kummanur (Loc. No. 
6, 25 and 32) during the post-monsoon period may be due 

Table 2  Layer-wise 
geoelectrical parameters of the 
coastal region of Thiruvallur 
district

VES. no. VES location Resistivity (Ωm) Thickness (m)

ρ1 ρ2 ρ3 ρ4 ρ5 h1 h2 h3 h4

1 Elavur 1399.0 7.8 120.0 6.2 – 0.8 1.4 0.8 –
2 Madarpakkam 583.0 178.0 213.0 6.5 – 1.0 4.3 0.4 –
3 Rettambedu 17.4 7.1 25.2 0.1 – 0.2 19.1 13.8 –
4 Kolur 3.5 22.7 2.1 5.2 – 0.3 0.2 0.5 –
5 Gummudipoondi 10,713.0 15.1 127.0 16.9 – 0.4 0.5 0.5 –
6 Andarmadam 18.8 2.0 10.4 0.0 – 0.2 0.9 0.3 –
7 Vanjivakkam 3.3 1.0 3.0 23.9 – 1.0 6.5 34.5 –
8 Medur 16.0 2.7 91.3 6.5 – 0.5 0.8 0.6 –
9 Kavarapettai 5.6 6.2 4.0 11.0 – 0.8 0.3 5.3 –
10 ChinnaManopuram 9.3 28.2 0.6 5.7 – 0.3 0.8 0.3 –
11 Arani 1073.0 8.6 418.0 8.2 – 0.4 0.4 1.0 –
12 Vayalur 26.4 4.0 111.0 2.6 – 2.6 1.6 2.5 –
13 Chinnambedu 5.6 1.6 265.0 10.9 – 1.0 0.4 0.7 –
14 Krishnapuram 316.0 3851.0 15.0 6.5 – 0.4 0.6 47.0 –
15 Kanniyambakkam 15.6 5.2 23.0 4.4 – 1.1 0.7 0.7 –
16 Eliyambedu 97.8 2.1 36.2 12.3 – 0.6 0.4 0.9 –
17 Minjur 4.1 15.1 3.5 51.5 – 0.3 0.5 90.2 –
18 Kannigaipper 7.5 1.3 41.8 7.2 – 1.9 0.4 3.0 –
19 Agaram 8.0 1.6 74.2 7.5 – 1.3 1.8 2.8 –
20 Kottakuppam 13.9 6.0 1.2 8.0 – 0.7 0.2 0.3 –
21 Vallur 1.2 3.7 2.4 14.9 – 2.4 16.4 10.2 –
22 Agaram 5.2 424.0 13.9 0.0 – 1.6 1.8 0.0 –
23 Cholavaram 21.1 1.7 12.8 0.0 – 0.7 0.4 0.0 –
24 Andarkuppam 0.2 25.8 0.2 1.5 – 0.1 0.3 1.2 –
25 Madhavaram 4.7 106.0 12.9 1.7 11.5 0.2 0.6 0.7 1.6
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to the upcoming of saline water, which may be due to over-
exploitation of groundwater.

Cl/HCO3 versus ionic strength

The relations of Cl/HCO3 ratio to ionic strength of the sam-
ples (Fig. 7) show the most of the samples have a linear 
trend to the ionic strength (IS). The inaccurate value of ionic 
strength (IS) can also be computed from the specific con-
ductance of the solution by Lind (1970). If the composi-
tion is indefinite for water with a specific conductance of 
1000 μS/cm, the calculated value of IS could range from 
0.0085 to 0.027. The linear increase of Cl/HCO3 ratio with 
IS indirectly indicates the saline water incursion into the 
aquifer. The IS values and the ratio are lesser in the pre-
monsoon samples than those of the post-monsoon sample. 
During the post-monsoon season, samples show higher IS 
in the location of Rakkampalayam, Minjur, and Kummanur 
(Loc. No. 6, 25 and 32) which may be due to backwater 
flow during the post-monsoon period of this area. Hence, it 
is evident that the saline intrusion is more important in the 
study area during the post-monsoon.

Fig. 9  VES results and borehole lithology calibration in the study area (VES location No.7)

Table 3  Resistivity range of lithological units. (Source: Arul-
prakasam 2010)

Sl. no. Resistivity ranges in Ωm Formation

1 Less than 3 Saline formation
2 3–5 Clay
3 5–12 Sandy clay
4 12–50 Sand
5 50–150 Sandstone/limestone
6 150–250 Weathered rock
7 250–500 Fractured rock
8 500–1000 Semi fractured rock
9 More than 1000 Massive crystalline rock



 Applied Water Science (2019) 9:124

1 3

124 Page 10 of 20

Fig. 10  a First-layer resistivity. b Second-layer resistivity. c Third-layer resistivity. d Fifth-layer resistivity
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Fig. 11  a First-layer thickness in meter. b Second-layer thickness in meter. c Third-layer thickness in meter
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Fig. 12  Iso-apparent resistivity map at a 10 m, b 20 m, c 30 m, d 40 m, e 50 m depth
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Mg2+/Ca2+ and  Cl−/HCO3
− ratios

TheMg2+/Ca2+ ratio can be projected as an indicator for 
delineating the seawater–freshwater interface. Mondal et al. 
(2008) observed that very low  HCO3

−/Cl− and uneven high 
 Mg2+/Ca2+ (molar ratios) indicate the alteration of fresh 
water to saline water in coastal aquifers. The study of these 
ratios in the samples of the study area (Fig. 8) indicates a 
value of Mg/Ca between 0.1 and 1 which points out a high 
concentration of Ca, and some wells indicate a ratio superior 
to 1 indicating a high concentration of Mg ion. The post-
monsoon groundwater samples have higher  Mg2+ values 
compared to that of the  Ca2+ which has an indirect behavior 
of the seawater intrusion.

Geoelectrical resistivity survey

In the groundwater investigation survey, geoelectrical 
resistivity studies have wide applications (Arora 1986; 
Ilkisik et  al. 1997; Yadav and Abolfazli 1998). The 
Schlumberger vertical electrical sounding (VES) study, 
carried out in the coastal part of Thiruvallur area, aimed 
to delineate the freshwater and seawater interface using 

GIS platform. Sounding data may be interpreted in both 
qualitative and quantitative manner. In qualitative analysis, 
the most important factor is the shape of the VES curve, 
from which it is possible to decipher the number of lay-
ers and their resistivity contact. When the data of several 
stations are available, they can be interpreted by depicting 
in maps, the areal distribution of the types and sounding 
curves and apparent resistivity (Karanth 1987). Quanti-
tative interpretation of sounding curves can be done by 
analytical and empirical methods. Initially, curve match-
ing techniques are commonly adopted in the analytical 
method. The observed sounding curve is plotted on the 
same modulus as that of the speculative master curves of 
apparent resistivity versus electrode spacing, for different 
combinations of thicknesses and resistivity (Mooney and 
Wetzel 1956; Orellana and Mooney 1966; Ghosh 1971 
and Zohdy 1974).

The IPI2win software developed by Moscow State Uni-
versity has been used for interpretation by which resistiv-
ity of different layers is estimated. Once the resistivity and 
thicknesses of different layers are known, the data may be 
used to prepare a geoelectrical section of the VES spot. 
The interpreted results of vertical electrical soundings in 
terms of resistivity (ρa) and thickness (h) of various lay-
ers deciphered are given in Table 2. The RMS error found 
varies from 2.38 to 12.6% in the inverse model resistivity 
sections. Comparison of VES results with actual borehole 
lithology at a few sites like Vanjivakkam (Loc No. 7) by 
Arulprakasam (2017) is shown in Fig. 9. Moreover, the 
VES sounding curve resistivity has been calibrated with 
geological lithology of Vanjivakkam location. In gen-
eral, the resistivity of sand with saline water formation 
is shown to  > 3 Ωm for first and second layers. The third 
layer encountered in 7.5 to 52 m with s sandy clay forma-
tion shows 3 to 15 Ωm resistivity, respectively. The fourth 
layer resistivity after 42 m is observed sand formation with 
the resistivity of 12 to 50 Ωm.

Layer resistivity

Iso-resistivity contours maps were drawn for four layers 
based on the interpreted VES statistics proven in Table 3. 
In the study area, the primary layer (Fig. 10 a) resistivity 
varies from 0.2 to 10,713 Ωm. The low resistivity (< 3 Ωm) 
is noticed in southeastern part which may be due to sand 
with saline water. The high resistivity (> 500 Ωm) is visible 
in north and northwestern parts of the look at the place; this 
may be due to laterite formation. The resistivity range of 
12–50 Ωm is visible in middle a part of the study place; this 
may be because of the presence of sand formation and also 
seawater intrusion (Fadili et al. 2017). For the contaminated 
formation due to seawater, the resistivity ranges between 8 
and 50 Ωm (Fadili et al. 2017; Senthilkumar et al. 2017a, 

Fig. 12  (continued)
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b). The resistivity of the pinnacle layer is in comparison 
with the geology of the observed location which confirms 
the presence of above-cited formations. The iso-resistivity 
values of second layer range from 1 to 3851 Ωm (Fig. 10b). 
The low resistivity (< 3 Ωm) is present as small patches in a 
coastal tract of the study area which are may be due to sand 
with saline water. The high resistivity zones (> 1000 Ωm) 
are visible in the central part of the study area indicating a 
very critical position of groundwater availability due to the 
presence of dry sands in this region. The resistivity ranging 
between 250 and 500 Ωm occupies southwestern part of the 
study area which confirms the occurrence of the sandstone 
formation.

The iso-resistivity of the third layer ranges from 0.2 to 
418 Ωm (Fig. 10c). The low-resistivity area (< 3 Ωm) occu-
pied as patches in coastal areas of the take a look at region 
indicating the presence of saline water. The resistivity rang-
ing from 12 to 50 Ωm shows thick sand formation in an 
important part of the study location. The resistivity values 
greater than 150 Ωm are determined in northwestern compo-
nent confirming the life of compact lateritic formation. The 

resistivity values lightly lower toward the central and eastern 
parts of the observed area are because of the presence of 
alluvium. The fourth layer iso-resistivity of the look at area 
ranges from 0.00 to 51.5 Ωm (Fig. 10d). The low resistivity 
is seen as pockets in southern and eastern parts indicating 
the prevalence of saline water in this place. Relaxation of the 
place is characterized via the resistivity values ranging from 
5 to 12 which implicate sandy clay formation. The thickness 
of the individual layer of all 25 VES locations is deline-
ated from the VES curve (h1, h2, h3) and shown in Table 3. 
The spatial distributions of the thickness of first, second 
and third layers of the study place are shown in Figs. 11a–c, 
respectively. The thickness of the first layer varies from 0.1 
to 2.6 m. Maximum thickness of the second layer is 19.1 m, 
and its minimal thickness is 0.2 m. The third layer has its 
thickness from 0.3 to 90.2 m.

Iso‑apparent resistivity

Apparent resistivity thematic maps have been prepared at 
different depth levels of 10, 20, 30, 40 and 50 m for all 25 

Table 4  Aquifer geoelectrical 
properties of the coastal region 
of Thiruvallur district

VES. no. VES location Transverse resistance 
(T)  m2

Longitudinal conduct-
ance (S) mhos

Thick-
ness (h) in 
meter

1 Elavur 1226.12 0.19 3
2 Madarpakkam 1433.6 0.03 5.70
3 Rettambedu 486.85 3.25 33.10
4 Kolur 6.64 0.33 1.00
5 Gummudipoondi 4356.25 0.04 1.40
6 Andarmadam 8.68 0.49 1.40
7 Vanjivakkam 113.3 18.30 42.00
8 Medur 64.94 0.33 1.90
9 Kavarapettai 27.54 1.52 6.40
10 ChinnaManopuram 25.53 0.56 1.40
11 Arani 850.64 0.05 1.80
12 Vayalur 352.54 0.52 6.70
13 Chinnambedu 191.74 0.43 2.10
14 Krishnapuram 3142 3.13 48.00
15 Kanniyambakkam 36.9 0.24 2.50
16 Eliyambedu 92.1 0.22 1.90
17 Minjur 324.48 25.88 91.00
18 Kannigaipper 140.17 0.63 5.30
19 Agaram 221.04 1.33 5.90
20 Kottakuppam 11.29 0.33 1.20
21 Vallur 88.04 10.68 29.00
22 Agaram 771.52 0.31 3.40
23 Cholavaram 15.45 0.27 1.10
24 Andarkuppam 8 6.51 1.60
25 Madhavaram 76.29 1.04 3.10
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VES locations using ArcGIS platform in IDW interpolation 
method to examine the difference in resistivity at the particu-
lar depths due to subsurface anisotropy. Resistivity contours 
for various depths quite symbolize the subsurface lithologi-
cal difference under the obtainable hydrological conditions 
(Fig. 12). Resistivity contours for 10-m depth levels show 
mostly low resistivity values (< 50Ωm) of the topsoil col-
lected of alluvial sediments, laterite, silty clay, and clay 
(Fig. 12a). At the depth of 20, 30, 40, 50 m, the counters are 

generally in the range of 5 to 50 Ωm (Fig. 12b–e). From the 
iso-resistivity thematic maps, it is concluded that resistiv-
ity < 10 Ωm indicates the presence of saline water. Regions 
having low iso-apparent resistivity (i.e., < 10 Ωm) occur 
along the southern coastal tract extending up to central por-
tion which clearly confirms the presence of saline water at 
various depths below the ground level. Freshwater occupies 
a major portion along the northern part and is seen in pock-
ets in the central part of the study area.

Fig. 13  Transverse resistance 
(T) map
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Geoelectrical parameter

A geologic section differs from a geoelectrical phase while 
the limits between geologic layers do no longer coincide with 
the limits between layers characterized with the aid of dif-
ferent resistivity values. Therefore, the electrical boundaries 
keeping apart layers of different resistivity values may also 
or may not coincide with limitations keeping apart layers of 
various geologic age or one of lithologic composition. As 

mentioned in advance, a geoelectrical layer is defined with 
the aid of two essential parameters together with layer resis-
tivity (ρ) and its thickness (h). Geoelectrical parameters such 
as formation resistivity, overall longitudinal conductance, 
and intensity to the bedrocks are useful guides, in evaluat-
ing the groundwater capacity of a site (Ballukarya 2001). A 
few important geoelectrical parameters which can be derived 
from the layer resistivity and their thickness are (1) transverse 
resistance (T) and longitudinal conductance (S).

Fig. 14  Longitudinal conduct-
ance (S) map
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Transverse resistance

The transverse resistance (T) and longitudinal conductance 
(S) values are successfully useful for demarcating ground-
water potential (Narendra and Rajendra Prasad 2009). Singh 
(2003) stated that the transverse resistance (T) and longitu-
dinal conductance (S) are used for better declaration of thin 
layers of both resistive and conductive properties.

The transverse resistance (T) values can be intended from 
VES results by using the following equation.

According to Zohdy (1974), increase in T values sug-
gests an increase in the thickness of the resistive cloth. 
Higher-aquifer transmissivity zones can be positioned by 
way of better T value. Arulprakasam (2010) stated that the 
better (T) and (S) values indicating a very good ability, how-
ever, brackish to saline nature and deeper basement. In the 
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Fig. 15  Final overlay map for 
fresh-brackish water zone of 
the area
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present study, the transverse resistance values of the study 
area vary from 6.64 to 4356.25 Ωm2 with a median value of 
678.48 Ωm2 (Table 4). The spatial distribution of T values 
of the take a look at area shown in Fig. 13 exhibited high 
values (> 1000 Ωm2) in the western a part of the observa-
tion area and low values (< 500 Ωm2) within the eastern and 
southern components.

Longitudinal conductance

The longitudinal conductance (S) values are derived from 
VES results for the present study area using by the follow-
ing equation.

The S values of the take a look at the area are given in 
Table 4. Variation within the overall thickness of low-resis-
tivity cloth can be efficaciously diagnosed by means of the 
use of the distinction in s from one intensity probing sta-
tion to the other (Zohdy 1969; Henriet 1975; Worthington 
1977 and Galin 1979). In the observe region, longitudinal 
conductance (S) values vary from 0.03 to 25.88 mhos with 
a mean value of 3.88 mhos (Fig. 14). Longitudinal con-
ductance ranging above common happens alongside the 
coastal tract indicating the presence of marine sediments 
in this area. The low ‘S’ values seen around the north and 
northwestern parts are observed which coincides with the 
alluvium formations. Very high ‘S’ values (above 12 mhos) 
arise at Vanjivakkam, Minjur, and Madhavaram (Loc. Nos. 
7, 17 & 25) which shows the presence of saline water and 
clay-dominated regions. The high ‘T’ and occasional ‘S’ 
values in northwestern part of the study place indicate the 
presence of sparkling groundwater zone. The excessive ‘T’ 
and low ‘S’ values present along the coastal tract suggest 
brackish to saline groundwater, and the remaining loca-
tion is characterized by using moderate groundwater zones 
shown in Fig. 15; this without a doubt indicated the brackish 
water sector is extending up to 35 km from the coast within 
the south part and its width is narrowly reduced toward the 
northern part of the take a look at area that is up to 15 km 
from the coast. Southern part of the study place is broadly 
extending to brackish water region particularly because of 
the over-extraction of groundwater via Chennai metropolis.  

Conclusion

Integrated geochemical and geophysical techniques have 
been employed to assess the seawater intrusion status in the 
study area. The presence of seawater intrusion was reported 
by Central Ground Water Board in and around Minjur 
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area. In this geochemical study, major ionic compositions, 
TDS sodium and chloride concentrations effectively indi-
cated the influence of seawater intrusion. NaCl > mixed 
CaMgCl > CaHCO3 > CaNaHCO3 groundwater facies were 
found in the study area which is clearly indicated in Piper 
and Chadha plots. However, most of the samples are domi-
nated by NaCl and CaMgCl segments indicating the sea 
water intrusion. Various ionic ratios like Cl/CO3 + HCO3 
ratio, Cl/HCO3 versus ionic strength,  Mg2+/Ca2+ and 
 Cl−/HCO3

− ratios also indicated the sea water intrusion 
infringed the following locations of Rakkampalayam, Min-
jur, and Kummanur. Vertical electrical sounding techniques 
were successfully applied to identify the seawater and 
brackish water zones in the study area. From the sounding 
results, thickness of various layers and iso-apparent resistiv-
ity are successfully delineated. Regions of low iso-apparent 
resistivity (< 10 Ωm) occur along the southern coastal tract 
extending up to central portion which clearly confirms the 
presence of saline water at various depths below the ground 
level. Based on the transverse resistance (T) and longitudinal 
conductance (S) of the study area, the final output overlay 
map indicated clearly the seawater intrusion.
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