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Abstract A combined study of both geoelectrical and geo-
chemical methods was used to find the quality of groundwater
in the Agastheeswaram Taluk of Kanyakumari District, Tamil
Nadu, India. The vertical electrical sounding (VES) method
was applied to identify the variations in electrical resistivity of
the subsurface. Three to five geoelectric layers are interpreted
in the study area from the observed VES data. The aquifer was
mostly found in the second or third layer. Analytical results
from the 14 groundwater samples collected near the VES sta-
tions are in good correlation with the VES outcomes. Also, the
interpreted results of VES data collected from the field were
compared with the existing subsurface data and correlation
was made, which proved the consistency of the VES method.
Iso-resistivity contour maps for different depths and pseudo
cross sections showing the resistivity distribution with depth
are prepared for detailed analysis. More than 50 % of the area
is having aquifer resistivity value less than 10 dm. This indi-
cates that the aquifer is found to get polluted by saline water
intrusion or some other anthropogenic activities, like intense
agricultural practices and poor sewage management. From the
geochemical analysis of the groundwater samples, it is found
that the Na" and C1 are the dominant cation and anion in the
study area. Evaporation and rock-water interaction are found
to be the major processes controlling the ion concentration in
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the groundwater. The results obtained from geochemical anal-
ysis are in good correlation with the VES results.
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Introduction

Groundwater exploration is important worldwide due to the
ever increasing demand of water for agriculture and drinking
purposes. Rapid urbanization, increased industrial and agri-
cultural activities, which depend greatly on groundwater, have
led to significant degradation in groundwater quality. Once
contamination has occurred, it is usually very difficult and
sometimes impossible to successfully clean the aquifers. So,
maintaining the existing quality of groundwater remains the
best option. Early detection of contamination can be achieved
by regular monitoring of groundwater quality (Zulfigar et al.
2010). Such monitoring programmes can only be achieved if
water wells are available. However, in locations where water
wells are not available, the geoelectrical techniques can be
used to assess the extent of groundwater contamination
(Gnanasundar and Elango 1999). Groundwater investigations
using electrical resistivity method have been successfully car-
ried out by several researchers worldwide (Sree Devi et al.
2001; Umar et al. 2007; Pervaiz et al. 2010; Asfahani 2011).
The geoelectrical method is one of the geophysical methods
that can be used to assess the presence of aquifers, water
tables, impermeable formations, depths to the bedrock and
groundwater salinity (Todd 1980).

The geoelectrical resistivity survey may aid in planning
efficient and economic test drilling programmes for ground-
water explorations (Lusczynski and Swarzenski 1966). The
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thickness and resistivity of different horizontal or low dipping
subsurface layers, including aquifer zones, can be determined
from the vertical electrical sounding data (Choudury and Saha
2004). Different formations with nearly similar resistivities
such as saline clay and saline sand cannot be distinguished
clearly with the electrical sounding. In such cases, integration
of geochemical data with geophysical data can be used to
resolve such problems (Sang-ho et al. 2002; Cimino et al.
2008; Gurunandha Rao et al. 2011). Results observed from
the analyses of geochemical data can be used to gain insight
into hydrogeological conditions and source of contamination
in a particular area (Krishna Kumar et al. 2009; Tirumalesh
etal. 2010; Srinivasamoorthy et al. 2011a). In earlier years, the
groundwater quality was not very poor in the study area be-
cause of good precipitation (Perumal and Thamarai 2008).
But nowadays, due to over exploitation, increase in popula-
tion, rapid urbanization and unrestrained agricultural prac-
tices, the quality of groundwater is in a declining trend. The
aim of this study is to correlate the results of both the
geoelectrical and geochemical investigations for delineating
the groundwater quality. The present study is also aimed to
detect the dominant ionic sources and also to outline the areas
suitable for groundwater development.

Study area

Agastheeswaram Taluk of Kanyakumari District lies in the
southern tip of peninsular India and covers an estimated area
of about 272 km?. It is located between latitudes 8° 33' 45" N
and 8° 12"45" N and longitudes 77° 18'45" Eto 77° 34" 15" E
(Fig. 1). The average elevation of the study area is about 13 m
above mean sea level. The study area is surrounded by hills in
the northern sides, lush green paddy fields in the central re-
gions and sandy beaches on its southern and eastern sides. A
gentle slope can be noticed towards south and southwest di-
rections. It receives both the northeast monsoon during the
month of July and southwest monsoon during the months
October to December. Average maximum temperature is
about 30 °C, and minimum temperature is about 19 °C. In
the northern part of the study area is the Thovalai Taluk while
the Kalkulam Taluk borders its western boundary. The south-
ern and southeastern regions are surrounded by the Indian
Ocean and Bay of Bengal, respectively, while on the northeast
side is the Tirunelveli District.

Geology and hydrogeology
The study area was underlain by charnockites, leptinites,
leptinite gneisses, granite gneisses, laterites, sandstones, var-

iegated clay, river alluvium and so on. The northwestern re-
gion of the district is completely occupied by Western Ghats
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Mountain with a maximum elevation of 1658 m. The coastal
region in the south is a thin strip of plain with a width that
varies from ~1-2.5 km. The coastline has narrow stretches of
beaches and sand dunes. The area adjoining the coast is char-
acterized by laterite capping. The geology map of the study
area is shown in Fig. 2.

Soil types within the study area are classified into red loams
and pale reddish coloured lateritic soils. The mixed red and
alluvial soil occurs commonly within the study area. The
thickness of the overburden materials in the mountainous
areas is almost negligible and is around 2 m in the valleys.
The Charnockites group consists mainly of charnockites, py-
roxene granulites and their associated migmatites. Banded and
reticular gneisses are also exposed in the gneissic rocks. The
groundwater can be seen in all the regions of the study area.
Almost all of the geological formations in the district are sat-
urated, and the level of saturation is more in the weathered
mantle of the hard rock. Rock weathering is more predomi-
nant in the upper 10-35 m depth below the surface. The allu-
vial formations are highly permeable, and the groundwater
occurs under water table conditions (PWD 2005).

The Kanyakumari District has a different type of drainage
pattern having perennial streams flowing towards south and
southwest directions. All the major rivers draining in the
Kanyakumari District originate from the Western Ghats and
flow towards the southwest directions. The major river
flowing in the study area, the Agastheeswaram Taluk, is the
Pazhayar River. The Pazhayar River originates from the
Mahendragiri Hills north to the Arumanallur village at
Thovalai Taluk and drains through the Agastheeswaram
Taluk and confluences with the Indian Ocean near
Manakudy (PWD 2005). The drainage pattern of the study
area is given in Fig. 3.

Mostly, on hard-rock regions, the occurrence of weathered
overburden materials is discontinuous both in space and
depth. Hence, the groundwater recharge is influenced by the
intensity of weathering. Static water level usually fluctuates
throughout the year and attains maximum levels from October
to December due to the southwest monsoon. It reaches its
minimum levels during February to September because of
summer, but a minor increasing trend is seen in the water level
during the month of July because of southwestern monsoon.
However, the water level studies in the study area reveal a
general decreasing trend in water level for the past 10 years
(PWD 2005).

Methodology

To assess the quality of the groundwater circulating inside the
aquifers and to delineate the saline and industrial waste con-
taminated areas from the fresh water zones in the study area,
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two methods were employed. These techniques are (1)
geoelectrical survey and (2) geochemical analysis.

Geoelectrical survey and data analysis

An electrical resistivity survey involving vertical electrical
soundings (VES) was carried out at 38 locations randomly
cited within the study area (Fig. 1). Even though the Wenner
and Schlumberger electrode configurations are commonly
employed in such investigations, the Schlumberger electrode
configuration is most suited for attaining better results. Since
Schlumberger method has practical, operational, and interpre-
tational advantages over the Wenner method of electrode ar-
rangement (Zohdy et al. 1974; Bhimasankaram and Gaur
1977; Ward 1990). The soundings were performed using a
DC resistivity meter. Maximum half current electrode spacing
(AB/2) used in field data acquisition was up to 100 m. The
VES data obtained from the field were inverted using the
IPI2Win software, which carry out an automated approxima-
tion of the initial resistivity model with the observed data

[ studyArea Indian Ocean Profile - 2 210 2Kiometers |
LN [
77°18I'45"E 77022I'30"E 77°26I'15"E 77°3I0'0"E 77033I'45"E 77037I'30"E

(Bobachev 2002). IPI2Win works in an iterative mode by
calculating at the end of each step: (a) a simplified model of
layer thicknesses and resistivities and (b) the misfit function
involving both the observed and calculated data sets. All
resulting models produced low root mean square errors that
were below 5 %. From the preliminary analysis, the resistiv-
ities and thicknesses of the different geoelectric layers at each
VES locations were acquired.

Geochemical analysis

Groundwater samples were collected randomly from shallow
wells and deep tube wells of static water level depth varying
from 3 m to more than 30 m at different places of
Agastheeswaram Taluk in the end of the month January
2013. Fourteen samples were collected from different areas
close to the VES stations. Groundwater samples for chemical
analysis were collected in acid washed polyethylene bottles
cleaned with distilled water. In the field, the sample bottles
were washed at least three times by the groundwater from

@ Springer



10650

Arab J Geosci (2015) 8:10647-10663

77°22'30"E
1

77°39'0"E

Legend

D Study area Boundary

{ Geology
- Garnet-Biotite Gneiss - Quartenary Fluviomarine

- Charnockite - Quartenary Aeolin
i - Quartenary fluvial - Quartenary marine Deposits
|:| Kodaiyar Granite

N |

0 15 3 6 9 12
e e e Kilometers

77°22'30'E
Fig. 2 Geology map

respective groundwater sources in the study area. During the
collection and transportation of water samples to the laborato-
ry, all essential precautions were observed as suggested by
Brown et al. (1974).

The collected samples were analysed for several chemical
parameters using the standard procedures enumerated in the
American Public Health Association (APHA 1995). The pH
and EC were measured by means of pH and conductivity
meters, respectively, in the field. The major cations such as
calcium (Ca®"), magnesium (Mg”"), sodium (Na") and potas-
sium (K ) and the major anions such as bicarbonate (HCO; "),
chloride (Cl") and sulphate (SO4>") were analysed in the lab-
oratory. TDS were computed from the EC by calculation
method. The formula used for determining the TDS was

TDS = 0.64 x EC (1)

Na’ and K were determined by flame photometer. Ca>*
and Mg®" were determined titrimetrically using standard
EDTA titration. AgNOs titration was adapted to estimate chlo-
ride (CI"). The ion balance error (IBE) technique was used to
assess the accuracy of the observed results by comparing the
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total cations with the total anions for complete analyses of
water sample. The IBE was normally found to be within the
range of acceptability (£10 %) (Mandel and Shiftan 1981).

Results and discussion
Geoelectrical survey
Vertical electrical soundings

A total of 38 VES were carried out to study the groundwater
conditions in the study area. The data obtained from the field
were processed by using the one-dimensional inversion pro-
gramme IPI2WIN (Bobachev 2002). The obtained layer pa-
rameters viz. resistivity and thickness are shown in Table 1,
and these results are correlated with the nearby known lithlog
data to obtain better results. Some of the selected VES curves
along with the layer parameters are given in Fig. 4.

Three to five geoelectric layers were interpreted from the
observed VES data. The first layer was interpreted as top soil
layer or hardened clay with resistivity that varies from 6.3 to



Arab J Geosci (2015) 8:10647-10663

10651

77°1 81'45“E 77°22|‘30"E 77°2€:‘15"E 77°3|0'0"E 77°33:'45"E
N
p=4 P4
e} [t}
% %
P-4 P4
o o
™ o™
~ ~
) &
Drainage network
Stream Order
1
2
z| — 3 z
21— -2
[\l [\l
) —5 S
—6
_—7
0 125 25 5 7.5 10
—_—238 - e seessmmw e Kilometers
T T T T T
77°18'45"E 77°22'30"E 77°26'15"E 77°30'0"E 77°33'45"E

Fig. 3 Drainage pattern of the study area

854 Om and thickness that ranges between 0.4 and 6 m.
Resistivity values of the materials in the second layer were
interpreted in the range of 1.2 to 237 Om. The thickness of
the materials in the second layer varies between 1 to 28.4 m. In
most of the sounding stations, the shallow aquifers were pres-
ent in this layer. The major lithological compositions found in
this layer are highly weathered charnockite, clay, clay with
interbed of sand, fine sand or highly weathered gneiss.

The water quality in the aquifer varies from potable to very
saline. In the present study, the aquifers with the resistivity
value less than 10 O2m is considered as saline, and if the resis-
tivity of the aquifer is in the range 10 to 100 {2m, then there is
a possibility of potable water. The third layer is characterized
by resistivity values that vary from less than 1.2 to 4545 Om.
In majority of the stations, this layer attributed to fractured
hard rock, hard rock or other materials. In some stations, the
other lithological compositions include the clayey and sandy
materials with saline water that are characterized by low resis-
tivities. The resistivity values observed in some stations were
less than 10 (2m which probably indicates salinity problem in

such areas. The reliability of the vertical electrical sounding is
checked by correlating the collected VES data with the
existing lithological information. The subsurface data from
Varioor and Mylaudy areas were correlated with stations S1
and S21 (Fig. 5), and good correlation was obtained.

Pseudo resistivity cross sections (Fig. 6) were prepared
along three profiles. The resistivity cross sections enable us
to decipher subsurface resistivity distribution in both vertical
and horizontal directions. The pseudo cross sections (profile-
1, profile-2 and profile-3) were prepared from the results of
the VES data inversion using IPI2WIN software.

From Fig. 6, in the pseudo cross section along profile-1, it
can be seen that there are no layers with resistivity less than
10 Qm, which shows these stations are free from saline water
intrusion. It seems that the water quality near the VES stations
S27 and S32 are found to be good. In the profile-2, the sub-
surface near the VES stations S23, S9 and S11 are found to
have lower resistivity zones. At the VES station S11, the lower
resistivity may be because of the contamination of groundwa-
ter due to saline water intrusion from the nearby estuary. The
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Table 1 Interpreted VES results

with layer parameters VES station.no pl hl p2 h2 p3 h3 p4 h4 pS
S1 444 0.6 10.9 6.1 1449 7.1 1629 26.6 904
S2 6.3 13 372 10 395
S3 15.4 23 435 6.8 17.9 9.9 613
S4 234 0.8 6.8 4.4 237
S5 284 44 19.4 11.5 4423
S6 15.7 0.7 35 6.8 3858
S7 412 1.6 93 14.8 9.1 32 68
S8 6.7 0.5 1.2 1.5 1622
S9 11 1.4 6.3 2.5 188
S10 21.8 2 13.6 3.1 55.2
S11 26.5 1.3 22 5.8 13.1
S12 854 6 30.7 12.3 1.2 227 63.7
S13 376 1.3 434 2.1 18.1 11.4 2246
S14 222 1.4 4.9 19.3 1985
S15 16.8 0.5 4 3.8 2.5 10 19.4
S16 68.7 0.5 133 34 1.2 24.6 248
S17 30.7 0.6 16.3 2.6 250
S18 25 0.5 12.3 52 170
S19 25.6 1.7 11.6 3.7 114
S20 34.6 0.9 4.1 35 238
S21 10.8 12 12.4 35 284 10 502
S22 17.8 13 9.5 5.6 3753
S23 61 0.5 3.1 3.8 239 6.3 18529
S24 4.9 1.7 14.5 1.2 4.7 6.4 583
S25 139 0.5 923 2.1 53.9 16.3 78.7
S26 125 35 54 6.6 62.7 259 48 34.7 1824
S27 283 0.6 49.1 1.3 16.4 373 1524 76.3 3463
S28 43 1.8 9.47 284 1954
S29 64.8 1 117 3.6 427 47.6 1986
S30 713 0.5 237 7.1 64.3 20 24
S31 175 1.9 24 11.4 4545
S32 127 37 20.1 16.1 146
S33 250 23 52.1 2.7 219 7.7 16.8 8.9 1323
S34 106 0.8 150 L5 18.5 11.3 3.8 17.2 1212
S35 488 22 205 6.2 17 11 242
S36 51.3 04 221 2.5 62 124 41 324 629
S37 110 0.5 22.1 23 3.8 93 46.3
S38 444 0.5 18.1 1 34.7 3.0 5.4 14.8 680

Where p is the apparent resistivity ({2m) and / is the thickness (m)

areas around the stations S9 and S23 show lower resistivity
because of the pollution by some anthropogenic activities. In
profile-3, it can be seen that two zones with resistivity are less
than 10 2m, one is near VES station S6, which may be be-
cause of the saline water incursion; eventually, the aquifer is
found to be a coastal aquifer. Second one near the station S20,
we can find a low resistivity zone which may be because of the
local contamination mainly from the effluent water from the
surrounding agricultural fields and sewages.
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Spatial and vertical distribution of resistivity

The spatial distribution maps of the thicknesses and resistivi-
ties (Fig. 7) of the obtained geoelectric layers were prepared
using Arc GIS 9.3 software. As all the soundings are conduct-
ed away from the coastal region, the resistivity values depicted
in the resistivity distribution maps are extrapolated. Figure 7a
shows the distribution of the top layer resistivity in the study
area. Figure 7a shows that the resistivity of the top layer in a
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greater part of the study area is less than 150 2m. The resis-
tivity values of the top layer were observed to be higher at
VES stations S12, S13, S27, S31 and S35. Compacted
clay formations increase the resistivity in these stations.
High resistivity values of the second layer depicted in
the spatial map (Fig. 7b) was observed in the southern
and western sides of the study area. Based on the inter-
pretation of the VES curves and considering the resistiv-
ity values, the second layer was identified as aquifer at
VES stations S1, S2, S4, S5, S6, S8, S9, S11, S17, S18,
S20-S23, S31 and S32. Within the saturated aquifers, the
resistivity values at VES stations S4, S6, S8-S11, S20,
S22 and S23 were observed as very low and were attrib-
uted to contamination by saline water intrusion and other
anthropogenic activities. These activities include in-
creased soil moisture content due to irrigation farming
and increased salinity caused by excessive evaporation
and use of inorganic fertilizers (Elwaseif et al. 2012).
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The resistivity distribution pattern of the third geoelectric
layer (Fig. 7c) shows that the northern and eastern parts of the
Agastheeswaram Taluk is characterized by high resistivity
values compared to the other parts. The dominant materials
at VES stations S3, S7, S10, S13-S16, S19, S25, S26, S33
and S37 were suspected to be saturated aquifers. But at VES
stations S7, S14-S16 and S37, the resistivity values of the
aquifers were observed to be less than 10 2m suggesting that
this aquifer environment may be contaminated by saline wa-
ter. The distribution of resistivity in delineated aquifers is giv-
en in the figure (Fig. 7d). This show the central regions of the
study area fall along the Palayar River which was contaminat-
ed by saline intrusion.

The iso-resistivity spatial distribution maps (Fig. 8) were
prepared using the same ArcGIS software for half the distance
between the current electrodes (AB/2) spacings of 5, 10, 25
and 50 m. Figure 8a, b is nearly similar in resistivity distribu-
tion, suggesting that there is not much significant change in
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the shallow subsurface materials in the study area. The north-
ern and eastern parts of the study area is characterized by low
resistivity values compared to the other regions. But from
Fig. 8c, d, resistivity values were observed to be lower in

the south and central parts of the Agastheeswaram Taluk
suggesting that these regions are contaminated by saline water
at deeper depth. From the iso-resistivity contour maps, we can
depict that the overall resistivity distribution is suitable for
potable aquifers in the west and southwestern parts of the
study area, and the groundwater quality in these areas is good
for all purposes.

Groundwater chemistry
Drinking water quality
If the groundwater is free from toxic constituents and contains

low quantity of dissolved solids, then it is good for drinking
purposes (Srinivas et al. 2013a). Drinking water standards set

by the World Health Organization (WHO 1997) were used to
assess the groundwater quality in the study area (Table 2). The
pH of the groundwater is the measure of its acidity or alkalin-
ity (Sherif et al. 2006). The pH values of the groundwater
samples ranged from 6.5 to 7.7, which show that the ground-
water quality is slightly acidic to slightly alkaline in nature.
All solid materials in the water solution whether ionized or not
were measured as the total dissolved solids (TDS) content of
that solution (Sherif et al. 2006). According to WHO (1997)
standards, the TDS of two water samples from wells W5 and
W11 were higher than the permissible limit of 1500 mg/1 for
drinking water purpose. The electrical conductivity of water
depends on the water temperature, types of ions present in the
water and their concentration (Sherif et al. 2006). The electri-
cal conductivity in the study area ranges from 207 to 5806 uS/
cm, with a mean value of 1879 uS/cm. The total hardness of
the groundwater samples ranges from 165 to 1158 mg/l with
an average value of 564 mg/l. According to the classification
based on WHO (1997) standards, 50 % of samples exceeds
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the maximum permissible limit of 500 mg/l. Hard water has
no recognized adverse effect on humans for a short period
consumption, but long-term usage of very hard water might
lead to some health disorders and may also cause corrosion on
water supply systems (Agrawal and Jagetia 1997).

The dominance of major cations in the area was observed
to be in the order Na* > Ca*" > Mg?* > K*. Na" was found to
be the most dominant cation in the study area. The concentra-
tion of Na' in the study area ranges from 53 to 424 mg/l with
an average of 221 mg/1. Fifty-seven percent of all the samples
from the study area was in excess of the permissible limits of
200 mg/1 as prescribed by WHO (1997) guidelines. The con-
centration of K is between 2 and 117 mg/l with an average of
28 mg/l. The concentration of K in majority of the samples
exceeds the permissible limit of 12 mg/l in the study area
(Table. 2). Increase in the concentration of Na" and K may
be due to the dilution of water in the monsoon season by
infiltration and runoff (Edet and Worden 2009). The Ca*"

@ Springer

content in the groundwater lies between 60 and 196 mg/l with
an average of 107 mg/l. A total of ten samples had Ca*" values
in excess of the desired limit of 75 mg/l. The Mg>" concen-
tration in the study area lies between 3 and 221 mg/l with a
mean value of 72 mg/l. Fourteen percent of samples are ex-
ceeding the permissible limit 150 mg/l for magnesium. The
rainwater, dissolution of several minerals like calcite (CaCOs3)
and dolomite (CaMg(COs3),) in soils, bedrocks, and
weathering of calcium- and magnesium-enriched rocks in
the aquifer environment are some of the sources which chang-
es the concentration of Ca** and Mg*" in the groundwater
(Akpan et al. 2013).

The dominance of anion in the groundwater was ob-
served to be in the order CI >HCO;  >SO,* . The con-
centration of CI, HCO; and SO,> ranges from 14 to
799 mg/l, 98 to 378 mg/l and 8 to 146 mg/l, respectively.
The increased concentration of CI' and HCO; indicates
the diverse sources of salinization problems in the study
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Fig. 8 Iso-resistivity spatial distribution map

area. Some of these sources include precipitation, natural
saline groundwater, halite dissolution, agricultural and do-
mestic sources and natural pollution from iron-enriched

clayey sediments (Hounslow 1995; Inoubli et al. 2006;
Edet and Worden 2009; Bahar and Reza 2010; Akpan
et al. 2013).

Table 2 Ranges of chemical

parameters and their comparison Chemical parameters Concentration of ions Range of standards Sample well numbers
with the WHO standards for (desirable to permissible) exceeding desirable limits
drinking water
Range Mean WHO (1997) WHO (1997)

pH 6.5-7.7 7.1 7.0-9.2 1,2,5,7-10, 13, 14

TDS(mg/l) 132-3716 1878 500-1500 1-8,10-12

Ca”" (mg/l) 60-196 107 75-200 2-8,10-12

Mg?" (mg/l) 3-221 72 30-150 1-5,7,8, 1, 11

Na' (mg/l) 53-424 221 50-200 1-14

K" (mg/l) 2-117 28 10-12 1-8, 10, 11, 14

HCO5 (mg/l) 98-378 183 300-600 10

S0, (mg/l) 8146 69 200-600 Within limit

CI” (mg/l) 14-799 202 250-600 3-5,7,8, 11

TH (mg/l) 165-1158 564 100-500 1-14
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Table 3 Classification of
groundwater for irrigation Parameters Range Water class Sample numbers Number of
purpose on the basis of Na%, samples

SAR, EC, TH and TDS

Na% (after Wilcox 1955)

<20 Excellent B _
2040 Good 4,7 2
40-60 Permissible 1-3,5,8,9, 11-14 10
60-80 Doubtful 6,10 2
>80 Unsuitable _ _
Alkalinity Hazard
(SAR) (Richards 1954)
0-6 No problems 2-4,7,8,13, 14 7
6t09 Increase Problems 1,6,9-12
>9 Severe problems 5
EC (Wilcox 1955)
<250 Low 14 1
250-750 Medium 9,13 2
750-2250 High 1-4,6,7,10, 12 8
>2250 Very high 5,8, 11 3
TH (Sawyer et al. 2003)
<75 Soft B B
75-150 Moderately hard B B
150-300 Hard 9,13, 14 3
>300 Very hard 1-8, 10-12 11
TDS (USGS 2000)
<500 Desirable for drinking 9,13, 14 3
500-1000 Permissible for drinking 1, 6,10, 12 4
1000-3000 Useful for irrigation 2-4,7,8, 11 6
>3000 Unfit for drinking and 5 1
irrigation
Fig. 9 Wilcox diagram 100.00
90.00 4
80.00
Permissible to
- 70.00 Doubtful
é 60.00 ® o0
E L SN ®
'8 50.00
b ¢ 4 .
é 40.00 - :’
4 .
30.00 4
T E e el
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10.00
0.00
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Fig. 10 USSL diagram
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Table 4 The aquifer (true) resistivity and water resistivity of the
samples

SNo VESno Wellno EC (uS/cm) Water Aquifer
resistivity(2m) resistivity({2m)

1 S3 w1 1101 0.91 17.9
2 S5 w2 604 1.66 19.4
3 S6 W3 2132 0.47 3.49
4 S7 w4 2156 0.46 9.09
5 S 12 W35 5806 0.17 1.28
6 S13 W6 1219 0.82 18.1
7 S15 w7 2175 0.46 2.49
8 S 16 w8 2283 0.44 1.18
9 S17 w9 536 1.87 16.2
10  S19 W10 1542 0.65 11.6
11 S23 W11 4083 0.24 3.11
12 S31 W12 956 1.05 24

13 S32 W13 518 1.93 20.1
14 S36 w14 207 4.83 41

Irrigation water quality

The suitability of the groundwater for irrigation purposes was
studied by using the parameters percent sodium (%Na), sodi-
um absorption ratio (SAR) and by plotting Wilcox diagram
(Wilcox 1955) and USSL plots. The mechanism controlling
the groundwater quality was studied by using Gibbs plots.

50 -
45 |

Fig. 12 Statistical correlation of
EC and apparent resistivity

= N N WO w0 H
OO O O O o1 O

Aquifer resistivity (Qm)
o

Standard classification of groundwater for irrigation usage
on the basis of some techniques such as percent sodium
(%Na), sodium absorption ratio (SAR), electrical conductivity
(EC), total hardness (TH) and total dissolved solids (TDS) is
given in Table 3.

According to these classifications, the samples from
stations 9, 13 and 14 were found to be best suitable for
irrigation. The Wilcox diagram (Fig. 9) shows two sam-
ples from stations W5 and W11 which were found to be
unsuitable for irrigation usage. The USSL plot (Fig. 10)
shows that majority of the samples fall in the C3S2 region
of high salinity and medium alkalinity. Two samples from
wells W5 and W11 have very high salinity hazard and
were found to be unsuitable for irrigation. Seventy-nine
percent of the samples falls in the medium to high sa-
linity region, which shows that the study area is good
for salt tolerant crops (Srinivasamoorthy et al. 2011b)
like coconut.

The Gibbs plots (Gibbs 1970) were drawn between (i)
Na'/(Na" + Ca®") versus TDS and (ii) CI /(CI” + HCO5)
versus TDS (Fig. 1la, b). The Gibbs plots show that
evaporation is the major process controlling cationic con-
centration in the study area, whereas rock weathering and
evaporation are the major processes controlling cationic
dominance. No sample was observed in the rainfall dom-
inance regions of the Gibbs plots, which confirms that
rainfall has no major contribution for the enrichment of
ions in the groundwater.

R2=0.773
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Table 5 Correlation matrix of hydrochemical parameters with geophysical parameters in the study area

TDS Ca Mg Na K Cl HCO; SOy4 TH Water resistivity Aquifer resistivity
TDS 1
Ca 641% 1
Mg .628%* 323 1
Na 907%% 415 705%% 1
K B17#% 544% 195 685%* ]
Cl 976*%*%  685%* . 567* 822%% - B13** ]
HCO3 176 —-.020 317 428 —-.026 .047 1
SO4 879%% 461 .629%* 877F% 707+ 788%*% 214 1
TH J51%% 638* 935%*%  729%* 362 J18%* 252 .685%* ]
Water resistivity ~— —.721%% —653* —773%*% —763** —387 —.659* —264 -—.776%* —875%* |
Aquifer resistivity —.722%*% —600* —.709%* —752%* —382 —.686** —334 —.690%* —804**  868** 1

***Correlation is significant at the 0.05 level (two-tailed); correlation is significant at the 0.01 level (two-tailed)

Integration of VES and geochemical results

Information generated from VES and geochemical analyses
have been used in identifying the aquifer horizons and
assessing the quality of groundwater that circulates in the
aquifers. Since resistivity is inversely proportional to EC, the
aquifer resistivity must be low for the water with high EC to be
present in an aquifer (Srinivas et al. 2013b). The relationship
between the water resistivity (p,,) and electrical conductivity
is given as (Vouillamoz et al. 2007),

P 1/EC

The aquifer resistivity, EC and water resistivity for the col-
lected groundwater samples are given in Table 4. From
Table 4, it is observed that the water samples with high EC
values have low aquifer resistivity values. Some minor devi-
ations exist because of the distance between the water wells
and the VES stations. The statistical correlation between ap-
parent resistivity and water resistivity values was plotted
(Fig. 12). The overall correlation of aquifer resistivity with
water resistivity and other geochemical parameters was done
using Pearson correlation matrix, and it is depicted in Table. 5.

The overall correlation between the resistivity of the aqui-
fers and EC was found to be satisfactory in the study area thus
attesting to the reliability of both methods in hydrogeological
investigations. Water wells W9, W13 and W14 located at
Ramanathichanputhoor, Ethamoli and Gandhipuram stations,
respectively, were found to have low EC values, and the near-
by aquifers show considerably high aquifer resistivity values,
which show the presence of potable groundwater in the aqui-
fers. But at VES stations S12 and S23 that were stationed
close to water wells W5 and W11 in Koilvilai and Nalloor
areas, respectively, low-quality groundwater was suspected.
The groundwater is characterized by high EC values while

the aquifers have low resistivity values. The low aquifer resis-
tivity along with high EC and CI” content are connected with
saline water intrusion (Choudury and Saha 2004). The areas
surrounding VES stations S6, S12, S15, S16 and S23 are
demarcated as stations that are challenged by problems of
saline water intrusion.

Conclusions

The integrated surface geophysical and geochemical tech-
niques provide a promising tool for assessing groundwater
quality in the Agastheeswaram Taluk in Kanyakumari
District. The information obtained from the combined
methods was used to demarcate various contaminated water
zones. The geochemical analysis shows that evaporation was
the dominant process controlling ionic concentration in the
study area. A good correlation between the geophysical ap-
parent resistivity values of the aquifer and the EC values
proves the importance of both methods as a useful guide for
groundwater quality assessment. Also, the geochemical inves-
tigations carried out in this research prove the consistency of
the geoelectrical methods in solving the hydrogeological
problems like saline water intrusion. The aquifers at VES
stations S6, S12, S15, S16 and S23 were found to have low
resistivity, and the water from nearby wells shows high EC
showing that the area surrounding these stations are polluted
by saline water intrusion. From both the geophysical and geo-
chemical studies, we can conclude that 45 % of the stations are
having groundwater with appreciably good quality. But salt
water intrusion may become a problem in the future. So it is
important to keep up monitoring the fresh saline water inter-
face by avoiding overexploitation of the groundwater
resources.
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