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Abstract
Coastal areas provide the largest avenue for human settlement worldwide. Among the different sources of water, groundwater 
comes under the most exploited for domestic, agriculture as well as industrial purposes. The present study is aimed to evalu-
ate the hydrochemical characteristics and quality of groundwater. A total of 132 groundwater samples were collected during 
post-monsoon and pre-monsoon seasons and analyzed for major and minor ions, and the results were used to evaluate water 
quality parameters like sodium absorption ratio, magnesium absorption ratio, soluble sodium percentage, permeability index 
and residual sodium carbonate to establish water quality for various utilities. Groundwater samples show acidic to alkaline 
nature; dominant cations reported were in the order of  Na+ > Ca2+ > K+ > Mg2+ and dominant anions  Cl− > HCO3

− > SO4
2−. 

The hardness of water ranges from soft to very hard. The major water types noted were  CaHCO3,  NaHCO3,  CaCl2, mixed 
 CaNaHCO3 and NaCl. Based on electrical conductivity, total dissolved solids and total hardness majority of the samples 
are appropriate for consumption and domestic utilities with few exceptions. Computed parameters reveal that a majority of 
the groundwater samples are suitable for agricultural purposes. The Gibbs plot reveals that interaction between rock and 
water is the major mechanism controlling groundwater chemistry in the study area. Multivariate statistical analyses such as 
correlation analysis and principal component analysis were carried out for better understanding and classification of water 
quality and factors which control the groundwater chemistry.

Keywords Coastal groundwater · Agriculture · Domestic · Seawater intrusion · Multivariate statistical analysis

Introduction

Water is the most valuable and non-substitutable natural 
resource, which is necessary for the growth, wellness and 
well-being of all living organisms globally (Du Plessis 
2017). Hydrosphere comprises an estimate of 1386 mil-
lion km3 of water (Kibona et al. 2009; Lui et al. 2011; Du 
Plessis 2017). Around 97% of the total water is in oceans, 
and the remaining three percent is considered as freshwater. 
Among the freshwater, 69% is locked up in ice sheets or 
glaciers. Groundwater accounts for 30%, and only 0.3% of 

total freshwater is available on the surface as rivers, lakes 
and reservoirs (Cassardo and Jones 2011; Du Plessis 2017). 
Recent studies reveal that approximately 69% of the total 
withdrawal has been used for agricultural, 22% for indus-
trial, 8% for domestic and remaining 1% for recreational 
purposes (Rosegrant et al. 2009; Du Plessis 2017).

The annual groundwater availability of India (Central 
Water Commission 2015) is about 433 Billion Cubic Meter 
(BCM). In Tamil Nadu, it is around 21.53 BCM that is 
nearly 4.98% of the total, whereas in Puducherry it is 0.160 
BCM. The basic water prerequisite for human well-being 
and food is 50 L per capita per day and 400,000 L per year, 
respectively (Du Plessis 2017). During 2011, population 
growth has reduced 15% of the national per capita annual 
availability of water from 1816 to 1544 cubic meter.

Nearly 40% of the world population is confined to coastal 
regions. Day by day, the demand for groundwater is increas-
ing due to population growth and intense agricultural as well 
as industrial activities. Overexploitation of groundwater is 
one of the major reasons for scarcity. Groundwater in the 
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coastal area is susceptible to degradation due to its proximity 
to the sea. The salinization may happen due to natural as well 
as anthropogenic factors. Overexploitation of groundwater 
is one of the major reasons for saline water incursion in 
coastal areas. The quality of groundwater is highly affected 
by urbanization, agricultural waste, land cover, intense appli-
cation of fertilizers, pesticides, utilization of wastewater for 
agriculture, leakage from wastewater lagoons, landfill dis-
posal sites, septic and industrial discharge (Al-Kharabsheh 
1999; Thomas 2000; Laghari et al. 2004; EL-Naqa et al. 
2007; El-Saeid et al. 2011). In this scenario, the quality of 
groundwater has become a major concern throughout the 
globe. Several studies were attempted by researchers uni-
versally to establish the quality of groundwater for various 
purposes (Wu et al. 2015; Asare et al. 2016; Singh et al. 
2015; Nag and Lahiri 2012; Lakshmanan et al. 2003; Srini-
vasamoorthy et al. 2009; Gopinath et al. 2014; Sridharan 
and Senthil Nathan 2017; Kattan 2018; Iqbal et al. 2018; 
Sefie et al. 2018; Reddy et al. 2019; Shamsuddin et al. 2019).

The present study has been attempted along the east coast 
of Tamil Nadu covering Kanchipuram and Viluppuram dis-
tricts and Puducherry to establish the groundwater suitability 

for domestic and agricultural purposes. Net groundwater 
availability of Viluppuram and Kanchipuram districts is 
1696 MCM and 1382.91 MCM, respectively (CGWB 2007a, 
2009). Vannur block of Viluppuram district and Chithamur 
and Thirukazhukundram block of Kanchipuram district were 
categorized as critical blocks in terms of future groundwater 
development, whereas Lathur, Marakkanam and Kandaman-
galam blocks as over-exploited blocks by CGWB.

Study area

The area falls along the Coromandel Coast of Tamil Nadu 
as a linear stretch, which covers parts of Kanchipuram 
and Viluppuram districts of Tamil Nadu and the union 
territory of Puducherry. The area lies in between latitudes 
11° 52′–12° 38′ N and longitudes 79° 38′–80° 11′ E with 
a total areal extension of 1570 sq.km (Fig. 1). The major 
rivers flowing in the study area are the River Palar and 
River Ponnaiyar, flowing due northern and southern parts, 
respectively. Geomorphologically, the majority of the 
study area is occupied by pediplain, coastal and alluvial 
plain. Flood plains, deltaic plain, uplands, structural and 

Fig. 1  Study area map with sample location
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denudational hills were also observed to be distributed 
throughout the area. The area has a maximum elevation 
of 217 m above MSL toward the northwestern corner as 
an isolated hillock near Thirukazhukundram village. The 
maximum slope is 89° excluding this; the average slope 
ranges from 0.7° to 1.4°. The area experiences tropical 
humid climatic conditions with maximum temperature 
ranging from 27.9 to 36.9 °C. The area enjoys both south-
west monsoon (June–September) and northeast monsoon 
(October–December) in which the southwest monsoon 
is highly erratic. In the northeast monsoon, precipita-
tion occurs in the form of a cyclonic storm as a result of 
depression that develops in the Bay of Bengal. The area 
experiences an average annual rainfall of about 1184 mm 
(CGWB 2007a, b, 2009).

Geology

Geologically, the area can be classified into two litho 
domains, hard crystalline plutonic rocks and soft sedimen-
tary rocks. The hard rock is characterized as charnockite of 
Archean age, which is noted along the western parts of the 
study area, and the soft rock comprises the semi-consoli-
dated and unconsolidated sediments. The semi-consolidated 
sediments include sandstone and conglomerate of Upper 
Jurassic–Early Cretaceous age, sandstone, limestone, shaley 
sandstone, shelly limestone of Cretaceous age and limestone 
marl and shale of Paleogene age. The unconsolidated sedi-
ments are comprised of sand and silt (coastal, alluvial, eolian 
deposits) of recent age and form as a linear stretch toward 
the shoreline (Fig. 2).

Fig. 2  Geology of the study area
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Methodology

Groundwater sampling for the present study was attempted 
during the post-monsoon (POM) February 2014 and pre-
monsoon (PRM) May 2014 seasons. A total of 66 water 
samples were collected from wells by considering spatial 
and temporal variations. All the samples were collected in 
one-liter polyethylene bottles which were thoroughly washed 
with dilute  HNO3 and distilled water prior to collection. 
Serious care has been taken to fix the sample locations so 
that the samples should be a representation of the area. The 
samples were collected after 10–15-min pumping to remove 
the existing water. The sample bottles were rinsed for 2–3 
times with the representative groundwater. The physico-
chemical parameters like EC, pH and TDS were measured 
in the field by the aid of pre-calibrated portable water ana-
lyzer. The sample bottles were wrapped and kept properly 
(at 4 °C) until analyzed.

In the laboratory, prior to analysis, all the samples were 
filtered using 0.45-μm Millipore filters. Standard procedures 
were adopted to analyze major ions as per APHA (1995). 
The divalent cations such as calcium and magnesium were 
determined by titrimetry using EDTA as a standard. Bicar-
bonate and chloride were analyzed by standard titration with 
 AgNO3 and HCl, respectively. Sulfate and phosphate were 
determined by spectrophotometer, and sodium and potas-
sium by flame photometry. Nitrate and fluoride were deter-
mined by ion-sensitive electrodes. The charge balance and 
TDS/EC ratios were used to check the analytical precision, 
which varies within 5–10%.

Groundwater chemical alteration and suitability analy-
sis have been performed by using Piper plot (1944), and 
parameters like soluble sodium percentage (SSP), residual 
sodium carbonate (RSC), sodium absorption ratio (SAR), 
magnesium absorption ratio (MAR) and permeability index 
(PI) were calculated for which detailed descriptions and 
equations are discussed in the concerned sections. Statisti-
cal analysis is an effective tool for the characterization and 
interpretation of hydrochemical data sets. Statistical treat-
ment will reduce the numerical complexity of data sets and 
provide significant interpretation. The relationships between 
the hydrochemical variable and their distribution can be eas-
ily identified using the statistical significance. Correlation 
analysis (CA) is used to establish the strength and interrela-
tionship among the chemical parameters. Correlation coef-
ficient “r” is the end product of correlation analysis, which 
is a numerical value ranges between + 1 and − 1. When 
correlation coefficient r is equal to + 1, it signifies vari-
able with a perfect linear relationship in a positive manner, 
while the value of r equal to − 1 portrays a negative linear 
relationship between variables. When r equals zero, it infers 
a nonlinear relationship between variables. For the present 
study, factors with eigenvalues greater than or equal to 1 are 

considered. A total of three factors were extracted from the 
data sets representing post- and pre-monsoon seasons on 
the basis of Kaiser criterion, which was rotated according to 
Varimax with Kaiser normalization method. The factor load-
ing is classified as strong (> 0.75), moderate (0.75–0.50) and 
week (< 0.50) based on absolute factors and their loadings 
(Liu et al. 2003). The statistical analysis of the groundwater 
samples was attempted using IBM SPSS version 23.0.

Results and discussion

Water quality for domestic purpose

pH, conductivity and total dissolved solids

The pH in the samples during POM and PRM varied 
between 5.1 and 7.7 and 6.2 and 8.7 with an average of 6.8 
and 7.1, respectively (Table 1). The samples irrespective of 
seasons show acidic to alkaline nature. The permissible limit 
for pH in groundwater is between 6.5 and 8.5 (WHO 2004; 
BIS 2012). The majority of the samples from both seasons 
fall under permissible limit except few locations like Marak-
kanam, Kalapet, Kandadu and Nangadarkuppam, observed 
with lower pH than the permissible limit (Fig. 3a, b). These 
sample locations were mainly confined to the sedimentary 
formation, and the variation in pH might be due to anthropo-
genic activities like improper disposal of sewage and excess 
usage of fertilizers (Sarath Prasanth et al. 2012).

The electrical conductivity of water is the capacity to 
conduct electrical charges, which is directly proportional to 
the TDS in water. An increase in the concentration of dis-
solved ions may lead to higher conductance (Hem 1985). EC 
values from the samples range between 130.0 and 4350.0 
and 102.0 and 8930.0 µS/cm with an average of 1461.0 
and 1472.0 µS/cm during the respective seasons (Table 1; 
Fig. 4a, b). According to WHO (2004) and BIS (2012), 
the acceptable limit for EC in groundwater is 1500.0 µS/
cm. Among the total, about 57.5 and 61% of post- and pre-
monsoon samples were recorded with lower EC (< 1500 µS/
cm), which is categorized as type I with low enrichment of 
salts (Sarath Prasanth et al. 2012). About 35 and 33% of the 
samples from both seasons fall within the range of 1500 µS/
cm and 3000 µS/cm, which is classified under type II with 
moderate salt enrichment. About 7.5 and 6.0% samples 
from both seasons fall under type III (> 3000 µS/cm) with 
maximum enrichment of salts. The higher value of EC in the 
area is accredited by saline sources like seawater, salt pans, 
aquaculture and incursion of pollutants from anthropogenic 
activity. Kuvathur, Manamai, Viludamangalam, Perumbedu 
and Alathur are the areas with higher values of EC.

Total dissolved solids are the measure of all organic 
as well as inorganic substances present in water. Higher 
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TDS values will affect the taste of drinking water (Nag 
and Suchetana 2016). The acceptable limit for TDS is 
1000 mg/L as per WHO (2004) and BIS (2012). About 75.8 
and 81.8% of the samples from both seasons are well within 

the permissible limit, while 24.2 and 18.2% samples exceed 
the limit. The TDS in samples varies from 53.9 to 4710.0 
and 101.0 to 1760.0 mg/L with an average of 731.0 and 
776.6 mg/L in POM and PRM correspondingly (Table 1; 

Table 1  Maximum, minimum, 
average and standard deviation 
of physicochemical parameters 
of groundwater in the study area

Post-monsoon (POM) Pre-monsoon (PRM)

Parameters Max Min Avg SD Max Min Avg SD

pH 7.65 5.09 6.80 0.50 8.73 6.17 7.12 0.47
EC 4350.00 130.00 1461.12 911.13 8930.00 102.00 1471.76 1357.21
TDS 1760.00 101.00 731.58 420.44 4710.00 53.90 776.58 715.81
Ca2+ 140.00 4.00 43.14 29.54 302.00 3.00 49.91 43.95
Mg2+ 87.00 5.00 23.72 14.22 128.00 2.40 26.27 22.10
Na+ 300.00 4.00 71.47 53.51 288.00 8.00 89.95 68.45
K+ 355.00 ND 27.38 67.40 420.00 0.80 28.22 74.40
Cl− 660.00 20.00 168.45 124.51 2020.65 15.00 231.37 308.25
HCO3

− 560.00 40.00 243.94 127.15 591.70 40.00 252.95 149.03
SO4

2− 6.30 0.02 1.09 1.38 5.30 0.03 0.59 0.88
PO4

3− 4.90 ND 0.38 1.03 7.30 0.01 2.19 1.30
NO3

− 56.00 ND 9.88 15.22 82.50 0.20 12.19 14.88
F− 1.60 0.20 0.68 0.27 0.65 0.04 0.10 0.14

Fig. 3  Spatial distribution of pH in the study area for post- and pre-monsoon seasons
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Fig. 5a, b). Groundwater suitability with respect to TDS for 
drinking and agricultural purposes is mentioned in Table 2. 
According to the limits, 75.7 and 81.8% of samples are suit-
able for drinking and agricultural purpose, whereas 24.2 
and 18.2% of the samples are suitable only for agricultural 
purposes during both seasons. Higher TDS in the study area 
specifies improper sewage disposal, mineral dissolution 
and concentration of salts from point sources as discussed 
earlier. 

Major cations

Calcium in samples ranges between 3.0 and 302.0 and 4.0 
and 140.0 mg/L with averages 43.10 and 49.90 mg/L dur-
ing POM and PRM, respectively (Table 1). The highest 
desirable limit for  Ca2+ as per WHO (2004) and BIS (2012) 
standards is 75.0 mg/L. Among the total, 1.50% of PRM 
samples exceed the maximum permissible limit (Fig. 6a, b). 
Higher values were recorded near Alathur, Sedarpattu, Man-
amai, Manikuppam, Agaram Perumbedu and Nelvay that 
confined to hard rock terrain with few exceptions also in the 
sedimentary environment. The  Ca2+ in groundwater might 

have been derived from litho units as a result of rock–water 
interaction and mineral dissolution. The magnesium in the 
samples ranges between 5.0 and 87.0 and between 2.40 and 
128.0 mg/L with an average of 23.70 and 26.30 mg/L dur-
ing POM and PRM, respectively (Table 1). The maximum 
desirable limit for  Mg2+ is 30.0 mg/L (WHO 2004; BIS 
2012), and about 1.50% of PRM samples exceed the limit. 
The higher values of  Mg2+ are observed in Perumbedu and 
Manamai areas (Fig. 7a, b).

Excess sodium in groundwater may result in salty taste. It 
often occurs naturally in groundwater due to its greater solu-
bility. Sodium consumption at a regular level is not harm-
ful; increased intake may result in serious health hazards 
like hypertension, heart disease and kidney stone (Nag and 
Suchetana 2016). The major sources of sodium in ground-
water include saltwater intrusion, sewage effluent, dissolu-
tion of salt from sodium-rich rocks, and infiltration from 
contaminated surface sources like salt pans, industrial and 
irrigational sites. The maximum permissible limit of  Na+ 
in groundwater as per the standards of WHO (2004) and 
BIS (2012) is 200 mg/L. Sodium concentration in the sam-
ples from the study area varies from 8.0 to 288.0 and 4.0 to 

Fig. 4  Spatial distribution of EC in the study area for post- and pre-monsoon seasons
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300.0 mg/L with an average of 71.50 and 90.0 mg/L during 
POM and PRM, respectively. All the samples irrespective 
of seasons were noted within the limit (Table 1). The  Na+ in 
groundwater is derived mainly from weathering of feldspars 
and from saline sources like salt pans and seawater. The 

potassium in the groundwater varies from ND to 420.0 and 
0.80 to 355.0 mg/L in both seasons (Fig. 8a, b). Excess use 
of fertilizers for agricultural purposes in the study area might 
be the reason for higher values.

Major anions

The concentration of bicarbonate controls the alkalinity 
of groundwater. Bicarbonate concentration in the samples 
varies from 40.0 to 591.70 and 40.0 to 560.0 mg/L with 
an average of 243.90 and 253.60 mg/L during POM and 
PRM, respectively (Table 1; Fig. 9a, b). Higher bicarbonate 
in samples might be due to mineral dissolution. The sulfate 
in groundwater is an essential nutrient for plants; excess sul-
fate may affect the salinity as well as the hardness of water 
(Nag and Suchetana 2016). The sulfate concentration ranges 
from ND to 6.30 and 5.30 mg/L in the respective seasons 
(Table 1). As per WHO, the highest desirable limit of sulfate 
in water is 200.0 mg/L, which indicates that all the samples 
fall within the limit.

Chloride concentration in samples varied between 20.0 
and 660.0 and between 15.0 and 2020.0 mg/L in both the 

Fig. 5  Spatial distribution of TDS in the study area for post- and pre-monsoon seasons

Table 2  Classification of water samples based on total hardness and 
TDS

% of samples Class

Post-monsoon Pre-monsoon

Total hardness (Sawyer and McCarty 1967)
 < 75 4.50 7.60 Soft
 75–150 36.40 25.80 Moderate
 150–300 43.90 42.40 Hard
 > 300 15.20 24.20 Very hard

TDS (mg/L) (Davis and De Wiest 1966)
 < 500 34.80 37.90 Drinking
 500–1000 40.90 43.90 Permissible for drinking
 > 1000 24.20 18.20 Suitable for agriculture
 > 100,000 Nil Nil Unsuitable
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seasons. According to WHO and BIS, the desirable limit of 
chloride in water is 250.0 mg/L and the maximum permis-
sible limit is 1000.0 mg/L. Higher  Cl− was confined to a 
sedimentary environment except few locations confined to 
the northern part of the study area signifying saline sources 
like seawater, salt pans and industrial waste (Fig. 10a, b).

The phosphate in groundwater is mainly due to the 
excessive use of fertilizers during agricultural prac-
tices (Amadi et al. 2012). It may also be derived from 
apatite mineral confined to charnockite present in the 
study area (Chidambaram 2000). The phosphate in the 
samples ranges from ND to 4.90 and ND to 7.30 mg/L 
with an average of 0.40 and 2.20 mg/L during POM and 
PRM, respectively. Higher concentrations of  PO4

3− were 
reported from northern, central and southern parts of the 
study area during PRM season which might be due to the 
influence of agricultural activities (Kortatsi et al. 2007). 
Major nitrate sources to groundwater are mainly due to 
leaching of chemical or synthetic fertilizers, nitrogenous 
organic waste, septic tank, sewage disposal and bacterial 
action (Hem 1991; Srinivasamoorthy 2004). Nitrate con-
centration of the samples ranges from ND to 56.0 and 0.20 

to 82.50 mg/L with an average of 9.88 and 12.19 mg/L 
during POM and PRM, respectively. Elevated nitrate was 
observed along the eastern part of the study area during 
the PRM season, which might have been derived from fer-
tilizers used during agricultural purposes (Mantelin and 
Touraine 2004). The fluoride in the groundwater samples 
varies from 0.20 to 1.60 and 0.04 to 0.65 mg/L with an 
average of 0.68 and 0.10 mg/L during POM and PRM 
correspondingly. Elevated F values were reported from 
the northwestern part of the study area during the POM 
season, indicating the release of fluoride ions from the 
country rock (Moncaster et al. 2000).

The chemical analysis of dissolved ions in the ground-
water samples reveals that majorities are within the per-
missible limit with some exceptions. However, drastic 
changes in the concentration of certain dissolved param-
eters were observed, which might be due to the rise in the 
water table during the post-monsoon period, which may 
dissolve more salts from the soil materials and thereby 
increase the salinity of groundwater after the monsoon 
(Ramesam 1982; Ballukraya and Ravi 1999; Rajmohan 
and Elango 2003).

Fig. 6  Spatial distribution of  Ca2+ in the study area for post- and pre-monsoon seasons
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Total hardness (TH)

Water possesses two specific types of hardness, temporary 
and permanent; the former is due to the presence of dissolved 
bicarbonates such as  CaHCO3 and  MgHCO3, which will 
remove when the water is boiled, and the latter is due to the 
presence of  CaSO4,  MgSO4,  CaCl2 and  MgCl2, which gets 
removed by ion exchange process (Nag 2014). The hardness 
of the samples is obtained by the following equation:

About 4.50 and 7.60% of samples are soft; 36.40 and 
25.80% belong to moderate hard; 43.90 and 42.40% samples 
belong to hard, whereas the remaining 15.20 and 24.20% 
encompass very hard during POM and PRM, respectively, 
which is confined mainly in the hard crystalline rock terrain 
(Table 2; Fig. 11a, b)

Total hardness (TH) = 2.5 ∗ Ca2+ + 4.1 ∗ Mg2+.

Piper diagram

Hydrochemical facies, as well as hydrochemical evolution of 
groundwater, can be deciphered by the help of piper trilin-
ear diagram (Piper 1944). The diagram unveils the chemical 
relationship between the groundwater samples. The diagram 
represents cations and anions in separate ternary plots, and 
the ternary plots were extrapolated to a diamond field in 
which different water types were marked. Hydrochemical 
facies analysis is a valuable tool for establishing the flow 
pattern and chemical evolution of groundwater masses (Srin-
ivasamoorthy et al. 2010). The groundwater samples spread 
within  CaHCO3,  NaHCO3, CaCl, mixed  CaNaHCO3 and 
NaCl types, irrespective of seasons. The samples that fall in 
the  CaHCO3 field represent the recharge water with tempo-
rary hardness, having more  Ca2+,  Mg2+ and  HCO3 which are 
released from the litho unit during the percolation of water 

Fig. 7  Spatial distribution of  Mg2+ in the study area for post- and pre-monsoon seasons
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(Schoeller 1965). The samples that fall in the  CaNaHCO3 
field indicate the dominance of ion exchange which results 
in permanent hardness. The samples in the NaCl field indi-
cate saline water, whereas the fields 5 and 6 indicate mixing 
(Fig. 12).

Gibbs diagram

The hydrochemical processes like precipitation, evapora-
tion and rock–water interaction which involve controlling 
the groundwater chemistry can be recognized by the aid 
of Gibbs diagram (1970). The Gibbs diagram is prepared 
separately for anions and cations by plotting the TDS in the 
logarithmic axis against the Gibbs ratio in the linear axis. 
The Gibbs ratio is obtained by using the formula:

The Gibbs plot (Fig. 13a, b) suggests that rock–water 
interaction which involves chemical weathering, dissolu-
tion and precipitation influenced the water chemistry to a 

For anions:
(

Na
+ + K

+
)

∕
(

Na
+ + K

+ + Ca
2+
)

;

for cations: Cl
−∕

(

Cl
− + HCO

−
3

)

.

considerable extent during the pre- and post-monsoon sea-
sons (Krishna Kumar et al. 2014). However, some points 
fall near the zone of evaporation, which indicates the minor 
influence of evaporation in controlling the water chemistry. 
It can be inferred that shifting of sample points toward evap-
oration dominance might be due to contamination of saline 
sources which release more  Na+ and  Cl− to the groundwater.

Irrigation water quality

Irrigation is considered as the basic requisite for agricul-
ture; its deficiencies are the most controlling limits on the 
increase in agricultural production. In this scenario, it is 
very essential to assure the irrigation water quality as it 
may directly affect the crop yield and fertility of the soil. 
Certain water quality parameters were calculated to estab-
lish the water quality for irrigational purposes. For these 
calculations, all ionic concentrations were taken in meq/L. 
This includes soluble sodium percentage (SSP), residual 
sodium carbonate (RSC), sodium absorption ratio (SAR), 
magnesium absorption ratio (MAR) and permeability index 

Fig. 8  Spatial distribution of  K+ in the study area for post- and pre-monsoon seasons
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(PI). The values were compared along with the standards to 
establish irrigational suitability of groundwater (Table 3).

Sodium absorption ratio (SAR)

It defines the excess sodium or alkali hazard in groundwater. 
It is the ratio between sodium with respect to calcium and 
magnesium (Iqbal et al. 2012; Haritash et al. 2014; Srid-
haran and Senthil Nathan 2017). Groundwater with high 
sodium may affect the infiltration capacity of the soil which 
ultimately results in the formation of alkaline soil. SAR 
values were calculated using the given formula (Richards 
1954): 

The values range from 0.1 to 10.8 and 0.1 to 15.4 during 
the post- and pre-monsoon seasons; all samples of both 
seasons fall within excellent to good category. Wilcox 
diagram was created by plotting the SAR and EC values 
(Fig. 14). In the Wilcox diagram, majority of the samples 
from POM (45%) and PRM (46%) fall in C3–S1, which 

SAR = Na+∕
√�

Ca2+ + Mg2+
�

∕2.

indicates that salinity is high and sodium is low in concen-
tration and the water can be used under favorable condi-
tions for salt-tolerant to semi-tolerant crops (Alaya et al. 
2013; Tiwari and Singh 2014). About 30% of POM and 
25% of PRM samples are representing C1–S1 and C2–S1 
classes which indicate low sodium and low to medium 
salinity, which is considered as good water for irrigation 
purposes. The samples that fall in C3–S2 class indicate 
that the water possesses high salinity and medium sodicity. 
Usage of this water in fine-grained soils with controlled 
drainage may result in salt accumulation in root zones of 
crops and eventually leads to soil clogging and salinity 
(Srinivasamoorthy et al. 2011; Vasanthavigar et al. 2012). 
Minor representations were also noted in C3–S3, C3–S4, 
C4–S1 and C4–S2 classes; it shows samples with high 
salinity and medium to high sodicity; such types of water 
are not suitable for irrigation on low-permeable clayey soil 
(Singh et al. 2015). In regions with high salinity, plants 
with more salt tolerance level can be selected, and for con-
siderable leaching, water should be provided in surplus 
quantity (Karanth 1989; Singh et al. 2012).

Fig. 9  Spatial distribution of  HCO3
− in the study area for post- and pre-monsoon seasons
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Soluble sodium percentage (SSP)

SSP is expressed in Na%, which is an important criterion 
to categorize irrigation water. High sodium in irrigation 
water may lead to the exchange of sodium in water for cal-
cium and magnesium ions, which will reduce the internal 
drainage capacity of the soil (Collins and Jenkins 1996; 
Singh et al. 2013). SSP is calculated using the equation:

The SSP values range from 4.0 to 95.0 and 4.0 to 
97.0 with an average of 44.0 and 47.0 during both the 
seasons, and the results were plotted against EC in the 
Wilcox diagram to classify the groundwater. According 
to the classification, 25.80 and 30.30% of samples rep-
resent excellent to good category; 30.30 and 28.80% fall 
within good to permissible limit; 21.20 and 19.70% are 
permissible to doubtful; 13.60 and 16.70% are doubtful to 
useful; and 9.10 and 4.50% are unsuitable for agricultural 
purposes in the respective seasons. Samples from Vengan-
pakkam, Nanakalmedu, Manamai, Valudavur, Kuvathur, 

SSP =
[(

Na+ + K+
)

∕
(

Ca2+ + Mg2+ + Na+ + K+
)]

× 100.

Viludamangalam and Perumbedu areas are found unsuit-
able (Fig. 15).

Permeability Index (PI)

Soil permeability is highly affected by prolonged irrigational 
activities. Doneen (1962) has developed a classification of 
groundwater for irrigational purposes according to the per-
meability index. It is calculated by the formula:

The groundwater classification of samples based on this 
parameter (Doneen 1962) is shown in Fig. 16. Among the 
total samples, majority are falling in class I as well as in 
class II, which comes under the category of good for agri-
cultural purposes, whereas the samples from Mangalam, 
Viludamangalam, Koonimedu, Kandamangalam, Marak-
kanam, Kolathur, Nagar, Thenpattinam, Venganpakkam, 
Virapuram and Munnur from respective seasons fall within 
class III, which is not suitable for irrigation with 25% of 
maximum permeability.

PI =
{[

Na+ +
(

HCO−
3

)1∕2
]

∗ 100
}

∕
(

Ca2+ + Mg2+ + Na+
)

.

Fig. 10  Spatial distribution of  Cl− in the study area for post- and pre-monsoon seasons
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Magnesium absorption ratio (MAR)

Magnesium and calcium in water tend to maintain a state 
of equilibrium; this may lead to the degradation of the soil 
quality and crop yield, which results in the development 
of alkali soil (Paliwal 1972). MAR is determined by the 
formula:

Based on this, the water is broadly classified into two 
categories. Groundwater with MAR value < 50 is suitable 
and > 50 is unsuitable for agricultural purposes. MAR 
values in the study area range from 8.0 to 76.0 and 7.0 to 
73.0 with an average of 49.0 and 47.0 in POM and PRM, 
respectively. Among the total samples, 45% of post-mon-
soon and 50% of post-monsoon samples are having MAR 
values > 50 and indicate that the water is unsuitable for 
agricultural purposes, and long-term usage of such water 
may affect the crop yield (Fig. 17a, b).

MAR =
(

Mg2+ ∗ 100
)

∕
(

Ca2+ + Mg2+
)

.

Residual sodium carbonate (RSC)

Excess concentration of carbonate and bicarbonate in irriga-
tion water leads to the accumulation of calcium and magne-
sium ions in the soil, which may tend to increase the propor-
tion of sodium ions. High RSC values in water may enhance 
the adsorption of sodium in soil (Eaton 1950). RSC index is 
used to establish the groundwater suitability for agricultural 
purposes in the case of clayey soil. RSC in groundwater is 
obtained by the formula:

Based on the RSC value, groundwater is classified as 
suitable, marginally safe and unsuitable for agricultural 
purposes. In the study area, 77 and 65% of POM and PRM 
samples are safe for agricultural purposes with RSC values 
< 1.25, 12 and 14% of the samples are marginally suitable 
with RSC values within 1.25–2.50, whereas the rest 11 and 

RSC =
(

CO3 + HCO−
3

)

−
(

Ca2+ + Mg2+
)

.

Fig. 11  Spatial distribution of TH in the study area for post- and pre-monsoon seasons
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21% of the water samples from both seasons are unsuit-
able for agricultural purposes with RSC values > 2.50. 
Mangalam, Marakkanam, Valudavur, Kandamangalam and 
Thenpattinam are some of the areas with high RSC values 
(Fig. 18a, b).

Multivariate statistical analysis

The hydrochemical data sets were subjected to multivariate 
statistical analysis such as Pearson correlation and prin-
cipal component analysis (PCA) for better understanding.

Fig. 12  Piper trilinear diagram

Fig. 13  Gibbs diagram
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Table 3  Classification of groundwater samples based on irrigational suitability

Classification Class Range % of samples

POM PRM

Sodium absorption ratio (SAR) (Todd 1980; Richards 1954) Excellent 0–10 97 98
Good 10–18 3 2
Permissible 18–26 0 0
Doubtful > 26 0 0

Soluble sodium percentage (SSP) (Wilcox 1955) Excellent < 20 6 9
Good 20–40 47 38
Permissible 40–60 21 18
Doubtful 60–80 21 27
Unsuitable > 80 5 8

Permeability index (PI) (Doneen 1962) Good < 80 45 41
Moderate 80–100 19 18
Poor > 100 2 7

Magnesium absorption ratio (MAR) (Raghunath 1987) Suitable < 50 55 50
Unsuitable > 50 45 50

Residual sodium carbonate (RSC) (Raghunath 1987) Safe < 1.25 77 65
Marginally suitable 1.25–2.25 12 14
Unsuitable > 2.25 11 21

Fig. 14  Wilcox diagram for post- and pre-monsoon seasons
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Pearson correlation matrixes of the various parameters of 
groundwater samples during both seasons were calculated 
and are displayed in Tables 4 and 5. The correlation matrix 
of the post-monsoon EC shows a good positive correlation 
with  Na+,  Cl−,  Mg2

+ and  HCO3
−, which show the mobility 

of ions. The pre-monsoon samples elucidate positive cor-
relations of  Ca2+,  Mg2+,  Cl− and  SO4 with EC and TDS, 
which indicates the impact of multiple processes such as 
ion exchange, mineral dissolution, saline water intrusion and 

anthropogenic activities like use of fertilizers and sewage 
disposal over the water chemistry. The very high positive 
correlation between EC and TDS during the pre-monsoon 
season specifies that groundwater contains only charged 
soluble components.

The principal component analysis extracted four factors 
from the data sets rotated according to Varimax with Kaiser 
normalization. The results of PCA analysis such as factor 
loadings, commonalities, percentage of variance and cumu-
lative percentage of variance are summarized in Table 6. The 
PCA analysis explains a total variance of about 72.06 and 
70.85% during POM and PRM, respectively.

In post-monsoon, Factor 1 exhibits 35.82% of the vari-
ance with higher loadings of EC, TDS,  Ca2+,  Mg2+,  Cl− and 
 SO4

2−. Factor 2 shows 15.45% of the variance with posi-
tive loadings of  Na+,  K+,  PO4

3− and  NO3. Factor 3 displays 
10.54% of the variance with the highest loadings of  PO4

3−, 
which might have been derived from the agricultural activi-
ties from the study area. The synthetic fertilizers used for 
agriculture possess phosphorous (Srinivasamoorthy et al. 
2014). Factor 4 illustrates 10.24% of the variance with ele-
vated loadings of pH and  HCO3

−, which denotes the same 
processes as mentioned earlier. In pre-monsoon, Factor 1 
displays 21.85% variance with higher loadings of EC, TDS, 
 Ca2+,  Mg2+ and  Cl−. Factor 2 shows 17.43% variance with 
positive loadings of  Na+,  Cl− and  SO4

2−. Factor 1 repre-
sents for ion exchange and mineral dissolution, and Fac-
tor 2 stands for the saline water intrusion along the coastal 
areas. Factor 3 shows 16.75% variance with loadings of  K+, 

Fig. 15  Wilcox diagram

Fig. 16  Donnen’s permeability index
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 PO4
3− and  NO3

−, which points toward agricultural activi-
ties in the study area. Factor 4 contributes to 14.80% of the 
variability, keeps the highest loadings of pH and  HCO3

− and 
implies a natural process of accumulation of  H+ ions into the 
system along with  HCO3

−.

Conclusion

The groundwater quality along the coastal tracts of 
Kanchipuram and Viluppuram districts of Tamil Nadu 
and Puducherry has been analyzed to establish its suit-
ability for domestic as well as agricultural purposes. The 
analytical results reveal that dominant cations and ani-
ons are in the sequence  Na+ > Ca2+ > K+ > Mg2+ and 
 Cl− > HCO3

− > SO4
2−. Piper plot unveils that the majority 

of the samples spread within  CaHCO3,  NaHCO3, CaCl, 
mixed  CaNaHCO3 and NaCl types irrespective of seasons 
and show two distinct evolutionary paths. The pH, electrical 
conductivity and TDS values of the samples are within per-
missible limit with some exception, which crosses the limits. 

The total hardness of the study area varied from soft to very 
hard. Overall, the groundwater in the study area was found 
to be suitable for drinking purposes except for some places.

Groundwater suitability for the agricultural purposes was 
accessed from SAR, SSP, PI and MAR. Based on SAR, the 
majority of the samples in the area have low sodium hazard 
except for few samples with moderate to high sodium, and 
in terms of salinity hazard, the samples in the area have 
low to very high salinity. Soluble sodium percentage values 
indicate that the majority of the samples are suitable for 
agricultural purposes except for a few samples which are 
unsuitable. RSC values of few samples indicate that long-
term usage of the water may affect the crop yield. Based on 
MAR, groundwater at some places is unsuitable for agricul-
tural purposes. The Gibbs plot was employed to identify the 
process and mechanism involved in controlling the water 
chemistry; it is inferred that rock–water interaction, i.e., 
chemical weathering and mineral dissolution, is the major 
factor that controls the water chemistry. The multivariate 
statistical analysis reveals that groundwater quality in the 
study area is affected by both natural and anthropogenic 
sources. Anthropogenic activities such as sewage disposal, 

Fig. 17  Spatial distribution of MAR in the study area for post- and pre-monsoon seasons
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intense use of fertilizers, aquaculture and salt pan activi-
ties give direct stress to the groundwater quality. Overdraft-
ing of groundwater along the coastal area leads to inland 

migration of saline water into the coastal aquifers. Proper 
awareness and regular monitoring have to be done to protect 
the groundwater from further deterioration.

Fig. 18  Spatial distribution of RSC in the study area for post- and pre-monsoon seasons

Table 4  Pearson correlation 
coefficient of samples during 
the post-monsoon season

Bold values have a significant relationship

pH EC TDS Ca2+ Mg2+ Na+ K+ Cl− HCO3
− SO4

2− PO4
3− NO3

− F−

pH 1
EC .165 1
TDS .156 .586 1
Ca2+ .072 .497 .426 1
Mg2+ .236 .538 .295 .586 1
Na+ .161 .651 .211 .002 .093 1
K+ − .032 .263 .118 − .072 − .115 .411 1
Cl− .001 .807 .324 .574 .507 .663 .355 1
HCO3

− .447 .507 .391 .251 .360 .528 .452 .298 1
SO4

2− − .141 .393 .244 .220 .208 .432 .115 .376 .282 1
PO4

3− − .051 .203 .064 .057 − .029 .221 .430 .175 .314 .130 1
NO3

− − .207 .309 .160 − .108 − .121 .295 .332 .171 .030 .162 .451 1
F− .436 .495 .274 .146 .217 .517 .063 .296 .512 .385 .206 .087 1
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Table 5  Pearson correlation coefficient of samples during the pre-monsoon season

Bold values have a significant relationship

pH EC TDS Ca2+ Mg2+ Na+ K+ Cl− HCO3
− SO4

2− PO4
3− NO3

− F−

pH 1
EC − .122 1
TDS − .121 .999 1
Ca2+ − .183 .581 .584 1
Mg2+ − .070 .672 .671 .771 1
Na+ − .102 .286 .287 .154 .027 1
K+ − .083 .159 .160 − .133 − .108 .389 1
Cl− − .172 .920 .920 .653 .690 .239 .124 1
HCO3

− .149 .158 .162 − .011 .105 .212 .195 .081 1
SO4

2− − .067 .771 .774 .342 .376 .122 .056 .666 .225 1
PO4

3− − .052 .399 .401 .271 .212 .247 .378 .421 .137 .276 1
NO3

− − .107 .106 .105 − .094 − .159 .301 .213 − .011 − .167 .005 .163 1
F− − .280 .036 .034 − .108 − .014 − .023 − .052 − .059 − .166 − .049 − .349 .222 1

Table 6  Principal component matrix after varimax rotation with Kaiser normalization

Bold values have a significant relationship

Parameters Post-monsoon (POM) Communalities Pre-monsoon (PRM) Communalities

Component Component

1 2 3 4 1 2 3 4

pH − .173 − .193 .260 .545 .432 .082 − .086 − .136 .885 .817
EC .945 .233 − .046 .059 .952 .677 .534 .273 .191 .854
TDS .945 .234 − .045 .062 .954 .593 .139 .161 .191 .433
Ca2+ .756 − .166 .264 − .284 .750 .892 − .007 − .085 − .022 .803
Mg2+ .819 − .236 .130 − .089 .752 .791 .073 − .186 .187 .701
Na+ .175 .693 .021 .058 .515 .084 .777 .350 .287 .815
K+ − .016 .769 .134 .141 .630 .009 .110 .795 .130 .662
Cl− .928 .141 .095 − .042 .892 .670 .520 .244 − .039 .780
HCO3

− .149 .178 .015 .804 .701 .314 .233 .355 .699 .767
SO4

2− .752 .134 − .115 .280 .676 .182 .782 .004 − .100 .655
PO4

3− .337 .492 .608 − .067 .730 .062 − .005 .781 .077 .619
NO3

− − .060 .627 − .220 − .357 .573 − .032 .243 .682 − .247 .587
F− .022 .041 − .868 − .236 .811 .104 .581 .027 .607 .718
Eigenvalue 4.657 2.009 1.370 1.331 2.840 2.266 2.178 1.926
% variance 35.824 15.456 10.542 10.239 21.850 17.427 16.755 14.818
Cumulative % 35.824 51.281 61.823 72.061 21.850 39.277 56.032 70.850
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need to obtain permission directly from the copyright holder. To view a 
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