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Abstract
Groundwater is widely regarded as being among the freshwater natural resources with the lowest levels of contamination. 
Nevertheless, the saltwater intrusion has resulted in the contamination of groundwater in coastal regions with lower elevation. 
The rationale of the present work is to investigate the chemistry of groundwater, to identify the various facies of groundwater, 
to identify the processes that influence groundwater chemistry and saltwater intrusion, and to evaluate the groundwater’s apt-
ness for use in drinking and farming. In order to gain an understanding of the groundwater quality as well as the salinization 
process that occurs in coastal aquifers as a result of hydrogeochemical processes, a total of 108 groundwater samples (54 each in 
pre- and post-monsoon) were taken and analyzed for several physiochemical parameters in the southern part of the Puri district 
in the Indian state of Odisha. The data has undergone analysis and examination to identify the factors (such as hydrological 
facies, potential solute source in water, and salinization process) that contribute to groundwater salinity. The result showed the 
chemistry controlling processes of rock-water interaction as per Gibbs diagram. The majority of shallow aquifers exhibit the 
Na-Cl type of facies as per the Piper plot. A total of 37% pre-monsoon and 33% post-monsoon samples having Na+/Cl− ratio 
below the threshold of 0.86 indicating the influence of saltwater intrusion. In both seasons, it was observed that 74% of the 
samples exhibited a Na+ concentration that exceeded the permissible limit set by the World Health Organization (WHO) for 
drinking purposes. The findings indicate that most groundwater failed to pass safe drinking water and irrigation standards due 
to saltwater intrusion. Consequently, the monitoring of coastal aquifer quality has become imperative in order to ensure the 
sustainability of aquifers and the development of groundwater resources. This is because coastal aquifers are highly vulnerable 
to saltwater intrusion, primarily as a result of the extensive extraction of groundwater for diverse purposes.
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Introduction

While the Earth possesses an ample supply of water, the 
availability of potable freshwater is relatively limited. Thus, 
the lion’s share of water system employment is saline. This 
saltwater intrusion (SWI) is due to density and pressure 
differences in coastal aquifers, a common phenomenon. 
However, it has increased in recent years due to enhanced 
anthropogenic activities and industrialization (De Pippo 
et al. 2006; Huang et al. 2013; Kumar et al. 2023). Saline 
water ingress deteriorated the groundwater quality, espe-
cially around the coasts.

SWI is widespread in numerous coastal regions world-
wide. It is one of the main reasons of destruction of the 
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fresh coastal aquifers (Bear et al. 1999; Purnama and Mar-
fai 2012). Groundwater quality mainly depends on the 
concentration of the dissolved ions (Raju et al. 2009; 2011 
and 2014; Patel et al. 2016; Madhav et al. 2018 and 2021). 
The tremendous water demand has significantly intensified 
groundwater extraction, mainly in densely populated coastal 
areas (Famiglietti 2014). Excessive groundwater extraction 
compared to natural recharge causes lowering of the water 
table in coastal aquifers, resulting SWI (Sahagian 2000; 
Chidambaram et al. 2018; Selvakumar and Chandrasekar 
2021). The intensification of groundwater salinity is due 
to the inflow saline water naturally as well anthropogenic 
causes. These coastal aquifers decaying is caused by various 
natural processes including the infringement of sea water, 
highly pressurized brines stabbing into fresh groundwater, 
and by underground dissolution of soluble salts inventing 
in neighboring country rocks and also by water–rock inter-
action (Vengosh and Rosenthal 1994; Glynn and Plummer 
2005; Cloutier et al. 2008; Idowu and Lasisi 2020; Etikala 
et al. 2021). Moreover, increasing trend of temperature 
due to global warming leads to sea level rise and overex-
ploitation of fresh water in overpopulated coastal region 
have led to SWI (Oude Essink 2001; Ferguson and Glee-
son 2012). Groundwater quality declines due to SWI into 
coastal confined or unconfined aquifers due to a difference in 
fluid density (Nair et al. 2015). Identification of ‘saltwater-
freshwater’ mixing in the coastal aquifer has been identified 
by various researchers using different ionic ratios like Na+/
Cl− ratio (Vengosh and Rosenthal 1994), Ca2+/Mg2+ ratio 
(Moujabber et al. 2006), Cl−/Br− ratio (Nair et al. 2015), and 
Cl−/HCO3

− ratio (Chidambaram et al. 2018). The saltwater 
mixing index is an identification of SWI in the freshwater 
aquifer (Mondal et al. 2011; Idowu et al. 2017). The current 
study examined and discussed the saline water intrusion pro-
cesses in the region of Puri district.

Saltwater mixing remains the major degrading factor in 
the coastal aquifer of the Puri district. As a result, over 50% 
of fresh groundwater in the south Mahanadi delta including 
Puri, Konark, and Rabanagaon regions have become either 
brackish or saline (Radhakrishna 2001). A study carried out 
by Mohanty and Rao (2019) in Puri district, revealed that 
the TDS value increases from inland recharge region to the 
shoreline discharge region based on the groundwater flow 
path and the facies changes from Na–K-HCO3 to Na-Mg-Cl 
type. Mohapatra et al. (2011) and Vijay et al. (2011) studied 
the groundwater of Puri city; it was revealed that septic tank 
and soak pits are the cause of groundwater pollution along 
with the hydrological process of SWI in summers.

The similar research work was carried out earlier 
(Mohapatra et al. 2011; Prusty et al. 2018 and Vijay et al. 
2011) but the studies on groundwater quality is a dynamic 
phenomenon. The earlier work covers some different parts 
of the Puri regions from the current work. The present 

work covers more wide area and provide recent data about 
the groundwater quality and saltwater mixing. The earlier 
studies were more focused on groundwater quality where 
the current study includes the saltwater mixing also. This 
study is being carried out to understand the groundwater 
pollution due to anthropogenic activities and SWI and the 
acceptability of water for diverse applications in the sectors 
of agricultural and domestic functions. In the current study, 
hydrogeochemical assessment of groundwater samples in 
the coastal region of Puri was carried out and the saltwater 
mixing was also examined in the freshwater aquifers.

Study area and geology

The study region chosen is between longitude 85° 25′ 30″ E to 
85° 52′ 30″ E and 19° 40′ 0″ N to 19° 58′ 30″ N with a geomor-
phological area of 670 km2. Mainly, the Mahanadi delta cov-
ered this area (Fig. 1). The tributaries drain of the Mahanadi 
River in the Puri region, which supplies a maximum of the 
fresh surface water before it empties into the Bay of Bengal. 
However, the population explosion, overexploitation, intense 
urbanization, industrialization, and excessive use of fertilizers 
gave birth to a water crisis (Mohapatra et al. 2011; Vijay et al. 
2011). The climate of the Puri district may be described as 
tropical, and the district receives an average of 1449 mm of 
rainfall during the monsoon season. The annual groundwater 
recharge in the study area is estimated by 55.1 to 348 mm/yr 
(Sahoo 2014). The southwest monsoon is the primary mecha-
nism responsible for precipitation in the district. Flood is typi-
cal in this area due to high rainfall, frequent cyclones and storm 
surges (CGWB 2017). Physiographically, there are two natural 
divisions: the first is a saline marshy zone beside the coast, and 
the second is a tenderly sloping plain (alluvium with some 
patches of laterite). Geomorphology is broadly characterized 
by fluvial, coastal, lacustrine, and water bodies. The older and 
active floodplains indicate fluvial origin. Dune elevation ranges 
15–27 m close to the coastline, while height remains less than 
27 m above sea level, with a significant part representing the 
elevation range of 5–10 m (Sahu et al. 2018).

The quaternary formations are common in the study 
area, while Tertiary and Archean are over-lien by alluvium, 
coastal marshy plains, and laterite in patches. The older 
alluvium is exposed in the northwestern parts containing a 
sequence of sand, clay, and kankars of gray to brown. The 
younger alluvium occupies the remaining area, which con-
sists of an admixture of silt, sand, gravel, and pebble to a 
changeable extent. These layers rise in width towards the 
sea (Radhakrishna 2001). The water table varies from 1 to 
10 m below ground level (bgl) and its level shifts according 
to the rainfall pattern (Mohanty and Rao 2019). The ordinary 
groundwater extraction formations are dug wells and shallow 
and deep tube wells (CGWB 2017).
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Material and methods

A total of 108 groundwater samples were taken from shallow 
aquifers of the study area, with 54 taken before the monsoon 
season began in May 2017 and 54 taken after monsoon season 
in November 2017. Standard procedures of the American Pub-
lic Health Association were used for collecting, preserving, and 
succeeding examination of the groundwater samples (APHA 
2012). The samples for major ions were collected in ½-L sam-
ple bottles (Tarsonspolyethene), pre-treated in a solution of 
nitric acid diluted 1:1 over 24 h. Sampling bottles were washed 
with deionized water to avoid any redundant contamination. 
The samples were cleaned of suspended sediments before the 
chemical test. In order to remove the suspended sediments, each 
sample was run through vacuum filtration equipment and fil-
tered using filter paper with a pore size of 0.45-μm Millipore.

Physical constituents pH and electrical conductivity (EC) 
were calculated in the field with portable electrodes (pH/Cond 

340i SET 1 Electrode). The measurement of Ca2+, HCO3
−, 

Cl−, and hardness was carried out by titration method. Mg2+ 
and alkalinity were calculated by the calculation method, while 
F− and Br− were measured by the ISE method (ion selective 
electrode, Thermo-scientific Orion 4-star). Na+ and K+ were 
analyzed by a flame photometer (ELICO model CL-378). 
SO4

2−, NO3
−, and SiO2 were quantified by a UV–visible dou-

ble beam spectrophotometer. The precision of the investigation 
was confirmed by calculating ionic equilibrium. The electro-
neutrality (EN %) of the data within the ± 5. The map prepara-
tion was done in a GIS environment. Microsoft Excel and (Sta-
tistical Package for Social Sciences) SPSS 21 were used for 
various statistical calculations, Gibbs diagram, and saturation 
indices. PHREEQC Interactive 2.12 and Aquachem 4.0 have 
been used for geochemical modelling to generate the satura-
tion indices value. The SI, or saturation index, is a mathemati-
cal representation of the relationship between the ion activity 
product (IAP) and the mineral equilibrium constant (Ksp) at a 

Fig. 1   Physiography and 
groundwater sample location in 
the study area
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specific temperature. This definition was established by Freeze 
and Cherry in 1979. Saltwater mixing index (SWMI) were 
calculated using major ions in seawater including Na+, Mg2+, 
Cl−, and SO4

2−. The threshold value were estimated by the 
inflection point scaled on cumulative probability curve (Kumar 
et al. 2016).

Result and discussion

General geochemistry

The pH value ranges from 5.76 to 7.64 with a mean value 
of 6.91 in the pre-monsoon and from 6.34 to 8.14 with 
a mean value of 7.31 in the post-monsoon, respectively. 
The results shows that the pH of the study area is slightly 
alkaline in post-monsoon which could be due to the influx 
of bicarbonate ions in groundwater aquifer system through 
rainwater percolation (Masood et al. 2022). All the val-
ues of pH in both the seasons is under the permissible 

limit recommended by WHO (2006) and BIS (2012). The 
concentration of EC in the groundwater ranges from 223 
to 7600 mg/L with a mean value of 2677.93 mg/L in the 
pre-monsoon and from 125 to 5500 mg/L with a mean 
value of 2389.57  mg/L in post-monsoon, correspond-
ingly (Table 1). High values of EC are observed in the 
pre-monsoon as compared to post-monsoon, which could 
be due to the evaporation dominance character and hal-
ite enrichment in the groundwater in the pre-monsoon. 
Approximately 54% samples fall under very high salinity 
hazard (> 2250 µS/cm). The concentration of TDS in the 
groundwater ranges from 149 to 3513 mg/L with a mean of 
1552 mg/L in the pre-monsoon season and from 125.96 to 
3377 mg/L with a mean of 1532 mg/L in the post-monsoon 
season (Table 1).

Among the cationic constituents, the dominant cation 
was Na+ with a range of 33.4 to 950.6 mg/L with a mean 
of 397.35 mg/L in pre-monsoon and 35.7 to 890.4 mg/L 
with a mean of 414.01 mg/L in post-monsoon followed 
by Ca2+, Mg2+, and K+. The details are given for cationic 

Table 1   Statistical summary 
of different physiochemical 
parameters in groundwater 
samples

Concentrations are in mg/L, except pH and EC (µS/cm)

Parameters Pre-monsoon Post-monsoon

Min Max Mean St dev Min Max Mean St dev

Ca2+ 12 288 59.26 45.26 8 172 54.2 40.33
Mg2+ 2.2 183.34 43.33 37.47 0.98 243.51 36.15 37.05
Na+ 33.4 950.6 397.35 258.24 35.7 890.4 414.01 243.66
K+ 0.5 39.4 3.91 5.72 0.3 23.9 2.89 3.59
HCO3

− 40 832 306.17 155.04 32 612 275.39 117.42
Cl− 28 1650 611.17 479.97 46 1510 613.2 406.38
F− 0.02 1.7 0.38 0.39 0 2.7 0.64 0.58
Br− 0.54 33 8.95 7.1 0.5 22 8.39 5.94
SO4

2− 1.23 182 55.37 37.11 2.47 126.6 64.22 32.3
NO3

− 0 423 30.49 81.13 3.75 231 26.9 46.29
SiO2 15.01 35.26 29.38 5.03 0.51 53.14 41.64 8.49
Hardness 60 1284 325.99 245.57 24 1052 284.09 210.82
pH 5.76 7.64 6.91 0.35 6.34 8.04 7.31 0.42
EC 223 7600 2677.93 1798.19 188 5500 2389.57 1437.19
TDS 149 3513 1552.36 921.11 125.96 3377 1532.63 897.61
Ionic ratio and indices
Na+/Cl− 0.61 3.58 1.19 0.49 0.64 3.94 1.16 0.46
Ca2+/Mg2+ 0.21 6.06 1.21 0.99 0.05 14.71 1.62 2.46
K+/Cl− 0.001 0.058 0.01 0.013 0.001 0.063 0.007 0.011
Br−/Cl− 0.002 0.026 0.015 0.005 0.002 0.03 0.014 0.005
Cl−/HCO3

− 0.053 2.7 0.58 0.63 0.09 2.73 0.44 0.46
SWMI 0.291 11.62 4.762 3.180 0.53 15.66 6.679 4.2
SW (%)  − 0.074 8.5 3.155 2.49 0.021 7.76 3.018 2.15
CIA I  − 2.59 0.39  − 020 0.49  − 2.95 0.36  − 0.16 0.46
CIA II  − 0.98 2.74 0.05 0.72  − 0.94 1.31  − 0.12 0.49
r1  − 86.10 29.08  − 0.36 13.56  − 4.18 10.18  − 1.19 3.14
r2  − 84.91 29.24  − 0.20 13.45  − 4.17 10.22 1.26 3.14
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constituents in the Table 1. Among major anionic concen-
trations, Cl− was the dominant ion having a range of 28 to 
1650 mg/L with a mean of 611.17 mg/L in pre-monsoon 
and 46 to 1510 mg/L with a mean 613.2 mg/L in post-
monsoon followed by HCO3

−, SO4
2−, and NO3

–(Table 1). 
Moreover, Br− ranged from 0.54 to 33 mg/L with a mean 
value of 8.95 mg/L in pre-monsoon and 0.5 to 22 mg/L 
with mean value of 8.39 mg/L in post-monsoon (Table 1). 
For the cations chemistry, 72% and 85% samples show 
Na+ > Ca2+ > Mg2+ > K+ type of water and the remain-
ing 28% and 19% samples show Na+ > Mg2+ > Ca2+ > K+ 
type of water in pre- and post-monsoon, correspondingly. 
Further, the anion chemistry indicates 63% and 81% of 
samples show Cl− > HCO3

− > SO4
2− > NO3

− type of 
water and the remaining 37% and 19% of samples show 
HCO3

− > Cl− > SO4
2− > NO3

− type of water in pre- and 
post-monsoon, correspondingly.

Hydrogeochemical facies and water type

Groundwater occurrence modes within an aquifer that vary in 
chemical composition are referred to as “hydrogeochemical 
facies” (Patel et al. 2016). The lithology, solution kinetics, and 
aquifer flow patterns influence the water facies. When consid-
ered alongside distribution maps and hydrochemical sections, 
hydrochemical diagrams help to analyze evolutionary tenden-
cies, particularly in groundwater systems (Raju et al. 2011).

Piper’s diagram

The Piper diagram (Piper 1944) was used to classify the 
hydrochemical facies of water according to their ionic dom-
inance. Na+ and Cl− are predominant among all ions in the 
groundwater samples. For cationic facies, it is noted that 
85% and 91% of samples fall under Na+ + K+ type, whereas 
15% and 9% of samples fall under no dominance type in 
pre- and post-monsoon, correspondingly. For anionic 
facies, it was noted that 85% and 91% of samples fall under 
Cl− type, 11% and 4% of samples fall under HCO3

− type of 
water, and 4% and 5% of samples fall under no dominance 
type in pre- and post-monsoon, correspondingly (Fig. 2).

The results of the Piper diagram showed that the Na-Cl 
type of facies was present in 81% of pre-monsoon samples 
and 89% of post-monsoon samples, correspondingly. In the 
diamond plot, the Na-Cl composition of the water served as 
an indicator of the salinization process. Rest of the samples 
lie in Na-HCO3-Cl and Na-HCO3 type of water.

Gibbs diagram

Gibb’s value for cations (Gibb’s I) is a plot between TDS 
(mg/L) and (Na+  + K+)/(Na+  + K+  + Ca2+) (meq/L). 
Gibb’s I ranged from 0.531 to 0.968 with a mean value 

of 0.829 in pre-monsoon and from 0.571 to 0.978 with a 
mean value of 0.841 in post-monsoon. Moreover, Gibb’s 
value for anions (Gibb’s II) is a plot between TDS (mg/L) 
and Cl−/(Cl− + HCO3

−) (meq/L). Gibb’s II ranged from 
0.271 to 0.949 with a mean value of 0.701 in pre-monsoon 
and from 0.268 to 0.915 with a mean value of 0.733 in 
post-monsoon. According to Gibb’s I, approximately 67% 
and 61% of the samples show evaporation dominance and 
33% and 39% of the samples show rock dominance as the 
principal controlling processes for groundwater chemistry 
in pre- and post- monsoon, correspondingly (Fig. 3a). In 
Gibb’s II, approximately, 67% and 63% of the samples 
show evaporation dominance and 33% and 37% of the 
samples show rock dominance in pre- and post-monsoon, 
correspondingly. The Gibbs diagram suggest that evapo-
ration dominance followed by rock dominance are the pri-
mary chemistry controlling process for cationic and ani-
onic composition of water (Fig. 3b) (Suguna and Sherene 
2019). An increased level of evaporation or human activi-
ties contributes to higher total dissolved solids (TDS) in 
water samples, causing a transition from rock-dominated 
areas to the evaporation zone (Krishna Kumar et al. 2014; 
Satheeskumar et al. 2021). The movement of sampling 
locations towards the evaporation zone, away from the 
rock-water interaction zone, demonstrates an elevation in 
Na+ and Cl− ions. Additionally, the increased total dis-
solved solids (TDS) levels could perhaps be attributed 
to the intrusion of seawater (Satheeskumar et al. 2021).

Base exchange indices

Base exchange indices are typically used in regional hydro-
geochemical studies to indicate salinizing or freshening phe-
nomena of aquifers that have been freshened or salinized in 
the past. Generally, base exchange indices are represented 
as salinized or freshened facies or into a state of equilibrium 
(Stuyfzand 2008).
Schoeller classification (chloroalkaline indices)  Chloroal-
kaline indices are helpful to understand the evolution of 
groundwater chemical composition and rock-water inter-
action (Gowd 2005; Islam et al. 2017). To validate the ion 
exchange processes that take place in an aquifer medium, 
Scholler (1965) developed the chloroalkaline indices, and 
he has provided the following computation of CAI-I and 
CAI-II

The units for measuring ionic concentrations are meq/L.

CAI − I = [Cl− − (Na+ + K+)]∕Cl−

CAI − II = [Cl− − (Na+ + K+)]∕(SO4
2− + HCO3

− + CO3
2− + NO3

−)
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CAI-I ranged from − 2.59 to 0.39 with a mean − 0.20 
in pre-monsoon and − 2.95 to 0.36 with a mean − 0.16 in 
post-monsoon, correspondingly. However, CAI-II values 
varies from − 0.98 to 2.74 with a mean 0.05 and − 0.94 
to 1.31 with a mean − 0.12 in pre- and post-monsoon, 
correspondingly (Table 1). It has been revealed that 63% 
and 69% of samples show negative ratios, whereas 37% 
and 31% of samples showed positive ratios for both CAI I 
and CAI II indices in pre-and post-monsoon, correspond-
ingly (Figs. 4a, b, and 5a, b). The positive value of CAI 
indicates base exchange reaction whereas negative value 
for the chloroalkaline disequilibrium. This study demon-
strated that the indirect cation exchange process is preva-
lent during both seasons (Table 1).

Base exchange index (r1)  The mathematical demonstration 
of the base exchange index, which is used for groundwater 
type categorization, is presented as follows:

The units for measuring ionic concentrations are meq/L.
The value of the base exchange index ranged − 86.10 

to 29.08 with a mean − 0.36 in pre-monsoon and − 4.18 to 
10.18 with a mean − 1.19 in post-monsoon (Table 1). The 
water samples are categorized into two categories according 
to the base exchange index: those with a Na+-HCO3

−water 
type (r1 > 1) and those with a Na+-SO4

2− water type (r1 < 1). 
43% and 52% of samples have r1 values greater than 1 

r1 = (Na+ − Cl−)∕SO4
2−

Fig. 2   Piper diagram for pre- 
and post-monsoon groundwater 
samples
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(r1 >), in pre- and post-monsoon, correspondingly (Fig. 6a, 
b). Therefore, Na+-SO4

2− a type of water dominant in pre-
monsoon and Na+-HCO3

− water type in post-monsoon. 
The enrichment of HCO3

− may be due to the formation and 
leaching of bicarbonate produced by the reaction of CO2 
and rainwater.

Meteoric genesis index (r2)  The meteoric genesis index 
is another method that can be used to categorize the types 

of groundwater. The following equation is used to give an 
expression for these meteoric genesis indices:

The units for measuring ionic concentrations are meq/L.
Base exchange index grouped the groundwater 

as a shallow meteoric water type (r2 > 1) or a deep 
meteoric water type (r2 < 1) based on its numeric 
value. It ranged − 84.91 to 29.24 with a mean − 0.20 
in pre-monsoon and − 4.17 to 10.22 with a mean 
1.26 in post-monsoon (Table 1). then, 44% and 52% 
of samples with r2 values higher than one are cat-
egor ized as shallow meteor ic groundwater types, 
whereas 56% and 48% of samples with an r2 value 
less than one were classif ied as deep meteor it ic 
groundwater in pre- and post-monsoon, correspond-
ingly (Fig. 7a, b).

r2 = [(K+ + Na+) − Cl−]∕SO4
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Fig. 3   a Gibbs I diagrams for groundwater samples. b Gibbs II dia-
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Sources of ions

Natural sources

Saltwater intrusion (SWI) can contribute significantly to 
the salinity in groundwater. This is mostly owing to the 
presence of a natural mixing zone and the geographical 
conditions. Other factors that contribute to salinity include 
evaporation dominance, rock-water interaction, and pre-
cipitation. In addition, human activities that increase non-
point sources, such as the return flow from agriculture, the 
excessive use of fertilizers and pesticides in paddy fields 
and aquaculture, and the wastewater infiltration, might 
have an impact on water chemistry.

Saturation index (SI)  The SI explain the variation of water 
from equilibrium with regard to the origin of groundwater 
salinization and the dissolved minerals quantitatively (Jalali 
2007, 2010). It is estimated on the basis of the equation that 
is provided by Lloyd and Heathcote (1985):

where IAP stands for ion activity product and Ks is the min-
eral’s solubility product.

The positive SI with iron-bearing minerals reveals the 
presence of a high concentration of iron in groundwater 
(Borah et al. 2009; Chakrabarty and Sarma 2011). Graphs of 
SI of minerals with TDS indicate that 89% and 57% of sam-
ples are undersaturated for calcite in pre- and post-monsoon, 
correspondingly. And, for dolomite, 80% and 52% of samples 
are undersaturated in pre- and post-monsoon, correspond-
ingly (Fig. 8). The SI value of calcite ranged from − 2.45 to 
0.33 with a mean − 0.57 in pre-monsoon and from − 2.46 to 
0.40 with a mean − 0.29 in post-monsoon. In contrast, for 
dolomite, it ranged from − 4.74 to 0.92 with a mean − 0.98 
in pre-monsoon and from − 5.49 to 0.75 with mean − 0.45 in 
post-monsoon. Ca2+-bearing minerals (gypsum, anhydrite, 
fluorite, aragonite, and calcite), Mg2+-bearing minerals 
(dolomite, chrysolite, talc, and sepiolite) are undersaturated 
(SI < 0), while silicate minerals (quartz and chalcedony) and 
Fe-containing minerals (goethite and hematite) are found 

SI = log(IAP∕Ks)

37% (less than 

zero)

63% (greater 

than zero)

Pre-monsoon, CAI II

31% (less than 

zero)

69% (greater 

than zero)

Post-monsoon, CAI II

a

b

Fig. 5   a Chloroalkaline indices’ (CAI II) plots for pre-monsoon sam-
ples. b Chloroalkaline Indices (CAI II)plots for post-monsoon sam-
ples

43% (r1>1, Na+-SO4
2-

type of water)

57% (r1>1, Na+-HCO3
-

type of water)

Pre-monsoon, r1

52% (r1<1, Na+-SO4
2-

type of water )

48% (r1>1, Na+-HCO3
-

type of water)

Post-monsoon, r1

a

b

Fig. 6   a Base exchange index (r1) plots for pre-monsoon samples. b 
Base exchange index (r1) plots for post-monsoon samples
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in saturation state (SI > 0) (Fig. 9a, b). The lack of Ca- and 
Mg-bearing minerals can be inferred from the surrounding 
lithology, which does not contain rocks rich in Ca and Mg, 
or if they are present, they are not in a form that can dissolve 
as Ca and Mg into the water system.

Saltwater intrusion processes  Ionic ratio comparison, salt-
water mixing index, and seawater fraction have been used 
to acknowledge the potential source of salinity in coastal 
aquifers.

1. Ionic ratios
SWI significantly adds more ions to coastal aquifers 
(Etikala et al. 2021). High salinity and relatively higher 
concentrations of Na+, Mg2+, Br−, and Cl− indicate SWI 
in coastal aquifers. Some good ionic ratios are used to 
identify SWI processes. Some imperative ionic ratios 
(Na/Cl−, Ca2+/Mg2+, K+/Cl−, Br−/Cl−, and Cl−/HCO3

−) 
have been compared as a potential cause of groundwater 
salinity. Salinization of groundwater in the coastal zone 
is predominantly due to SWI and profound deep saline 
upconing (overexploitation of coastal aquifer) (Vengosh 
and Rosenthal 1994; Nair et al. 2015; Patel et al. 2016; 
Sudaryanto and Naily 2018; Satheeskumar et al. 2021).

•	 Na+/Cl− ratio
	   The salinity of water caused by the seawater intru-

sion is distinguished by a comparatively low Na+/Cl− 
ratio when compared to both freshwater and seawater 
(Asare et al. 2021). Saline water has Na+/Cl− ratio 

44% (r2<1, deep 

meteoric water type )

56% (r2>1, 

shallow meteoric 

water type )

Pre-monsoon, r2

52% (r2<1, deep 

meteoric water type )

48% (r2>1, 

shallow meteoric 

water type )

Post-monsoon, r2

a

b

Fig. 7   a Meteoric genesis index (r2) plots for pre-monsoon samples. 
b Meteoric genesis index (r2) plots for post-monsoon samples

Fig. 8   Relation between 
saturation indices of calcite and 
dolomite
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equal to 0.86, freshwater has this value > 1, and the 
value from 0.86 to 1 indicates the seawater invasion 
into the freshwater aquifers. Na+/Cl− ratio ranged 
0.61 to 3.58 with mean 1.19 and 0.64 to 3.94 with 
mean 1.16 in pre- and post-monsoon, correspond-
ingly (Table 1 and Fig. 10a, b). In the present study, 
37% in pre-monsoon and 33% in post-monsoon sam-
ples show Na+/Cl− ratio < 0.86, which indicates SWI 
into the coastal groundwater (Vengosh and Rosenthal 

1994; Nair et al. 2015). On the other hand, 63% of 
pre-monsoon and 67% of post-monsoon samples 
show a Na+/Cl−molar ratio > 1, revealing freshwater 
aquifers in the coastal aquifer.

•	 Ca2+/Mg2+ ratio
	   A high concentration of Mg2+ compared to Ca2+ 

with a high TDS value shows saltwater mixing (Kura 
et al. 2018). If the Ca2+/Mg2+ratio of < 1 indicates SWI 
(Moujabber et al. 2006). Ca2+/Mg2+ ratio ranged 0.21 
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to 6.06 with mean 1.21 and from 0.05 to 14.71 with 
mean 1.62 in pre- and post-monsoon, correspondingly 
(Table 1). In the present study, 61% and 63% samples 
in pre-and post-monsoon, correspondingly showed < 1 
value of Ca2+/Mg2+ ratio. Thus, the majority of the 
samples were affected by SWI (Fig. 11a, b).

•	 K+/Cl− ratio
	   K+/Cl− ratio below 0.019 show deep saline 

upconing (Patel et al. 2016). K+/Cl− ratio ranged 

from 0.001 to 0.058 with a mean value of 0.01 and 
from 0.001 to 0.063 with a mean value of 0.007 in 
pre- and post-monsoon, correspondingly (Table 1 
and Fig. 12a, b). Then, 81% in pre-monsoon and 
90% post-monsoon samples deciphered deep saline 
upconing.

•	 Br−/Cl− ratio
	   An elevated concentration of halogens, specifi-

cally Cl− and Br− in groundwater, indicates SWI. 

Fig. 10   a Spatial diagram of 
Na/Cl (pre-monsoon). b Spatial 
diagram of Na/Cl (post-mon-
soon)
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The Br−/Cl− is considered a reliable tracer of saline 
water intrusion as both Cl− and Br− are conserva-
tive elements, except in the occurrence of a very 
high amount of organic matter (Vengosh et al. 1999; 
Kim et al. 2003; Montety et al.2008; Jia et al. 2017; 
Gomes et al. 2019; Satheeskumar et al. 2021). The 
Br−/Cl− ratio ranged 0.008 to 0.026 with mean 
0.016 and 0.002 to 0.030 with a mean 0.014 in pre-
and post-monsoon, correspondingly (Table 1 and 

Fig. 13a, b). The Br−/Cl− ranged from 0.0033 to 
0.0037, with a mean value of 0.0036 in seawater 
(Kim et al. 2003). The ratio of around 0.02 indicated 
the agricultural return flow (Montety et al. 2008). 
Then, 45% and 43% of the samples showed around 
0.02 value of Br−/Cl− in pre- and post-monsoon, 
correspondingly. The elevated Br−/Cl− ratio deci-
phered some anthropogenic inputs other than salt-
water invasion.

Fig. 11   a Spatial diagram 
of Ca/Mg (pre-monsoon). b 
Spatial diagram of Ca/Mg (post-
monsoon)
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•	 Cl−/HCO3
− ratio

	   The Cl−/HCO3
− ratio is also one of the essential 

tracers to indicate the saltwater mixing into fresh-
water aquifers and the origin of salinity. Based on 
Cl−/HCO3

− ratios, there are three categorizations 
of groundwater that are unaffected (0.5), slightly or 
moderately (0.6–6.6), and strongly affected (> 6.6) 
affected by the salinization process (Chidambaram 
et al. 2018; Sudaryanto and Naily 2018). The ratio 
ranged from 0.053 to 2.70 with a mean of 0.58 in 

pre-monsoon and from 0.09 to 2.73 with a mean 
of 0.44 in post-monsoon (Table 1, Fig. 14a and b). 
Based on the Cl−/HCO3

−, 34% and 24% of samples 
were moderately affected by the salinization process 
in pre- and post-monsoon, correspondingly.

2. Saltwater mixing index (SWMI)
The saltwater mixing index is recognized (Park et al. 
2005) to acknowledge the seawater mixing in the coastal 
aquifer using Na+, Mg2+, Cl−, and SO4

2− as they are 

Fig. 12   a Spatial diagram of K/
Cl (pre-monsoon). b Spatial dia-
gram of K/Cl (post-monsoon)



40337Environmental Science and Pollution Research (2024) 31:40324–40351	

abundant in seawater. The following equation can com-
pute the SWMI:

where constant a (0.31), b (0.04), c (0.57), and d (0.08) 
denote the relative concentration proportion of Na+, 
Mg2+, Cl−, and SO4

2− in seawater (Park et al. 2005). Ci 

SWMI = a
CNa

TNa
+ b

CMg

TMg
+ c

CCl

TCl
+ d

CSO4

TSO4

is the measured value of ions in the groundwater, and 
Ti is the regional threshold value of respective ions. 
The threshold values for pre-monsoon were calculated: 
89 mg/L for Na+, 20.18 mg/L for Mg2+, 122 mg/L for 
Cl−, and 18.47 mg/L for SO4

2−. For post-monsoon, the 
threshold value were 102.1 mg/L for Na+, 8.75 mg/L for 
Mg2+, 70 mg/L for Cl−, and 19.49 mg/L for SO4

2−. The 
threshold value was estimated by the interpreting the 
cumulative probability curve for both the seasons. If the 

Fig. 13   a Spatial diagram of Br/
Cl (pre-monsoon). b Spatial dia-
gram of Br/Cl (post-monsoon)
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measured value of SWMI is greater than one, in that case, 
water may show the effect of seawater interaction with 
freshwater, whereas this value greater than 3 indicates 
SWI (Idowu et al. 2017; Idowu and Lasisi 2020; Alade-
jana et al. 2021).
The current study indicates that 90.74% of samples in pre-
monsoon and 94.44% of samples in post-monsoon show 
the SWMI values greater than unity (= 1), indicating the 
interaction of seawater with freshwater aquifers. Moreo-

ver, 64.81% of samples in pre-monsoon and 72.22% of 
samples in post-monsoon have shown an SWMI value 
greater than 3, deciphering the SWI into the freshwater 
system. SWMI ranged 0.29 to 11.62 in pre-monsoon and 
0.53 to 15.66 in post-monsoon (Table 1). The water sam-
ples nearby the coast show SWI. In contrast, the samples 
far from the coast indicate deep saline upconing due to 
excessive groundwater withdrawal for agriculture and 
aquaculture. The spatial distribution of SWMI values 

Fig. 14   a Spatial diagram of Cl/
HCO3 (pre-monsoon). b Spatial 
diagram of Cl/HCO3 (post-
monsoon)
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(Fig. 15a, b) shows the seawater mixing in coastal aqui-
fers. There are three categorizations on the map based 
on SWMI, i.e., (i) freshwater, (ii) fresh-seawater interac-
tion, and (iii) SWI into freshwater aquifer system, later-
ally through seawater ingression and vertically by deep 
saline upconing.

3. Seawater percentage (SW%) or seawater fraction (%f 
sea)
Seawater percentage or seawater fraction is a measure-
ment of seawater percentage in the freshwater aquifers 
based on the conservative element Cl− and it can be esti-
mated by using the following formula:

SeawaterFraction(%S.W.) =
CCl, sample − CCl, fresh

CCl, , sea − CCl, fresh
(Concentrationinmeq∕L)

Fig. 15   a Spatial diagram of 
SWMI (pre-monsoon). b Spatial 
diagram of SWMI (post-mon-
soon)
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The seawater fraction can be calculated by assuming that 
all Cl− should come from seawater and no brine condi-
tions should be available in the area. The water having 
low Na+ and Cl− has been taken as the freshwater sam-
ples for the Cl− ions. In this study, the seawater percent-
age ranged − 0.074 to 8.495 in pre-monsoon and 0.021 to 

7.755 in post-monsoon (Table 1, Fig. 16a, b). The sample 
having a higher value might be contaminated more by 
SWI. Then, 21% and 17% of samples in pre- and post-
monsoon, correspondingly, have SW% > 5. This could 
be the brine mixing with freshwater aquifers (Mohanty 
and Rao 2019).

Fig. 16   a Spatial diagram of 
seawater fraction (f%) (pre-
monsoon). b Spatial diagram 
of seawater fraction (f%) (post-
monsoon)



40341Environmental Science and Pollution Research (2024) 31:40324–40351	

Anthropogenic input of ions

Anthropogenic activities (abundant fertilizers input and its 
runoff, aquaculture, and wastewater invasion into aquifers 
from the urbanization and metropolitan cities) also increased 
the ionic concentration of the groundwater. Relatively high 
concentrations of NO3

−, Cl−, Br−, and SO4
2− may result 

from diverse anthropogenic activities. Anomalous concen-
trations of Cl− may also be the product of pollution by sew-
age wastes, excessive use of fertilizers, common salt added 
to a coconut plantation, fish farming, and leaching of saline 
residues entrapped within the soil (Raju 2012; Srinivasa-
moorthy et al. 2014). The presence of high levels of Na+, 
Cl−, and SO4

2− in the aquifer may be attributed to the use of 
NaCl and Na2SO4 salts in fish farming (Barclay et al. 2002). 
The excess of Na+ in groundwater might also come from 
wastewater infiltration. Na2SO4 is used instead of NaCl for 
commercial production of aquaculture because it has a cor-
rosive effect on the equipment and reduces the production of 
microflora in the ponds (Barclay et al. 2002; Jeevanandam 
et al. 2012). Dissolution of potash feldspar occurs when the 
molar ratio of K+/Cl− exceeds 0.2 values while all values in 
groundwater are below 0.2, indicating no potash feldspar 
dissolution (Prasanna et al. 2011).

The concentration of Br− in freshwater ranged from 0.5 
to 1 mg/L (WHO 2006). In the present study, all the samples 
had a Br− concentration are more than 1 mg/L. Fertilizers 
such as ethyl-dibromide and methyl-bromide may also be 
the source of Br− concentration other than SWI (Cartwright 
et al. 2006). The degradation of organic matter could be the 
reason behind the slight increase of the Br− in most ground-
water samples (Montety et al. 2008).

The value of NO3
− in groundwater samples is more than 

3 mg/L, indicating human-affected values (Pastén-Zapata 

et al. 2014). In the present study, 59.25% of pre-monsoon 
and all the samples in post-monsoon showed more than 
3 mg/L of NO3

− values, which indicates human influence 
on NO3

− concentration. The high value of NO3
− in post-

monsoon may be due to agricultural runoff, poor drainage, 
and untreated domestic waste. Although the distribution of 
NO3

− is relatively uniform, some patches of high concen-
tration, near Puri temple area, where degradation of flower 
waste could be the source of NO3

−. High concentrations of 
NO3

− in drinking water could be the reason for methemo-
globinemia (blue baby syndrome) in newborns and subse-
quently leads to death by asphyxiation and stomach cancer 
in adults (Schwendimann et al. 2021).

Statistical approach

Multivariate statistical techniques, correlation matrix, and 
principal component analysis (PCA) are efficient means of 
manipulating, understanding, and symbolizing data concerning 
groundwater contaminant, quality, and geochemistry (Belkhiri 
et al. 2011; Emenike et al. 2018; Jampani et al. 2018).

A perfect positive correlation between Na+ and 
Cl− (0.96 in pre- and 0.91 in post-monsoon) could be 
the indication of halite dissociation (Tables 2 and 3). A 
good correlation between Ca2+ and SO4

2− (0.59 in post-
monsoon) shows gypsum dissolution. Although K+ is low 
in concentration but a good correlation between K+ and 
NO3

− (0.64 in post-monsoon) could be the agricultural 
runoff as a potential source of K+ and NO3

− in the ground-
water in post-monsoon.

Factor analysis  Factor examination is utilized as an arith-
metical means to find more significance and define the 
nature of hydrochemical processes. The study of factor 

Table 2   Correlation matrix for pre-monsoon groundwater samples (N = 54)

pH EC Hardness Ca Mg Na K HCO3
− Cl− F− Br− SO4

2− NO3
−

pH 1
EC 0.103 1
Hardness 0.083 0.774 1
Ca 0.097 0.646 0.887 1
Mg 0.062 0.758 0.941 0.678 1
Na 0.125 0.956 0.606 0.504 0.592 1
K  − 0.091 0.308 0.352 0.224 0.396 0.182 1
HCO3

− 0.269 0.440 0.419 0.266 0.470 0.408 0.457 1
Cl− 0.105 0.969 0.764 0.680 0.715 0.948 0.194 0.322 1
F− 0.195  − 0.069  − 0.277  − 0.270  − 0.246 0.069  − 0.245 0.311  − 0.084 1
Br− 0.134 0.921 0.758 0.662 0.719 0.874 0.201 0.349 0.911  − 0.097 1
SO4

2−  − 0.166 0.472 0.436 0.387 0.408 0.448 0.171 0.228 0.375  − 0.045 0.514 1
NO3

−  − 0.180  − 0.126 0.022 0.039 0.006  − 0.180 0.454  − 0.033  − 0.219  − 0.231  − 0.164 0.270 1
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scores discloses the degree of influence of each factor on 
overall water chemistry (Yidana et al. 2018; Emenike et al. 
2018; Busico et al. 2018; Madhav et al. 2020). In the cur-
rent study, four factors are sufficient to explain 79.53% and 
81.51% of the variance for the compound matrix in pre- and 
post-monsoon, correspondingly (Table 4). The total vari-
ance of pre-monsoon and post-monsoon is explained by four 
principal components with its eigenvalue (> 1). The details 
of the various extracted factors are given below:

Factor 1	explained 44.61% and 42.23% of the total variance 
in pre- and post-monsoon, correspondingly. Both seasons 
have high positive loading for EC, hardness, Ca2+, Mg2+, 
Na+, Cl−, Br−, and SO4

2. It shows that Na+, Ca2+, Mg2+, 
Cl−, Br−, and SO4

2− are responsible for high EC. The 
high value of hardness is directly associated with Ca2+, 
Mg2+, Cl−, and SO4

2−. The positive relation between Na+ 
and Cl− indicates SWI and, to some extent, halite weath-
ering. The high amount of Br− is clearly indicating about 
SWI in the study area. Ferromagnesian minerals might 
be the source of the high amount of Mg2+ in groundwater 
(Rao 2012). The high value of hardness is directly associ-
ated with Ca2+, Mg2+, Cl−, and SO4

2−.
Factor 2	explain 12.60% of the total variance and showed 

high loading for K+, HCO3
−, and NO3

− in pre-monsoon. 
This factor deciphered intensive agricultural activities. 
NPK fertilizers used in paddy fields may be the source 
of K+ and NO3

−. Fish farming might also be accountable 
for high HCO3

− in groundwater (Barclay et al. 2002). 
The post-monsoon water samples show 16.89% of the 
total variance and increased loading of pH, HCO3

−, and 
F−. It shows the source of ions as biological and natural 
geogenic sources. In both, the season’s high concentra-
tion of HCO3

− was observed by leaching of HCO3
− pro-

duced by the reaction of rainwater and CO2 present in 
the soil (Raju 2012).

Factor 3	 explains 12.40% of the total variance. It was high 
negative loading of F− and high positive loading of SiO2 
in pre-monsoon, showing the lithologic source of silica and 
fluoride. The high temperature in the pre-monsoon season 
favors silica weathering in water (Umar and Alam 2012). 
The post-monsoon water samples show 14.58% of the total 
variance and increased K+ and NO3

− loading. NPK ferti-
lizers are the source of the high concentration of K+ and 
NO3

− extensively used in the study area to produce rice.
Factor 4	explains the 9.41% of the total variance and high 

loading of pH and HCO3
−in pre-monsoon. High load-

ing of HCO3
− revealed the dissociation of H2CO3 from 

the soil by the reaction of rainwater and CO2 (Raju 
2012). The post-monsoon water samples show 7.87% 
of the total variance and high positive loading of SiO2. 
This could be the silicate weathering due to the geo-
genic factor. Ta
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Groundwater quality

Classification of groundwater for drinking purpose

To comprehend the groundwater suitability for drinking and 
community health exercise, hydrogeochemical parameters 
are compared (Table 5) with the guiding principle prescribed 

by WHO (2006) and BIS (2012). According to Davis and De 
Wiest (1966) categorization, 65% and 63% of samples are 
inappropriate for drinking purposes in pre- and post-mon-
soon, correspondingly. The spatial diagram of TDS based 
on the Davis and De Wiest (1966) is given in Fig. 17a, b. In 
the context of salinity, 65% and 63% of samples lie in the 
brackish water category in pre- and post-monsoon, corre-
spondingly (Freeze and Cherry 1979). Based on the Sawyer 
and Mc. Cartly (1967), 7% and 11% of samples are soft, 

Fig. 17   a TDS spatial plot for 
suitability for drinking and agri-
culture based on Davis and De 
Wiest (1966) (pre-monsoon). b 
TDS spatial plot for suitability 
for drinking and agriculture 
based on Davis and De Wiest 
(1966) for (post-monsoon)
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20% and 11% of samples are slightly hard, 27% and 47% of 
samples are moderately hard, and 46% and 31% of samples 
are very hard in pre- and post-monsoon, correspondingly. 
As per Na+ values, 74% and 70% of samples are beyond the 
permissible limit of WHO (2006) and BIS (2012) in pre- and 
post-monsoon, correspondingly.

Classification of groundwater for irrigation purpose

The significant chemical parameters for determining the 
degree of the usefulness of groundwater for irrigation are 
EC, %Na, salinity hazard, SAR, RSC, Kelly’s index, and 
magnesium hazard.

Electrical conductivity (EC) and percent sodium (%Na)  The 
EC and Na+ are important parameters to classify water qual-
ity for agricultural use. The %Na is weighed concerning 
relative proportions of cations (Na+, K+, Ca2+, and Mg2+), 
and a higher %Na negatively impacts soil permeability. 

Normally, higher %Na in irrigation water should not exceed 
60% (Singh et al. 2015). It is calculated according to the 
given formula:

The units for measuring ionic concentrations are meq/L.
Based on the %Na classification, 3.7% of samples fall 

under the good category in both seasons, 16.7% and 13% of 
samples fall under the permissible category, 50% and 41% 
of samples fall under the doubtful category, while 29% and 
43% of samples fall under unsuitable category in pre- and 
post-monsoon, correspondingly (Table 6). The water suit-
ability can also be examined by plotting the values of %Na 
against corresponding values of EC on the Wilcox diagram 
(Fig. 18). Wilcox diagram (1948) represents that 5.6% and 
7.4% of samples lie under excellent to good, 17% and 20% 
of samples are good to permissible, 11% and 7% of samples 
lie in permissible to the doubtful range, 33% and 32% of 
samples lies in doubtful to unsuitable, and 33% and 33% of 

%Na = [(Na+ + K+)∕(Na+ + K+ + Ca2+ +Mg2+)] ∗ 100

Table 6   Classification of groundwater for agricultural purposes

Quality parameter Sample range Range Classification Sample (%)

(Min–Max)

Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon

TDS (Davis and De 
Wiest, 1966)

149–3513 126–3377  < 500 Desirable for drinking 9 9

500–1000 Permissible for drinking 26 28
1000–3000 Useful for agriculture 52 54
 > 3000 Unfit for drinking and irrigation 13 9

Na% 32.92–95.250 39.180–93.839 0–20 Excellent - -
20–40 Good 3.7 3.7
40–60 Permissible 16.7 13
60–80 Doubtful 50 41
 > 80 Unsuitable 29 43

SAR 1.171–34.212 1.271–23.054 0–10 Excellent 37 37
10–18 Good 59 48
18–26 Fair 2 15
 > 26 Poor 2 -

RSC (meq/L) -21.729–8.821 -12.945–5.969  < 1.25 Good 81 81
1.25–2.5 Medium 6 9
 > 2.5 Bad 13 9

EC (µS/cm) 223–7600 125–5500  < 250 Excellent 2 2
250–750 Good 7 6
750–2250 Fair 37 38
 > 2250 Poor 54 54

KR 0.469–12.629 0.601–14.886  < 1 Suitable 15 9
1–2 Marginally suitable 11 22
 > 2 Unsuitable 74 67

MH 14.169–82.979 6.364–95.254  < 50 Suitable for irrigation 39 37
 > 50 Harmful for irrigation 61 63
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samples lies in unsuitable class in pre- and post-monsoon, 
correspondingly.

Salinity (EC) hazard  The groundwater has also been clas-
sified based on EC (Table 6) and categorized accordingly. 
As per Richards (1954) classification, 2% of samples fall 
under the excellent class (C1) in both the seasons, 7% and 
6% of the samples lie in good category (C2) in pre- and 
post-monsoon, correspondingly, while 37% of samples lie in 
fair class and 54% of samples in poor class in both seasons.

Sodium adsorption ratio (alkali hazard)  The most frequent 
method to evaluate sodicity in water and soil is called the 
SAR. The following equation estimates the SAR

The units for measuring ionic concentrations are meq/L.
The SAR values ranged from 1.17 to 34.2 meq/L with a 

mean 10.6 meq/L in pre-monsoon and 1.27 to 23.05 meq/L 
with a mean 11.45 meq/L in post-monsoon (Table 6). This 
indicates that in both seasons, all samples came under the 
S1 category, considered excellent and could be used for 
irrigational and agricultural activities. According to Rich-
ards (1954) categorization on SAR values (Table 5), 37% 
of samples fall under the excellent category in both seasons, 
59% and 48% of samples fall under good quality, 2% and 
15% of samples fall in fair class in pre- and post-monsoon, 

SAR = Na+∕[(Ca2+ +Mg2+)∕2]
1∕2

correspondingly, and 2% of samples were poor class in pre-
monsoon season.

•	 U.S. salinity laboratory diagram
	   U.S. salinity diagram (USSL Diagram 1954) has been 

applied for water classification regarding crop productiv-
ity. On the basis of this categorization, 2% of samples fall 
into the low salinity and low sodium (C1S1) zone in both 
seasons. 7% of samples fall in medium salty and low sodium 
(C2S1) in both seasons, which is suitable for all plants. 19% 
of samples in both seasons fall in high salty and low sodium 
(C3S1), which need proper drainage for irrigation. 19% of 
samples in both seasons lies in high saline and medium to 
very high sodium (C3S2, C3S3, C3S4), which are unsuit-
able for irrigation. 4% of samples in both seasons fall in 
very high salty and low sodium (C4S1), which requires a 
sound drainage system. 31% and 19% of samples fall under 
the very high salty and medium sodium category (C4S2) in 
pre- and post-monsoon, correspondingly, which was dan-
gerous for soil. Whereas 19% and 31% of samples fall in 
very high salty and very high sodium (C4S3 and C4S4), in 
pre- and post-monsoon which were unsuitable for irrigation 
(Fig. 19).

Residual sodium carbonate (RSC)  Sodium adsorption in the soil 
is amplified to a greater degree when the RSC value is high. 
RSC has been deliberated to establish the dangerous impact of 

Fig. 18   Groundwater classifica-
tion based on electrical con-
ductivity and percent sodium 
(Wilcox diagram 1948) ((A) 
excellent to good, (B) good to 
permissible, (C) permissible to 
doubtful, (D) doubtful to unsuit-
able, and (E) unsuitable)
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CO3
2− and HCO3

− on water excellence for farming use (Eaton 
1950). The RSC can be calculated using the following equation:

The units for measuring ionic concentrations are meq/L.
According to Eaton classification, 81% of samples were cat-

egorized within good quality (< 1.25 meq/L) in both seasons, 
6% and 9% under medium quality (1.25–2.5 meq/L), and 13% 
and 9% under bad quality (> 2.5 meq/L) for irrigation purpose 
in pre- and post-monsoon, correspondingly (Table 6).

Kelly’s index  Kelly’s Index is one of the parameters to assess 
water quality for farming. For computing KI, Kelly (1940) 
and Paliwal and Singh (1967) have provided the following 
equation:

The units for measuring ionic concentrations are meq/L.
Categorization of water for irrigation based on Kelly’s 

ratio value:

1.	 KI value < 1—suitable
2.	 KI value (1–2)—marginally suitable
3.	 KI value > 2—unsuitable

Based on Kelly’s index (KI), groundwater classifies into 
three classes. KI value is less than one indicates the suitability 
of water for farming, within 1–2 indicates marginally suitable. 
KI value > 2 shows the water is not suitable for agriculture. 
The KI values of groundwater samples ranged from 0.47 to 
12.63 with a mean 3.57 and 0.60 to 14.89 with a mean 4.16 in 
pre- and post-monsoon, correspondingly (Table 6). Based on 
Kelly’s index, 74% and 67% of samples were unsuitable for 
irrigation in pre- and post-monsoon, correspondingly.

RSC = (CO3
2− + HCO3

−) − (Ca2+ +Mg2+)

KI = [Na+]∕[Ca2+ +Mg2+]

Magnesium hazard (MH)  The magnesium hazard was intro-
duced by Szabolcs and Darab (1964) as a method for deter-
mining the quality of water worth framing. In most cases, 
the high intensity of Mg2+ in irrigated soil is caused by the 
exchangeable Na+ in the soils. Sodication in soils is intensified 
when there is a greater ratio of Mg2+ to Ca2+. It causes the 
scattering of clay particles. Since Mg2+ acts similarly to Na+, 
this causes damage to the structure of the soil and lowers it 
relative hydraulic conductivity (Raju 2012; Patel et al. 2016). 
Therefore, water having high Mg2+ reduces soil productivity.

The following equation calculates magnesium Hazard:

The units for measuring ionic concentrations are meq/L.
A magnesium ratio of more than 50 is regarded as hazard-

ous and unsuitable for irrigation, as the water is considered 
unsafe and inappropriate for irrigation since it will harm 
crop production by rising the basic nature of the soil (Raju 
et al. 2011). The MH values of the sample ranged from 14.17 
to 82.98 with a mean 51.35 in pre-monsoon and from 6.36 to 
95.25 with mean 50.37 in post-monsoon. According to the 
MH, 61% and 63% of samples were not appropriate for irri-
gation in pre- and post-monsoon, correspondingly (Table 6).

Conclusions

Overexploitation of groundwater in coastal aquifers enhanced 
the SWI, which makes groundwater unsuitable for intake 
(drinking purposes), household and farming use. As per the 
Gibbs plots, all the samples came under rock dominance which 
is the principal controlling process for groundwater chemistry 

MH = [Mg2+]∕[Ca2+ +Mg2+] ∗ 100

Fig. 19   Groundwater classifi-
cation on the basis of salinity 
hazard and alkali hazard (after 
USSL Diagram 1954)
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in both seasons. Piper diagram reveals Na+ and Cl− as domi-
nant ions that were not only from SWI but also from the dis-
solution of evaporites and local anthropogenic activities (i.e. 
municipal waste and agricultural activity). Na+/Cl−, Ca2+/
Mg2+, K+/Cl−, Br−/Cl−, and Cl−/HCO3

− ratios are used to 
identify SWI. Around 35% of the samples show < 0.86 ratios 
of Na+/Cl−in both seasons. An increase of Cl− concentration in 
Br−/Cl− ratio indicates the source of salinization in aquifers is 
due to the mixing of seawater. According to Ca2+/Mg2+ ratio, 
61% and 63% of samples were affected by SWI. Moreover, 
64.81% and 72.22% of samples in pre- and post-monsoon, 
correspondingly, were greater than 3, indicating saline water 
intrusion into the freshwater system. SWI has been observed 
in all instances, indicating a pervasive occurrence. Factor 
analysis also verified that natural and anthropogenic activities 
are accountable for major ion contributions in the groundwa-
ter. A total of 65% and 63% of samples are unfit for drinking 
practice in pre- and post-monsoon, correspondingly. Irrigation 
water classified based on %Na, 79% and 84% of samples were 
doubtful to the unsuitable category in pre- and post-monsoon, 
correspondingly. SWI is a dynamic process, which is why the 
groundwater must be continuously monitored in the coastal 
aquifers. This study will help to differentiate the non-contam-
inated freshwater aquifers from the contaminated aquifers.
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