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Abstract In order to quantify spatio-temporal changes in

the hydrogeochemistry of Swarnamukhi river basin,

Andhra Pradesh, India, a total of 239 groundwater samples

have been collected for pre- and post-monsoon seasons of

2014 and 2015. The geology of the study area is comprised

of granite, granitic gneisses, shales, quartzites, laterites and

recent alluvium along the river course. Based on the study

of geochemical processes of different seasons, it is found

that the occurrence of Na and HCO3 in 2014 shifted toward

Ca and HCO3 in 2015 due to cation exchange process. Fe

shows the higher concentration value than safe limit due to

dissolution of ferruginous minerals and domestic sewage

discharges. Bivariate plots of various ions and ratios depict

the predominance of silicate weathering over carbonate and

evaporite dissolution apart from anthropogenic activities in

the enrichment of groundwater constituents. High nitrate

concentration was observed in the urbanized regions of the

basin followed by intense agricultural areas. Geochemical

modeling was carried out using mineral saturation index

and thermodynamic stability plots to deduce major

weathered products. Most of the groundwater samples in

the study area are saturated with carbonate minerals but are

undersaturated with silicate minerals. Thermodynamic

stability plots suggest the formation of kaolinite secondary

mineral and presence of aluminosilicate minerals. Fuzzy

calculation is applied to determine the water quality index,

which categorizes a majority of the samples as excellent to

good category for human use. Factor analysis points toward

the mixed source identification of ionic constituents. Saline

water mixing index model calculation suggests the effect of

salinization in coastal areas due to heavy withdrawal of the

fresh groundwater resources for various uses, whereas in

the mainland it is due to agricultural runoff and domestic

waste water.

Keywords Hydrogeochemical processes � Water quality

index � Geochemical modeling � Statistical techniques �
Saline water intrusion

Introduction

Water is an important, infinite and expendable natural

resource which forms a center of ecological system via

hydrological cycle. According to Shiklomanov (1993),

96.5 % (1338 9 106 km3) of the world’s water is in

oceans, but high salinity renders the oceans virtually

unusable for humans. The remainder is distributed in gla-

ciers (1.74 % or 24.1 9 106 km3), groundwater (1.70 % or

23.4 9 106 km3), permafrost, lakes, rivers and atmospheric

water as a freshwater stock. Groundwater is considered

safe from pathogens and other chemical contaminants due

to natural infiltration capacity of aquifer material and, thus,

necessitates a little infection. So, the groundwater has

become an appropriate alternative over surface freshwater

reservoirs for different purposes, such as drinking, irriga-

tion and various industrial processes (Raju and Reddy

1998; Nampak et al. 2014; Singh et al. 2015). Geochemical

behavior of groundwater becomes altered in due course of

time while circulating in the hydrological cycle and

streaming from recharge to discharge areas through factors

such as rock weathering, aquifer lithology, evaporation,
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cation exchange, quality of recharge water, selective

uptake by vegetation, atmospheric precipitation, leaching

of fertilizers, industrialization and urbanization (Raju and

Reddy 2007). So, an understanding of its characterization

and exploration is helpful in groundwater sustainable

management and quality (Raju et al. 1996, 2012; Reddy

et al. 2000; Ayenew et al. 2008; Rao et al. 2013; Zouahri

et al. 2014).

Coastal aquifers, particularly of semiarid and arid

regions, are susceptible to salinization due to seawater

intrusion, wastewater recycling, overextraction of ground-

water from coastal areas, up-coning of paleobrine bodies

near to fresh groundwater bodies, aquifer geology and

irrigation return flow (Cendón et al. 2008; Einsiedl 2012).

Various geochemical, hydrodynamic and numerical mod-

eling techniques are established for predicting the salin-

ization phenomenon (Reddy et al. 1992; Mondal et al.

2011; Zghibi et al. 2014). Geochemical studies are char-

acterized by large amounts of data with high heterogeneity

due to various natural and anthropogenic factors; thus,

application of multivariate statistical methods avoids the

misinterpretation of data, unveils the hidden information

about spatio-temporal variations and assembles them into

statistically distinct hydrochemical groups according to

hydrogeological and agricultural context which could be

further utilized for scheming of a monitoring network for

the efficient water management (Raju et al. 2013; Svetlana

et al. 2012; Herojeet et al. 2013; Jung et al. 2014;

Machiwal and Jha 2015). Attempts were made for source

identification and evaluation of hydrogeochemical pro-

cesses using geochemical and geostatistical modeling

techniques to assess the effect of natural and anthropogenic

activities in the Swarnamukhi river basin, Andhra Pradesh,

India.

Study area

The study area is comprised of two districts of Andhra

Pradesh (Chittoor and Nellore) which covers the whole

stretch of Swarnamukhi river (latitudes 13�2503000N and

14�0803000N and longitudes 79�0703900E and 80�110000E)
(Fig. 1). Population density of the study area is approxi-

mately 251 persons/km2. Chittoor district of the study area

is a highly urbanized center present in mainland, whereas

Nellore district is comprised of coastal regions nearer to

Bay of Bengal where the river joins the sea. Rainfall in the

district is spread across the months of June to September

(SW monsoon) and October to December (NE monsoon).

The Swarnamukhi is an ephemeral east flowing river which

has drainage of 3225 km2 and length of about 192 km with

dendritic to subdendritic type of drainage pattern. Annual

average rainfall of the study area is around 934 mm. The

maximum and minimum temperature in the basin is 46 and

12 �C, respectively.
The Swarnamukhi river basin is underlain by the for-

mations of Archean, Proterozoic and Quaternary ages.

Geology of the study area is comprised of granite and

granitic gneisses followed by shales, quartzites, laterites

and recent alluvium along the river course (Fig. 2). The

major portion of the study area is covered by granites and

granitic gneisses rocks (*60 %) which are intercepted by

innumerable dolerite dyke rocks of narrow width and

considerable linear extent. The Dharwar consists of

schistose gneisses and is found in a small portion in the

lower part of the basin. In the upper part of the river

basin, the Archean formations are overlaid by the Pre-

cambrian group of Cuddapah formations (quartzites and

intercalated shales) which are separated by the Eparchean

unconformity. The Cuddapah formation consists of

quartzites, shales and phyllites. Laterites are found as a

narrow north–south belt running in between the coastal

alluvium and the older rocks in the interior. Recent and

subrecent formations like old and new alluvium are pre-

sent along the river courses in the basin. Extensive allu-

vium deposits along the Swarnamukhi river course form

fluvial origin, whereas areas near to Bay of Bengal form

coastal origin. Groundwater occurs under unconfined

conditions in weathered portion and semiconfined condi-

tion in fractures and joints at deeper depths.

Methodology

Groundwater sampling procedure

Physiographic location map has been drawn with the help

of toposheets (57O/6, 57O/9, 57O/10, 57O/13, 66B/4 and

66C/1) and Arc GIS 9.3. To understand the spatio-temporal

variation, representative samples were uniformly collected

from the basin area for 2 years, 2014 and 2015 [N = 59 in

pre-monsoon 2014 (May 2014), N = 66 in post-monsoon

2014 (January 2014), N = 57 in pre-monsoon (June 2015)

and N = 57 in post-monsoon season of 2015 (February

2015)].

Analytical procedure and data treatment

The pH, EC and TDS were measured in the field with a

multiparameter ion meter (pH/Cond 340i SET 1). Various

physico-chemical parameters and heavy metals were ana-

lyzed by the prescribed standard methods (APHA 2005).

The analytical precision for measured ions was within

±5 %, derived by electrical neutrality. Spatial distribution

diagram of various parameters was plotted using Arc GIS

9.3 with IDW interpolation technique.
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Geochemical modeling is helpful to simulate and predict

the geochemical reactions. The geochemical equilibrium

condition of minerals is evaluated by mathematical and

graphical approach. In mathematical approach, saturation

index of minerals provides information on equilibrium state

attainment between rockmatrix and groundwater (Njitchoua

et al. 1997), whereas graphical evaluation is through mineral

stability fields of ionic activity ratios (Helgeson 1968).

SI\ 0 directs mineral undersaturated state due to dissolu-

tion, insufficient amount of mineral for solution or short

residence time. SI = 0 indicates equilibrium between min-

eral and groundwater. SI[ 0 suggests mineral supersatu-

rated condition due to incongruent dissolution or common

ion effect (Rasouli et al. 2012; Okiongbo andDouglas 2014).

Different saturation indices of minerals were calculated with

WATEQ4F program (Ball and Nordstrom 1991).

Hydrochemical results are statistically analyzed by the

software IBM SPSS 19 in order to understand geochemical

processes occurring in the groundwater of the Swarna-

mukhi river basin. Varimax rotation with Kaiser normal-

ization method was applied to deduce the factors from the

present bulk of analytical data, whereas squared Euclidean

distance and ward’s method were applied in hierarchical

cluster analysis.

Fuzzy calculation is a useful mathematical tool to rule

out inaccuracies and understand water quality with respect

to prescribed standards (Zhang et al. 2012; Kumar et al.

2014). The linear fuzzy membership function used to

reduce the model complexity is expressed as:

rij ¼

0; Ci � Sij�1 or Ci � Sij�1

� �

Ci � Sij�1

Sij � Sij�1

; Sij�1\Ci\Sij
� �

Sijþ1 � Ci

Sijþ1 � Sij
; Sij\Ci\Sijþ1

� �

1; Ci ¼ Sið Þ

8
>>>>>>><

>>>>>>>:

where rij is fuzzy membership of indicator i to class j, Ci is

concentration value, and Sij represents standard value of

each water quality indicator or parameter.

To calculate the water quality index, weight (wi) of each

parameter has to be assigned based on its relative signifi-

cance in controlling the overall water quality for human

use. Maximum weight 5 is assigned to NO3 and F due to

their health hazard like blue-baby syndrome, fluorosis,

respectively. HCO3 and PO4 are assigned minimum 1,

because of either generally present in less concentration or

Fig. 1 Physiographic and location map of Swarnamukhi river basin, Andhra Pradesh
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lesser impact on human health. The normalized weight of

each parameter is expressed as:

Wi ¼
wiPn
i¼1 wi

where wi is weight, Wi represents normalized weight of

parameter i, and
Pn

i¼1 wi denote a sum of weight to all

water quality parameter.

After getting normalized weight, quality rating is cal-

culated by the following equation:

qi ¼
Ci

Si

� �
� 100

where qi is quality rating, Ci is analytical value of water

quality parameter i (mg/l), and Si is permissible drinking

water standard.

Water quality index (WQI) is the summation of obtained

normalized weight of indicator (Wi) and quality rating (qi)

represented in equation:

WQI ¼
Xn

i¼1

wiPn
i¼1 wi

� �
� Ci

Si

� �
� 100

Mixing model is based on conservative mixing of sea/sal-

ine water with fresh groundwater. %fsea is used to quantify

similarity of seawater constituents with freshwater

expressed as (meq/l):

%fsea ¼
Ccl;sample � Ccl;fresh

Ccl;sea � Ccl;fresh
� 100

where fsea is % of seawater fraction and Ccl,sample, Ccl,fresh

and Ccl,sea are measured chloride in sample, freshwater and

seawater. In the present study, mean of samples with high

Ca, HCO3 and correspondingly low Na, Cl and EC con-

sidered as freshwater, whereas seawater corresponds to

analyzed Bay of Bengal water.

The quantification of ionic concentration change in

freshwater on encounter with seawater can be evaluated by

calculating theoretical composition (Ci,mix), based on

 

Fig. 2 Geology map of the study area
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theoretical mixing of freshwater and seawater, followed by

comparing the measured salinized groundwater sample

with calculated theoretical composition expressed as (meq/

l):

Ci;mix ¼ fsea � Ci;sea þ 1� fseað Þ � Ci;fresh

or

Ci;mix ¼
Ccl;sample � Ccl;fresh

Ccl;sea � Ccl;fresh
� 100

� �
� Ci;sea

þ 1� Ccl;sample � Ccl;fresh

Ccl;sea � Ccl;fresh
� 100

� �� �
� Ci;fresh

where Ci,mix is theoretical concentration of ions for the

theoretical mixing of freshwater–seawater and Ci,sea and

Ci,fresh are seawater and freshwater concentration of each

ion.

Change in concentration (ionic deviation) is related to

comparison of a measured concentration of each ion to its

theoretical calculated concentration in the mixture of

freshwater and seawater which can be evaluated by the

following equation (Fidelibus 2003):

DCi ¼ Ci;sample � Ci;mix

where DCi is ionic deviation of each ion and Ci,sample is

measured concentration of each ion in groundwater

samples.

Saline water mixing index (SWMI) is applied for the

delineation of saline water invasion regions of an area,

formulated by Park et al. (2005). To calculate the index,

four major chemical parameters of saline water are used as

follows (mg/l):

SWMI ¼ a� CNa

TNa
þ b� CMg

TMg

þ c� Ccl

Tcl
þ d � CSO4

TSO4

where SWMI is saline/seawater mixing index and C and

T are measured and threshold concentration of ions in the

groundwater samples, respectively. Constants a, b, c and

d are relative concentration proportion of Na, Mg, Cl and

SO4 in seawater, respectively. Mondal et al. (2011) have

calculated constant values (a = 0.31, b = 0.04, c = 0.57,

d = 0.08) for saline water of the Bay of Bengal which is

applied in this study. Threshold values of major ionic

constituents are derived from cumulative probability

curves which are site specific. Cumulative probability

distribution is an important statistical tool to segregate the

anomalous group from the entire groundwater samples

whose chemistry is severely influenced by local activities

leading to salinization and anthropogenic pollution with

respect to natural background data. Intersection or inflec-

tion points of two neighboring linear population provide

the threshold values in a log-probability plots (Lepeltier

1969; Sinclair 1974). Thus, cumulative probability

distribution is constructed against the abovementioned ions

in a log concentration (mg/l) to reveal the threshold values

of selected ions. In cumulative distribution plots, inflection

point with lower concentration and below potable water

drinking standards (WHO 1997) is used as natural back-

ground threshold value for corresponding ions.

Results and discussion

Hydrogeochemical data

Analytical results of the measured physico-chemical

parameters and heavy metals for groundwater samples are

presented in Table 1. The variation in parameters over time

was analyzed using the box and whisker plots as shown in

Fig. 3. Ca, Na, HCO3 and Cl showed the high variance in

the concentration distribution in both years. In pre- and

post-monsoon 2014, Na predominates over Ca with high

data variations but slight variation in Mg and K; howso-

ever, in 2015, there is almost reverse occurred and Ca

predominates over Na might be due to cation exchange

process. SO4, NO3 and F in both years showed similar

trend with no temporal variation. Temporal variation could

be observed in HCO3 and Cl (2014–2015); Cl concentra-

tion (or median value) has increased with declining trend of

HCO3. Thus, Ca, Na, HCO3 and Cl are the principal ions

which control the hydrogeochemistry of the study area. In

2015, HCO3 and Cl concentration showed the difference

between median and maximum values, suggesting natural

and anthropogenic contamination inputs to the groundwa-

ter (Jiang et al. 2009; Devic et al. 2014). Groundwater

quality classification based on hardness (Fig. 4) shows that

majority of the samples are hard fresh type followed by

hard brackish type; however, few samples also fall in soft

freshwater category (Sawyer et al. 1994).

In heavy metals, Fe shows high variance and most of the

samples are having concentration higher than median val-

ues. Around 52, 48, 50 and 47 % samples are exceeding the

prescribed limit of WHO (2006) in pre- and post-monsoon

seasons of 2014 and 2015, respectively. Heavy contami-

nation of Fe may be due to dissolution of ferruginous

minerals and domestic sewage seepage in the groundwater

(Raju et al. 2011). Chromium is exceeding in few samples

(20, 19, 22 and 23 % in pre- and post-monsoon of 2014 and

2015, respectively) due to widespread brick kilns, paints

and wood preservatives. It causes damage to nervous sys-

tem, fatigue and irritability in humans. Only few samples

are exceeding the Mn prescribed limit due to Mn bearing

minerals dissolution or sewage discharge. Study area is

characterized by the absence of major industrial activities

except ceramic and brick industries and, thus, can be

interpreted that heavy metal could be from natural or other
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anthropogenic path. The order of cation abundance (mg/l)

is: Na[Ca[Mg[K in both seasons of 2014 and

Ca[Na[Mg[K in both seasons of 2015 and anion

abundance: HCO3[Cl[NO3[SO4[CO3[ F[PO4

in both seasons of 2014 and 2015. The order of heavy metal

dominance (lg/l) is: Fe[Zn[Cu[Mn[Cr in pre-

2014, Fe[Zn[Mn[Cr[Cu in post-2014, Fe[Zn[
Cu[Mn[Cr in pre-2015 and Fe[Zn[Mn[
Cr[Cu in post-monsoon 2015.

Source and processes identification

Various ionic ratios to reveal the specified source of ionic

constituents of the groundwater are summarized in Table 1.

Water–rock interaction comprises of three major litholog-

ical processes, i.e., evaporite, silicate and carbonate

weathering. The logarithmic bivariate plots between molar

ratios Ca/Na versus HCO3/Na and Ca/Na versus Mg/Na are

used to estimate the type of weathering (Fig. 5). Average

Ca/Na ratio of crustal continental rocks is around 0.6

(Taylor and McLennan 1985). Higher solubility of Na than

Ca increases the Na concentration; thus, Ca/Na ratio is

expected to lower, imparting the silicate weathering as

dominant geochemical process in the system (Gaillardet

et al. 1999; Raju 2012; Zhu et al. 2014). In the plot Ca/Na

versus HCO3/Na, silicate weathering has been identified as

major process; however, few data sets are also pointing

toward the carbonate weathering. Mean value of Ca/Na

ratio suggests the silicate weathering predominance. Ca/Na

Fig. 3 Box–whisker plot for

identification of physiochemical

parameters

Fig. 4 Classification of groundwater quality based on TDS and

hardness
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versus Mg/Na plot also denotes the predominance of sili-

cate weathering followed by carbonate and evaporite dis-

solution. Few data points of pre-monsoon indicate

evaporite dissolution due to semiarid climatic conditions.

However, post-monsoon samples of both years shift toward

carbonate dissolution due to heavy rainfall-driven calcite

(lime kankar) and dolomite weathering process. The

moderate to good positive regression between Ca/Na and

HCO3/Na (R
2 = 0.45, 0.73, 0.59 and 0.55 in pre- and post-

monsoon of 2014 and 2015, respectively), Mg/Na and Ca/

Na (R2 = 0.42, 0.85, 0.40 and 0.30 in pre- and post-mon-

soon of 2014 and 2015, respectively) suggests the role of

silicate weathering in influencing the hydrogeochemical

constituent of the study area. Basin geological setup con-

sists mainly of granites and granitic gneisses also con-

firming the silicate weathering source.

(Na ? K) versus (Ca ? Mg) plot clearly indicates that

more points are below the equiline showing the abundance of

alkaline earth element over alkali elements and could be due

to ion exchange effect or dissolution of alkaline earth min-

erals (Fig. 6a). The temporal variation can be seen in this

plot, as number of points has shifted below the equiline in

post-monsoon 2015. Significant simultaneous increase of

alkali elements (Na ? K) with (Cl ? SO4) suggests a

common source of these ions and presence of Na2SO4,

K2SO4, NaCl and KCl in soil system (Fig. 6b) (Bhardwaj

et al. 2010). Some of the sample points (mainly in pre- and

post-monsoon 2015) deviate toward (Cl ? SO4) indicating

other sources like silicate weathering, ion exchange or

human activities for enrichment of alkalies in groundwater

system. (Ca ? Mg) versus Cl (Fig. 6c) and Na/Cl versus Cl

(Fig. 6d) plot shows that increased salinity (Cl) is associated

with increase in Ca ? Mg and decrease in Na/Cl and could

be due to ion exchange process in groundwater which

adsorbs Na onto aquifer matrix in exchange for Ca ? Mg.

Nitrate is an anthropogenic ion form by NH4 bacterial

conversion via nitrification under oxic conditions (Salman

et al. 2014; Toumi et al. 2015). Of various ionic com-

ponents of N, NO3 is the important water quality

parameter which is also required by plants as growth

nutrient. N-fertilizer application enhances the mineral

weathering because, in N-cycle, during nitrification pro-

cess, proton (H?) releases are represented as:

2 NH2CONH2ð Þ þ 2O2 ! NO�
3 þ 1:5Hþ þ 0:5HCO�

3

Urea

Proton (in form of HNO3) resulting from nitrification

would compete with proton generated from CO2 (atm.)

dissolution (in form of H2CO3) for the weathering of rock-

forming minerals like plagioclase and granite (Semhi et al.

2000; Junior et al. 2014). With carbonic acid, the weath-

ering of plagioclase producing kaolinite is represented as

the following reaction:

2

1þ x
PIþ 2CO2 !nH2O

KIþ 2
1� x

1þ x
Naþ þ 2

x

1þ x
Ca2þ

þ 2HCO�
3 þ 4

1� x

1þ x
H4SiO

0
4

When weathering agent changes to nitric acid, the reaction

becomes:

2

1þ x
PIþ 2HNO3 !nH2O

KIþ 2
1� x

1þ x
Naþ þ 2

x

1þ x
Ca2þ

þ 2NO�
3 þ 4

1� x

1þ x
H4SiO

0
4

where PI = Plagioclase and KI = Kaolinite and x is the

anorthite content of plagioclase. According to the above

equations, if proton releases from nitrification process (Na

and Ca would be balanced by NO3), ionic constituents

would increase and result in high TDS in nitrate-contami-

nated area apart from the contribution of carbonic acid-

driven weathering. The plot of NO3 versus Ca and NO3

versus Na (Fig. 6e, f) shows Ca–Na increasing trend with

NO3 in all studied seasons except post-monsoon 2015

indicating the significant effect of nitric acid-driven

chemical weathering. One sample (48: Gandhinagar) has

abruptly very high concentration of 472 mg/l NO3 which is

discarded from the plots as it is not a representative sample.

It is found that nitrate toward higher side in post- than in

pre-monsoon of both years may be due to its high infiltrate

Fig. 5 Dissolved phase

diagrams of groundwater using

Na-normalized molar ratios
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rate in soils. Some parts of Swarnamukhi river basin have

lot of dumped municipal solid wastes which on degradation

releases nitrate which seeps underground while recharging

and, thus, can contaminate the groundwater of nearby

wells. In addition to agricultural input and municipal solid

waste, people offer lot of flowers, leaves and twigs while

worshipping in the Hindu pilgrimage spots which were

drained indiscriminately in open places or river where its

degradation releases nitrate and contaminate groundwater.

Coarse and alluvial soil allows rapid infiltration of nitrate

due to high porosity, whereas clayey soils due to its high

binding capacity restrict its movement and control the

contamination (Raju et al. 2009). Clay particles have

minute interpore spaces which leave less space for O2;

thus, facultative bacteria utilize NO3 as energy source

instead of O2, resulting in the denitrification process in a

natural sustainable way to reduce the contamination. The

study area is dominated by the alluvial soil system in which

this type of self-purification system did not work and, thus,

subsequently result in high NO3 contamination. Neverthe-

less, Cl/NO3 ratios are evaluated (mean values: 12, 9.2,

19.4 and 45.2 in pre- and post-monsoon seasons of 2014

and 2015, respectively) to quantify the nitrate degradation

in groundwater system of both the years. Considering the

ratio value of 4.9 as reference point of major river water

(Majumder et al. 2008), it was found that majority of the

wells have higher ratio values suggesting the proficient

removal of nitrate by denitrification process.

Fig. 6 Relationship between

major ion concentrations

a Na ? K versus Ca ? Mg,

b Cl ? SO4 versus Na ? K,

c Ca ? Mg versus Cl, d Na/Cl

versus Cl, e Ca versus NO3,

f Na versus NO3
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The influence of cation exchange process is evaluated by

(Ca ? Mg)–(HCO3 ? SO4) versus (Na ? K - Cl) plot

(Fig. 7). Ca ? Mg involvement in the process was corrected

by subtracting HCO3 ? SO4 that would be derived from

carbonate and silicate weathering. Na ? K derived from

aquifer matrix would be balanced by Cl salt dissolution. If

these activities are prominent in the system, slope should be

(-1) (y = -x) (Jankowski and Acworth 1997; Kumar et al.

2014). Slopes of the plot (y = -0.98x, -1.02x,-0.99x and

-0.95x in pre- and post-monsoon of 2014 and 2015,

respectively) suggest that cation exchange is playing a

momentous part in controlling the hydrogeochemistry of the

study area. It can also be observed that a good number of data

points of pre- and post-monsoon 2015 fall in fourth quadrant

which implies Ca ? Mg dominance over Na ? K.

Geochemical modeling

CO2 plays a critical role in controlling water quality because

water saturated with CO2 is aggressive weathering agent.

Groundwater has additional supply of CO2 from decaying

organic matter in a soil zone apart from atmospheric con-

tribution. It is interesting to note that pCO2 in majority of the

samples are higher than atmospheric value of 10-3.5 atm.

This suggests the equilibrium state of water bodies with

atmosphere and explains that aquifer system is open to soil

CO2 with capacity to dissolve silicates and carbonates. Thus,

infiltration of fresh recharge water into the groundwater

system dissolves carbonate minerals first followed by sili-

cates due to its higher dissolution rate (Montcoudiol et al.

2014; Gueroui et al. 2014). Majority of the samples (83, 77,

98 and 84 % samples in pre- and post-monsoon of 2014 and

2015) (64, 77, 95 and 88 % samples in pre- and post-mon-

soon of 2014 and 2015, respectively) are saturated with

respect to calcite and dolomiteminerals, which indicates that

the groundwater is saturated with carbonates resulting in a

high Ca concentration, respectively (Fig. 8). Calcium

increased in both the seasons of 2015 indicating toward the

oversaturation of calcite and cation exchange process. Cal-

cite precipitation is enhanced by common ion effect when Ca

from gypsum or fluorite dissolution leads to increase Ca

concentration, declining HCO3 concentration and enrich-

ment of Cl in groundwater (Molina-Navarro et al. 2014).

Sulfate minerals (anhydrite and gypsum) undersaturated

state shows the tendency of dissolution and further possi-

bility of amplified SO4. This could be the reason for the lower

concentration values of SO4 in the groundwater system.

Silica in the groundwater is found in lower concentration due

to its less susceptibility toward weathering as indicated by

saturation index values of silicate minerals present in the

groundwater system. Chalcedony and quartz attain the dis-

solution state in pre- and near to equilibrium in post-mon-

soon of both the years.

Stability plot of silicate minerals is helpful in thermody-

namic studies, defining various hydrogeochemical reactions

(Stumm and Morgan 1996). Plotting of Ca/H, Mg/H, Na/H

andK/Hon thermodynamic stability diagram as a function of

H4SiO4 is shown in Fig. 9. Stability diagrams of Ca show

kaolinite as a major weathered product from Ca-silicate

minerals followed byCa-montmorillonite and gibbsite clays.

CaAl2Si2O8þCO2þH2O!Al2Si2O5 OHð Þ4þCa2þþH4SiO4þHCO�
3

Anorthite Kaolinite

Al2Si2O5 OHð Þ4þCa2þþH4SiO4þHþ$CaAl2Si4O10 OHð Þ2$Al OHð Þ3þH4SiO4

Kaolinite Ca-montmorillonite Gibbsite

In Ca system plot, few samples of post-2014 and pre-

and post-monsoon 2015 are shifting from kaolinite to Ca-

montmorillonite field, explaining the dissolution of Ca-rich

minerals in the groundwater (Raju et al. 2012). Restricted

groundwater flow in semiarid conditions favors strong

interaction of groundwater–silicate mineral (long residence

time), resulting in montmorillonite formation. It is also

observed that one sample of pre-monsoon 2014 and 2015 is

in final stage of weathering and forms gibbsite with the

further loss of silica. Majority of the samples on right side

of line for quartz suggests its saturation or equilibrium state

as shown in saturation indices; thus, excess Si in the

groundwater could be from amorphous Si. In Mg system,

formation of kaolinite, chlorite and gibbsite mineral occurs

in both the years. Mg silicates in dissolution phase form

these clay minerals and release Mg into groundwater. In

stability plot of Mg system, shift has been observed from

kaolinite to chlorite in pre- and post-monsoon 2014 and

2015, due to excess supply of cations and Si helps in

forming new clay mineral.
Fig. 7 Bivariate cation exchange plot of Na ? K - Cl and

(Ca ? Mg)–(HCO3 ? SO4)
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Mineral stability diagram of Na imparts the dominance of

kaolinite; however, one sample of pre-monsoon2014 and2015

forming the gibbsite might be due to high aridity conditions in

the study area. It indicates the incongruent dissolution of albite

to form kaolinite and other secondary products (Rajmohan and

Elango2004). In pre-monsoon2015, fewer samplingpoints are

showing shift toward montmorillonite field due to progressive

dissolution of albite which increases Na and Si values.

Fig. 8 Plot of saturation indices of different minerals with respect to TDS

MgAl2SiO10 OHð Þ2þCO2þH2O!Al2Si2O5 OHð Þ4þMg2þ þH4SiO4þHCO�
3 $ Mg5Al2Si3O10 OHð Þ8

� 	
$Al OHð Þ3þMg2þ þH4SiO4

Mg-smectite Kaolinite Chlorite Gibbsite

NaAlSi3O8 þ CO2 þ H2O ! Al2Si2O5 OHð Þ4þNaþ þ H4SiO4 þ HCO�
3 $ NaAl2Si4O10 OHð Þ2þNaþ þ 2H4SiO4 þ HCO�

3

Albite Kaolinite Na-montmorillonite

KAlSi3O8 þ CO2 þ H2O ! Al2Si2O5 OHð Þ4þKþ þ H4SiO4 þ HCO�
3

K-feldspar Kaolinite

KAl3Si3O10 OHð Þ2þCO2 þ H2O $ Al2Si2O5 OHð Þ4þKþ þ H4SiO4 þ HCO�
3

Muscovite Kaolinite
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In K system, majority of the sample points fall in

kaolinite field, while few points cluster to the boundary of

kaolinite and K-feldspar zone in both the years.

Factor analysis

Factors and their eigenvalue, % variance and % cumu-

lative are presented in Table 2. For the better under-

standing of derived factors (1 and 2) a simplified

bivariate plots of both the seasons of 2014 and 2015 are

prepared to deduce the major prevailing sources in

enrichment of ions in the groundwater (Fig. 10). Sources

can be of three types: natural, anthropogenic or mixed

(water–rock interaction, anthropogenic influences, atmo-

spheric contribution, sea water intrusion and cation

exchange process) which typically control the hydro-

geochemistry of an area.

According to the plot, ions (Ca, Mg, Na, NO3 and Cl)

and general parameters (hardness and EC) are contributed

by mixed sources in both the seasons of 2014. Dissolution

of minerals releases Ca, Mg and Na and specifies water–

rock interaction for enrichment of these ions in the

groundwater. Significant influence of ill-human activities

such as heavy usage of agricultural fertilizers, agricultural

runoff water, wastewater reuse, unlined sewage waste and

municipal waste contributes NO3, Na and Cl in appreciable

amount. Nitrification process also leads to weathering and

releases Ca, Mg or Na in groundwater. Small amounts of

Ca are incorporated in the N-fertilizers as plant nutrients in

form of Ca(NO3)2 (Zghibi et al. 2014). High loading of Mg

directs toward the seawater intrusion in the coastal aquifers

of basin present along the Bay of Bengal. In 2015, high

loading of Ca, Na, Cl and SO4 imparting the role played by

mixed sources such as CaCl2, NaCl, CaSO4 and Na2SO4

mineral weathering, municipal wastewater along with

cation exchange between Ca and Na in both the seasons.

Post-monsoon seasons of both the years show higher

loading of HCO3 apart from other ions suggesting the

active weathering process and recharge activities. Higher

loading ([0.9) of K and PO4 in second factor signifies their

common anthropogenic source in all studied seasons. Fer-

tilizers contain nitrogen, phosphorus and potassium in

different ratios whose excess application leaves behind N,

P and K in field and drain to runoff which further con-

taminate groundwater. These three ions acquire different

chemistry; thus, they may not reach the groundwater at the

same time and show anomalous presence. Domestic waste,

sewage wastewater, animal excreta and pit latrines also

contribute these ions in groundwater of the basin area. In

pre-monsoon 2015, positive loading of CO3 apart from K

and PO4 suggests the high rate of decomposition of human-

sourced waste matters.

In factor 3, positive loading of pH and CO3 explains 9.22

and 11.34 % of total variance in pre- and post-monsoon

2014, respectively. pH indicates about the alkaline behavior

which could arise by carbonate mineral weathering (lime

kankar) or organic matter degradation by soil organisms

releasing lot of carbonates and suggesting their natural

source. In 2015, Mg, HCO3 and NO3 explain 8.84 % vari-

ance in pre- and Na and Si explain 9.81 % variance in post-

monsoon. In pre-monsoon 2015, dolomite weathering is

influenced by nitrification, and noticed positive Ca and

negative Si loadings indicate low impact of silicate weath-

ering for Ca enrichment. In post-monsoon 2015, significant

relation between Na and Si is indicative of natural geogenic

source, i.e., weathering of silicate minerals.

Factor 4 reflects positive loading of HCO3, F and Si and

negative loading of SO4 with 7.89 and 7.72 % of total

variance in pre- and post-monsoon of 2014, respectively.

Positive relations of these ions deduce the dominance of

silicate weathering. Si presence is justified by the geolog-

ical setup of the basin area and saturation index values. The

weathering of aluminosilicate minerals releases HCO3,

which further eases the fluorite dissolution especially in

alkaline ambience.

CaF2 þ HCO�
3 $ CaCO3 þ F� þ H2Oþ CO2

Negative loading shows the insignificant contribution of

SO4 in controlling the hydrogeochemistry of the basin area.

In 2015, positive loading of pH, F, Si and negative loading

of Ca explain 7.84 % variance in pre-monsoon and positive

loading of CO3, F and pH explains 7.89 % of variance in

post-monsoon. Interactions between fluorite and ground-

water for a long period of time indicate the enrichment of

fluoride, and negative relation of Ca with F is due to the

removal of Ca by calcite precipitation (Raju et al. 2012).

Hierarchical cluster analysis (HCA)

Hierarchical cluster analysis applied over the hydrogeo-

chemical data, and obtained results are shown as dendro-

gram, from which different hydrogeochemical groups can

be identified (Fig. 11). Representative stiff diagram of

major ions is plotted for each cluster for easy identification

of similarity or differences between them (Table 3).

Cluster 1 (C1) of pre-monsoon 2014 represents low

mineralized water with low EC (mean: 1174 lS/cm) and

Na–HCO3[Na–Cl[Ca–Cl[Ca–HCO3[Mg–HCO3

hydrogeochemical facies. Predominance of Na–HCO3

over other facies imparts the dominance of silicate mineral

weathering process which provide both ions in propor-

tionate amount along with ion exchange and freshwater

recharge. Cationic and anionic facies as per the Stiff

bFig. 9 Thermodynamic stability plots of different ionic ratios as a

function of H4SiO4
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Fig. 10 Source identification

plots of factor 1 versus factor 2

Fig. 11 Hierarchical cluster map showing dendrogram, clusters and stiff diagrams
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diagram follow the order of Na[Ca � Mg and

HCO3[Cl �[ SO4, and groundwater of this group is

safe for domestic and irrigation purposes. C2 of pre-

monsoon 2014 identified as mineralized water with high

EC (mean: 2876 lS/cm) and prevalence of Na–Cl[Na–

HCO3[Mg–Cl[Ca–Cl water facies. C1 and C2 of post-

monsoon 2014 have Na–Cl[Na–HCO3[Mg–

Cl[Ca–Cl[Mg–HCO3[Ca–HCO3 with low EC and

Na–Cl[Mg–Cl = Ca–Cl = Na–HCO3 water facies

with high EC, respectively. Decrease in Na–HCO3 and

increase in Na–Cl water facies have been observed in post-

monsoon 2014 which can be explained by inefficient

freshwater recharge because of low rainfall and prevalent

drought conditions resulting in high rate of evaporation.

Thus, C2 of both the seasons of 2014 constitutes highly

mineralized water which is unfit and needs treatment

before domestic use.

In C1, pre-monsoon 2015, the groundwater has lower

concentration of ions and represents Ca–HCO3[Ca–

Cl[Na–HCO3 water facies. Ca–HCO3 water type may be

due to carbonate, silicate weathering or recharge by fresh-

water. High Ca concentration also represents the efficient

cation exchange process (Fig. 4). Stiff diagram of C1 pre-

monsoon 2015 has similar shape with that of pre-monsoon

2014, but shift has been observed on the cation side between

Na and Ca, indicating cation exchange prevalence. Thus,

majority of the samples in 2014 are Na–HCO3 which is

replaced by Ca–HCO3-type water facies in 2015. C2 of pre-

monsoon 2015 constitutes only 6 groundwater samples with

highest EC (mean: 3127 lS/cm) of all the identified clusters

indicating the long residence time of groundwater with

aquifer material which result in high dissolution and higher

ionic constituent. High EC could also be attained by various

anthropogenic inputs like domestic sewage or agricultural ill

practices. C3 of pre-monsoon 2015 constitutes Na–

Cl[Na–HCO3[Ca–Cl[Ca–HCO3[Mg–Cl water

facies, and corresponding stiff diagram has different shapes

compared to other C1 and C2 clusters. In the cation side, Ca

and Na have fewer differences in their concentration which

indicates mixed type of water facies. In C1 of post-monsoon

2015, the order of facies is Ca–Cl[Na–Cl[Na–

HCO3[Ca–HCO3 which implies the mixing of freshwater

with saline water (Adams et al. 2001). In corresponding stiff

diagram, anion side is almost similar to C3 of pre-monsoon

2015, but cation side takes a noticeable shift from Na to Ca.

In C2 of post-monsoon 2015, the order of hydrogeochemical

facies is Ca–Cl[Na–HCO3[Mg–Cl. Least sampling

location is grouped in C3 of post-monsoon 2015 with high

EC (mean: 2621 lS/cm), and the order of facies is Na–

HCO3[Ca–Cl[Na–Cl[Ca–HCO3. This cluster con-

stitutes the maximum nitrate concentration (mean:

100.3 mg/l) suggesting severe NO3 contamination making

water not suitable for drinking or domestic usage.

Fuzzy membership calculations

Groundwater samples have assigned the different classes

according to obtained WQI (Tables 4, 5). It is found that

majority of the samples (58, 36, 60 and 42 % samples in pre-

and post-monsoon of 2014 and 2015, respectively) are

clustered in Class I which is excellent for drinking purpose.

Class I water indicates low mineralized water and no risk of

groundwater contamination by NO3, F or Cl ions. Class II

water represents good groundwater for drinking and agri-

culture usage and is found in 40, 62, 38 and 49 % samples in

pre- and post-monsoon of 2014 and 2015, respectively. Class

IV represents very poor water is a result of high residence

time of groundwater which enrich the water with excess ions

or strong influence of various anthropogenic activities. It is

not recommended for human consumption or irrigation

purpose. After classification, it is observed that the water

quality is further deteriorated in post-monsoon in both the

years which might be due to mixing of various surface

anthropogenic wastes or evaporates with rainwater and

infiltration while recharging the groundwater. Spatial dis-

tribution of water quality index shows the dominance of

Class I water in the study area (Fig. 12). Major pocket of

Classes III and IV is confined to extreme southwest region

due to high rate of anthropogenic activities.

Salinization of the fresh groundwater: contaminants

and processes

Salinization source identification

The Swarnamukhi river basin is vulnerable to salinity due

to its urban flow and reaching up to Bay of Bengal.

Chlorine ion helps to identify the origin and evolution of

dissolved salts due to its stable character in water which is

Table 4 Water quality parameters and their assigned weights

Parameter WHO permissible limit (1997) wi W

TDS 1500 5 0.12

HCO3
- 600 1 0.02

Cl- 600 5 0.12

SO4
2- 600 5 0.12

PO4
3- 0.1 1 0.02

NO3
- 50 5 0.12

F- 1.5 5 0.12

Ca2? 200 3 0.07

Mg2? 150 3 0.07

Na? 200 4 0.09

K? 12 2 0.05
P

39 0.92
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Table 5 Classification of groundwater based on water quality index (% samples exceeding WQI classes)

Class Range Pre-monsoon 2014 Post-monsoon 2014 Pre-monsoon 2015 Post-monsoon 2015

Class I (excellent water) \50 58 36 60 42

Class II (good water) 50–100 40 62 38 49

Class III (poor water) 100–200 – 2 2 7

Class IV (very poor water) 200–300 2 – – 2

Class V (unsuitable for drinking) [300 – – – –

Fig. 12 Seasonal wise spatial distribution of water quality index (2014 and 2015)

Fig. 13 Scatter plots of different ionic components a Na versus Cl, b Ca/Na versus Cl, c total cations versus Cl
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not affected by water–rock interactions (Vengosh and

Pankratov 1998; Zghibi et al. 2014). Saline water

encroachment can be evaluated by interpreting various

bivariate ionic plots and ratios (Table 1). Na/Cl scatter

diagram (Fig. 13a) and Na/Cl ratio \0.78 suggest the

seawater intrusion in groundwater. Based on the Na/Cl

ratio, around 34, 49, 45 and 50 % groundwater samples in

pre- and post-monsoon of 2014 and 2015, respectively,

indicate the seawater effect. However, these samples are

also characterized by high concentration of NO3, restricting

the impact of seawater intrusion. These observations led to

conclude that salinity source could be anthropogenic

(constitutes Na, Cl and NO3) as well as the influence from

seawater intrusion (Voutsis et al. 2015).

Seawater is characterized by high Na, Mg, Cl and low

Ca concentration, but freshwater has vice versa (Hem

1989). Lower Ca/Na ratio with high Cl indicates the

seawater intrusion. In Ca/Na versus Cl plot, weak corre-

lation indicates limited influence of seawater (Fig. 13b).

However, few samples in studied seasons have high Cl

with less Ca/Na demonstrating the seawater influence on

hydrogeochemistry of the study area. Mg/Ca in freshwater

is characterized between 0 and 1, and its value toward 5

indicates seawater influence (El Moujabber et al. 2006).

According to this ratio distribution, around 67, 43, 69 and

50 % samples in pre- and post-monsoon of 2014 and

2015, respectively, are freshwater and only 3, 10, 2 and

3 % in pre- and post-monsoon of 2014 and 2015,

respectively, constitute seawater influence. Thus, it is

clear that majority of the sampling locations are not

influenced by seawater intrusion or sea sprays, except few

groundwater which are located nearby Bay of Bengal

Fig. 14 Map showing seasonal

variation of seawater fraction

and ionic deviation

Fig. 15 Bivariate plot of

cumulative probability versus

log Na, Mg, Cl and SO4
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(Trabelsi et al. 2012; Arslan 2013). Todd (1959) classified

the Cl/(HCO3 ? CO3) ratio for salinization as \0.5

indicates that groundwater is unaffected by saline water,

0.5–6.6 for moderately affected and[6.6 for strong sal-

ine-affected groundwater. According to this classification,

majority of the samples (90, 92, 93 and 95 % in pre- and

post-monsoon of 2014 and 2015, respectively) fall in

0.5–6.6 zone deducing that these groundwaters are mod-

erately affected by saline water. Only few samples which

are located nearby Bay of Bengal are strongly affected by

saline water. To distinguish the different sources of Cl,

i.e., saline water, irrigation runoff or wastewater, SO4/Cl

ratio is used and value toward higher side of 0.91 indi-

cates seawater effect, while 0.14 reveals agricultural

contamination (Jung et al. 2014). Average value of ratio is

0.12 in the studied seasons indicating the contribution of

agricultural contamination such as excess fertilizer input

or irrigation water runoff for Cl enrichment. In total

cations versus Cl plot, majority of the data set showed

upward deviation from seawater mixing line toward total

cation due to mineral weathering which provides cation

without effecting Cl in the groundwater (Fig. 13c). Few

data points are also observed along the line suggesting

seawater intrusion and high ion exchange between salt-

water and clay fraction (Kim et al. 2004).

Saline water estimation in river basin

Results of %fsea calculation are displayed in Table 1, and it

is observed that the majority of values are positive indi-

cating the presence of saltwater fraction (Fig. 14a). Some

of the samples (sample nos. 19, 26, 27, 28) have higher

%fsea suggesting severe affect by saltwater of Bay of

Bengal due to overextraction of coastal freshwater aquifers.

Few samples distant from coastal side have high value of

fsea indicating that the up-coning of paleobrine water

beneath the freshwater may be due to over pumping of

groundwater causing inland inversion of hydraulic gradient

or agricultural contamination and wastewater infiltration.

Ionic deviation (D) of each ion is calculated and

presented in Table 1. Most of the samples are showing

high range of negative DNa and indicating the mixing of

groundwater and sea/saline water which is further con-

firmed by high EC values. High DNa is proportional to

%fsea that can be explained as follows (Fig. 14b). In

2013, Phailin cyclone had developed in Bay of Bengal

and appreciable amount of seawater encroached coastal

regions. Likewise various cycles of cyclones, tsunamis

along with periodical backwash water, form paleobrine

water pockets in coastal areas, and further contact of

groundwater with these pockets diffuses the saline con-

stituents and results in brackish water. Direct contact of

river with seawater could also increase the salinity of

river water by cation exchange process and recharging

nearby aquifers with saline river water. Generally, DCa
and DHCO3 values decrease with DMg and DSO4

increment for seawater intrusion, but their dispropor-

tionate behavior limits the probability of seawater

intrusion. Thus, it can be concluded that study area has

restricted situation of saline/seawater intrusion with high

impact in coastal areas by seawater and with high impact

of anthropogenic sources (up-coning of saline or brine

water due to over pumping of deep borewells, agricul-

tural runoff and municipal, industrial wastewater) in

mainland.

Sea/saline water mixing index (SWMI)

Cumulative probability curves and the log values of Na,

Mg, Cl and SO4 are interpreted to derive threshold value

shown in Fig. 15. SWMI values[1.18 depict the probable

interaction between saline water–fresh groundwater,

whereas\1.18 with low EC and Cl concentration imparts

the freshwater zone (Fig. 16). Higher SWMI values ([3)

are found in sampling locations of 19, 26, 28, 34 which are

close to the Bay of Bengal indicating the seawater intru-

sion, and locations 4, 9, 14, 45, 47, 49, 50, 52 and 53 in

mainland indicate paleobrine presence, anthropogenic

contamination or inverse hydraulic gradient due to heavy

groundwater extraction in the coastal freshwater aquifers

(Table 1). For well-defined identification, spatial distribu-

tion diagram of index has been plotted to demarcate the

salinized zones of the basin (Fig. 17). In the diagram, high

salinized zones mainly exist in coastal and urbanized areas

indicating the seawater invasion and anthropogenic con-

taminant infiltration, respectively. These areas are also

unevenly distributed with Na–Cl and Ca–Cl facies, as

Premonsoon 2014

Postmonsoon 2014

Postmonsoon 2015

Premonsoon 2015

0
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Fig. 16 Interrelationship between SWMI, EC and Cl
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shown by clusters of dendrogram supporting the saliniza-

tion of the areas.

Conclusion

After interpretation of parameters by box–whisker plot,

dominance of Na and HCO3 in 2014 and Ca and HCO3 in

2015 was observed. Logarithmic plot of Ca/Na versus

HCO3/Na suggests silicate followed by carbonate and

evaporite weathering. Geochemical modeling reveals the

undersaturation and saturation state of different minerals

and prevalence of aluminosilicate minerals which on dis-

solution form kaolinite. WQI indicates excellent to good

water for human utilization. Multivariate statistical tools

suggest a mixed source of ions in groundwater. Salinity in

coastal areas is due to seawater intrusion and anthro-

pogenic activities in the mainland. Water–rock interac-

tions, overexploitation of groundwater and heavy use of

fertilizers and pesticides inputs are responsible for the

spatio-temporal changes in the groundwater chemistry of

the study area.
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