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Abstract

The present study area falls beside the coastal zone of Tamil Nadu, and Puducherry is characterized by varied geological
formations that mostly contain groundwater resources that are primarily utilized for domestic, agricultural, industrial, and other
utilities. The study aims to differentiate various hydrogeochemical processes responsible for disparities in water chemistry.
Groundwater samples were collected from 66 sites during the two major seasons: pre-monsoon and post-monsoon. The analytical
data were separated into terrain vice and utilized for preparing graphical plots as well as mathematical calculations to obtain the
existing relationship among chemical constituents and water quality. The Ca-HCO3, Na-Cl, Ca-Na-HCO3, mixed Ca-Mg-Cl,
Ca-Cl, and Na-HCOj; are the main hydrochemical facies observed from the groundwater samples. The ionic relationship among
the samples indicates the control of direct and reverse ion exchange in the concentration of Ca**, Mg®*, Na*, and K* in
groundwater. Moreover, silicate weathering contributes more in comparison with carbonate and evaporite dissolution. Gibbs
plots reveal that water-rock interaction and evaporation processes are the main mechanisms controlling the water chemistry. The
saturation index of different mineral phases indicates groundwater to be oversaturated with silicate mineral phases irrespective of
the terrain. Statistical methods like correlation and principal component analysis were also performed to differentiate the specific
association and possible source of the dissolved constituent in the groundwater. The study concludes the influence of multiple
processes such as silicate weathering, direct and reverse ion exchange, secondary dissolution, saline water intrusion, and
anthropogenic sources as the main reasons responsible for variation in groundwater chemistry.
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Introduction

Groundwater plays a vital role in water supply for domestic
purposes in both urban and rural areas and represents the most
reliable, hygienic, and reasonable natural resource (Bovolo
et al. 2009). It plays a significant role in agricultural growth,
especially in regions with semi-arid to arid climatic environ-
ments where the availability of surface water bodies is rare. In
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such cases, intensive exploitation of groundwater systems is
made to fulfil the emerging needs. Several aquifer systems
around the world are not suitable concerning quality due to
the influence of natural as well as anthropogenic activities
(Kattan 2018). The quality of groundwater is directly related
to the social and economic development of an area due to its
substantial consequence over human health and agriculture.
Rural areas with undesirable groundwater conditions may re-
duce the economy and restrain the living circumstances. In a
global scale, groundwater delivers 25 to 40% of total drinking
water (Morris et al. 2003); in India, it accounts for 88% (Jain
et al. 2009).

Rapid urbanization and population growth make coastal
ecosystems to suffer human disturbances (Sajil Kumar
2016). Groundwater is the safest source for drinking and do-
mestic purpose in comparison with other surface water bodies.
In coastal aquifers, groundwater and seawater are connected
naturally by an interface; denser saline water stays at the
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bottom, whereas lighter freshwater remains floated over sea-
water. The contact between freshwater and seawater can be an
abrupt one, termed as a sharp interface. In some cases, the
connection may not be distinct and is in the form of a buffer
zone with brackish water (Meadows et al. 2004; Buquet et al.
2016). The demand for groundwater is increasing exponen-
tially due to the inadequate availability of alternate sources.
The deficiency of alternative surface water sources triggers
overexploitation of groundwater that leads to quality deterio-
ration as well as water table decline.

The chemistry of underground water depends upon various
factors such as weathering and dissolution of rock materials,
nature of hydrogeochemical processes, the residence time of
dissolved ions, and the nature of pollutants. Groundwater
chemistry can provide a better understanding of
hydrochemical characteristics, hydrochemical processes, and
nature of the aquifer. It reflects the quality of groundwater and
the prevailing environment of an area. Hydrochemical data are
useful for monitoring the chemical change that takes place
concerning space and time. It can give a clear picture of the
processes and mechanism that has taken place along the
course from recharge to discharge area. The variation of dis-
solved ion in water and their interrelationship may guide to
probable sources of their origin and mechanism that altered
the water chemistry. Salinity induced by the seawater is one of
the significant threats for the coastal aquifer system in the
world. Overdrafting of freshwater from the coastal aquifer is
the vital cause for the inland movement of seawater. The sa-
linization of coastal groundwater can be elucidated by differ-
ent situations like low infiltration of freshwater, sea-level var-
iations, hydraulic gradient along with the coast, and surplus
withdrawal of coastal groundwater. Periodical analysis has to
be done for accessing the salinization of coastal aquifers.
Salinization of the coastal area may also happen due to human
interference. It is essential to differentiate the sources of salin-
ity and triggering processes.

Groundwater quality is highly influenced by geochemical
processes and reactions that take place during rock-water in-
teraction. These developments are accountable for the spatial
and temporal disparities in water chemistry. The
hydrochemical properties of groundwater are mainly based
on the water chemistry in the recharge zone and
hydrochemical processes that happen beneath the surface.
Therefore, the quality of underground water along its course
highly depends upon the physicochemical properties of aqui-
fer material and its residence time along with anthropogenic
activities in the terrain (Matthess 1982; Rajmohan and Elango
2003). Intense agricultural activities with the application of
fertilizers and overdrafting of groundwater are some of the
significant reasons for groundwater degradation, especially
in rural areas (Batabyal and Gupta 2017). The spatial variation
in recharge may also cause the concentration of solutes in
groundwater (Schuh et al. 1997). After the monsoon, the rise
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in the water table results in the dissolution of salts from the
soil, increasing salts in groundwater.

Several attempts were made by researchers globally to es-
tablish the hydrochemical characteristics and their influence
over groundwater chemistry. For example, Wen et al. (2005)
studied the chemical components and salinity of groundwater
from the Ejina Basin, China. The study finds out the
dominance of silicate weathering and evaporation deposition
in controlling the major ion chemistry. Batayneh et al. (2013)
in the Gulf of Aqaba established the interaction between
groundwater and seawater using major ion chemistry. The
authors identified that the processes, such as mineral
dissolution, weathering, evaporation, and residence time,
have significantly controlled the groundwater chemistry.
Zaidi et al. (2015) studied the groundwater from Saudi
Arabia and concluded reverse ion exchange as the dominant
process that controls the groundwater chemistry.

Another study made by Manjusree et al. (2017) identified
the factors controlling the groundwater chemistry in the coast-
al zones of Kerala. The study reveals the chemistry ground-
water is derived from weathering of carbonate and silicate
minerals along with rock-water interaction. The research con-
ducted by Sako et al. (2018) in Burkina Faso investigated the
effect of hydrogeochemical processes and human activities on
groundwater quality. The geochemical results were validated
statistically and concluded the dominance of rock-water inter-
action over anthropogenic activity in controlling water chem-
istry. Substantial and comparable attempts made by opting
hydrochemical methods to establish the groundwater charac-
teristics in different areas are Rajmohan and Elango (2003),
Kortatsi et al. (2007), Mondal et al. (2010b), Wirmvem et al.
(2014), Adimalla et al. (2018), Kattan (2018), and Sunitha and
Sudharshan Reddy (2019).

The study area falls along the east coast of Tamil Nadu
covering coastal zones of Kancheepuram, Villupuram, and
Puducherry. The area is characterized by the presence of
Archean and sedimentary aquifers. The Archean aquifers oc-
cupy the inland, whereas sedimentary aquifers lie along the
coast. The area is known for agricultural, industrial, aquacul-
ture, and salt pan activities. As per the Central Ground Water
Board (CGWB) record, the study area experiences high
groundwater development irrespective of litho units. The
groundwater development in Archean terrain is mainly by
dug wells and dug cum bore wells. Here groundwater is the
primary source for irrigation activities, and it is abstracted for
various domestic and industrial routines. The average draft of
groundwater from Archean formation is 1.20 ha m/year. In
sedimentary terrain, the groundwater development is mainly
through tube wells. The groundwater in sedimentary terrain is
primarily used for agriculture, industrial, drinking, domestic
aquaculture, and other routine purposes. The area also suffers
waterlogging, industrial pollution, and seawater ingress along
the coastal zones. Groundwater development towards the
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central part of the study area is very high and exceeds 90%,
and it is marked as a vulnerable zone for water table depletion
(Central Ground Water Board (CGWB) 2009). In this scenar-
io, the current study targets to evaluate the hydrogeochemical
processes controlling groundwater and its evolution in varying
lithological domains. A complete acquaintance of water qual-
ity, hydrochemical mechanisms, and sources of salinity is vital
for groundwater management and sustainable growth in the
future.

Study area
Description of the study area

The study area is situated along the Coromandel Coast of the
Indian subcontinent. It lies as a linear patch of landmass along
the east coast of Tamil Nadu, which possesses Kanchipuram,
Villupuram district of Tamil Nadu, and the union territory of
Puducherry (Fig. 1). The area falls between north latitude 11°
52'-12° 38" and east longitudes 79° 38'-80° 11’ with an aerial
extent of 1570 km?.

Climate, rainfall, and drainage

The area experiences a humid tropical climate with an average
maximum and minimum temperature in the range of 23.9 to
32.7 “C. The summer is marked between April and July,
where the temperature reaches its maximum; it may hit up to
40 "C. The area receives maximum rainfall during the north-
east monsoon, which is set during the middle of December.
The average annual rainfall received in the area is 1116.6 mm.
The precipitation during northeast monsoon happens as cy-
clonic rain is triggered by low pressure in the Bay of
Bengal. Palar River on the northern side and Gingee on the
southern side are the major rivers draining the area. Gingee
River joins the Bay of Bengal, forming two estuaries, viz.
Chunnambar and Ariyankuppam, towards the south of the
study area. The drainage pattern is sub-dendritic with low
drainage density.

Geology

The area comprises two lithological domains, crystalline plu-
tonic and sedimentary rocks. The crystalline plutonic rock
consists of charnockites of Eastern Ghats Supergroup, occu-
pied along the western part of the area. Sedimentary rock
includes Gondwanas of Upper Jurassic to Lower Cretaceous,
Ramanathapuram, Vanur sandstone, Ottai claystone, and
Turuvai formation of Lower to Upper Cretaceous,
Kadaperikuppam Manaveli formation of Palaeocene,
Cuddalore formation of Mio-Pliocene, and unconsolidated
coastal and aeolian sands of the modern age. Around 40% of

the study area is occupied by hard rock terrain, and the re-
maining 60% by sedimentary formation (Fig. 1).

Hydrogeological units

The northwestern and western parts of the area are composed
of weathered and fissured crystalline formations, whereas sed-
imentary formations occupy the northeastern, eastern, and
southern regions. The porous sedimentary structure occurs
along the coastal side of the study area from north to south,
which is represented by unconsolidated and semi-
consolidated formations of Upper Jurassic to recent age.
Sand layers of the unconsolidated alluvium form a potential
aquifer system that occurs along the tiers of the Palar. The
depth of the alluvium ranges between 6 and 12 m below
ground level (bgl) with a specific yield ranging from 25.0 to
35.0 m*/h. The infiltration wells with varying depth (5-12 m
bgl) possess a yield of about 35 m*/h.

Along with the coastal regions, windblown sand acts as an
aquifer, where extraction of groundwater is by dug wells of
shallow depth. The porous sedimentary formation in the study
area is represented by semi-consolidated formations of
Cretaceous and Tertiary age and unconsolidated formations
of Quaternary age. Groundwater occurs under water table
and confined conditions in these formations and is developed
through dug wells, dug-cum-bore wells, and tube wells.

The consolidated formation of Archaean consists of frac-
tured and weathered charnockites and gneiss. Groundwater
occurrence in these formations is restricted with fractures
and weathered residuum under semi-confined to unconfined
and discontinuous conditions. Groundwaters in these zones
are suitable for development through bore wells and dug wells
constructed in fractures and intersection of fracture zones. The
water level depth in fissured formation ranges from 3.50 to
8.34 m bgl and 1.32 to 7.53 m bgl during May 2006 and
January 2007, respectively (Central Ground Water Board
(CGWB) 2007a, b).

Materials and methods
Groundwater sampling and analysis

Groundwater samples were collected for two different seasons
to decipher hydrochemical characteristics and evolution. The
sampling was carried out during the year 2014, which repre-
sents post-monsoon (February 2014) and pre-monsoon
(May 2014). Samples were collected in narrow-mouthed poly
lab bottles, 1000 ml for significant ion analysis. Before sam-
pling, the wells were subjected to 10 to 15 min pumping so
that standing water in wells get removed. Bottles were filled
with sample water without leaving any space for air bubbles.
After sampling, the bottles were appropriately labelled and
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transported carefully to Hydrogeology Laboratory,
Department of Earth Sciences, Pondicherry University, and
stored in 4 °C. The in-site parameters like pH, total dissolved
solids (TDS), electrical conductivity (EC), and salinity were
analysed in situ using a handy water quality analyser (PE
138). The cations like Ca** and Mg”* were analysed by titra-
tion with standard EDTA solution. Anions, CI" and HCO; ,
were determined by titration with HCL and AgNO; . The
univalent cations such as Na* and K* were estimated using a
flame photometer (Systronics MK-I/MK-IIT). The dissolved
silica is measured by the molybdosilicate method using a dig-
ital spectrophotometer (Elico SL 27). The SO427 PO43 -,
NO; , and F analyses were done by UV spectrometer
(Elico SL-159) by adopting standard methods proposed by
APHA (1995). Analytical precision has been checked using
charge balance and TDS/EC ratio, which is well with the limit
of 5 to 10%. The preparation of geological and location maps
was performed in the ArcGIS version 10.2.1.

Hydrochemical facies and the evolution of groundwater are
deciphered by piper trilinear diagram (Piper 1944). The
hydrochemical relationships of dissolved chemical constitu-
ents in the groundwater are graphically represented in the
piper diagram. The facies distribution and its nature can be
studied along with insights of groundwater quality variation
between and within aquifers (Srinivasamoorthy et al. 2014).
The evaluation of hydrochemistry and facies evolution was
attempted using major cations (Na*, Ca®*, Mg®*, and K*)
and anions (HCO5, CI", and SO,*") concentration in meq/
L. Chadha diagram is a modified form of piper diagram and
extended Durov diagram with a significant difference in omit-
ting triangular areas by Piper. Here the shape of the first study
field is a rectangle or square based on the size of scale chosen
for axes. The chemical data are plotted in milliequivalent per-
centage difference between Ca®* + Mg2+ (alkaline earth) and
Na* + K* (alkali metal) in the x-axis and the difference be-
tween CO5> + HCO;5 (weak acids ions) and CI” + HCO;~
(strong acid ions) in the y-axis.

The solubility of mineral phases in groundwater samples
was determined using a computer-generated program
PHREEQC code. Saturation index (SI) implies whether a
mineral gets dissolved or precipitated in the water. SI is cal-
culated using the given expression:

SI = log (IAP/KT)

Here, IAP stands for ion activity product and KT for solu-
bility constant. When S7 = 0, which indicates that water is in
equilibrium, SI > 1 implies oversaturation, and SI < 1 denotes
undersaturation.

Statistical treatment can decrease the mathematical difficul-
ty of data and deliver substantial interpretation. The specific
associations among the dissolved ions in water and their dis-
persal can be easily recognized by means of statistical

analysis. The statistical analysis for the present study has been
done with the aid of the SPSS software. Correlation coeffi-
cient r is the resultant of correlation study; its value varies
from — 1 to + 1. When r equals to + 1, it indicates that vari-
ables have a perfect linear relationship in a positive manner,
while » equals to — 1 indicates a negative linear association
among variables. When r value is 0, it implies no linear rela-
tionship between variables. The principle component analysis
(PCA) was performed to the groundwater samples to evaluate
the hydrochemical relationship among dissolved constituents
and to estimate the chemical variables belonging to definite
hydrochemical processes and their contribution towards the
whole data sets. Factors with eigenvalues greater than or equal
to 1 are taken into account. The statistical analysis extracted
three factors Varimax rotated with Kaiser normalization for
PRM and POM.

Results and discussions
Physicochemical parameters

Groundwater samples from Archean terrain show pH varia-
tions from 6.55 to 7.75 and 6.20 to 7.65 with averages of 7.15
and 6.97 during PRM and POM seasons, respectively. In sed-
imentary terrain, pH varies from 6.17 to 8.73 and 5.09 t07.65
with an average of 7.10 and 6.67 in PRM and POM, corre-
spondingly. Samples from both terrains show acidic to alka-
line nature. The electrical conductivity of samples from
Archean terrain ranges from 209.00 to 5620.00 puS/cm and
410.00 to 3330.00 uS/cm with a mean of 1588.00 and
1610.00 uS/cm during PRM and POM seasons, respectively.
In sedimentary terrain, EC values vary from 102.00 to
8930.00 uS/cm with an average of 1386.00 uS/cm in PRM
and 130.00 to 4350.00 uS/cm with an average of 1351.00
puS/cm during POM season. The TDS values of well located
in the Archean formation vary from 110.00 to 2970.00 mg/L
and 217.00 to 1760.00 mg/L with averages of 837.57 and
818.61 mg/L in PRM and POM, correspondingly. In sedimen-
tary wells, TDS values range from 53.90 to 4710.00 mg/L and
110.00 to 1730.00 mg/L with averages of 731.64 and 667.45
mg/L during PRM and POM correspondingly. Saline sources
like seawater, aquaculture, salt pans, and the infiltration of
pollutants accredit the elevated EC and TDS values in the area
(Gopinath et al. 2017; Khan et al. 2020).

Cations and anions

The analytical results of major ions in groundwater samples
collected during different seasons were displayed as boxplots
(Fig. 2 and Table 1). The order of abundance of cations is Na*
> Ca” > K* > Mg?" irrespective of seasons. In Archean ter-
ritory during PRM, the order of cation abundance followed the
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order as Na* > Ca** > Mg”* > K*. The abundance of anions in
groundwater is HCO; > Cl” > NO; > PO,* > S0,> >F~
during PRM season irrespective of terrain, and during POM, it
follows the order of HCO; > CI” > NO; > SO,* >F >
PO,> in both terrains. Elevated values of Na* in Archean
terrain are mainly due to silicate weathering and cation ex-
change, whereas in sedimentary terrain, other sources like
seawater intrusion, sea salt sprays, and evaporite dissolution
also contribute sodium in groundwater (Srinivasamoorthy
et al. 2011; Batayneh et al. 2013; Gopinath et al. 2017).
Higher Ca?* is noted in wells from the Archean formation,
which indicates the release of Ca** through weathering of
silicate minerals in charnockites (Srinivasamoorthy et al.
2008). In sedimentary terrain, Ca** might have derived from
the dissolution of dolomite, gypsum, and anhydrite minerals.
The cation exchange may also enhance the concentration of
calcium in groundwater. Industrial waste and improper sew-
age dumping may also contribute to the higher concentration
of Ca®* in groundwater (Subrahmanyam and Yadaiah 2001).
Elevated values of Mg?* were noted during pre-monsoon sea-
son from the Archean terrain, which is attributed by silicate
weathering from the country rock (Srinivasamoorthy et al.
2008).

Bicarbonate values in samples reported its maximum from
sedimentary terrain samples, which might have derived from
silicate weathering and carbonate dissolution from the atmo-
sphere (Obeidatt and Alawneh 2019). Higher values of chlo-
ride were reported from sedimentary terrain samples, which is
attributed by saline water intrusion, dissolution of evaporites,
and salt pan activities (Subba Rao 2008; Srinivasamoorthy
et al. 2013). High sulphate reported from the sedimentary
terrain during the PRM season might be due to the influence
of seawater along the coastal zones (Srinivasamoorthy et al.
2013). Fluoride in the samples reported maximum from the
Archean terrain during POM season indicates geogenic source
(Moncaster et al. 2000). Higher concentrations of PO4>~ were
reported from the sedimentary terrain, which might be a result
of agricultural activity (Kortatsi et al. 2007), whereas the ele-
vated values of nitrate reported from the sedimentary terrain
during PRM season indicates the intense application of fertil-
izers for agricultural purpose (Mantelin and Touraine 2004).

Hydrochemical classification

The piper diagram consists of three distinct fields, diamond
fields in the centre and two triangular in the lower left and
right side of the diamond field. The concentrations of cations
such as Mg>*, Ca®*, and Na* + K* are plotted in the left
triangular field as a single point based on trilinear coordinates.
Similarly, the concentrations of anions like HCO; , CI', and
SO, are plotted in the right triangular field. These points are
projected in the centre diamond field, where different fields
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were marked. The water chemistry can be established from the
diamond field.

In the piper diagram (Figs. 3 and 4), Archean and sedimen-
tary terrain samples are plotted season-wise separately. In the
Archean terrain, significant clusters were found in Ca-HCO;
and Na-Cl field with minor representation is also noted in
mixed Ca-Na-HCO;, mixed Ca-Mg-Cl, Ca-Cl, and Na-
HCOs5. Around 35 and 39% of samples from PRM and
POM represent Ca-HCO; water type. The samples that fall
in the Ca-HCO; field represents the recharge water with tem-
porary hardness with more Ca**, Mg**, and HCO; ", which is
out from the litho units through the filtration of water
(Schoeller 1965). The Ca-Na-HCOj; field samples specify
the supremacy of ion exchange, which leads to permanent
hardness (Playan and Mateos 2006). Na-Cl water type in the
Archean terrain is represented by 28 and 7% of samples in
PRM and POM season, separately. Sedimentary terrain sam-
ples cluster mainly in Na-Cl, Ca-HCO3, Ca-Cl, and Na-HCOs,
and minor representations were also observed in mixed Ca-
Na-HCO; and mixed Ca-Mg-Cl. Around 34% of the samples
from sedimentary terrain irrespective of the season falls within
the Na-Cl field, implying the influence of saline water intru-
sion along with the coastal areas. The Na-HCOj3-type water
suggests the evolution of groundwater from Ca-HCO;
through mixing, ion exchange evaporation, and prolonged
interaction during the slow movement (Song et al. 2007).
Samples that fall within the Ca-Cl field indicate the interme-
diate facies. As intrusion progresses, these facies further
evolve along mixed Ca-Cl and mixed Na-Cl to reach Na-Cl
facies that is closer to seawater (Mondal et al. 2010a;
Srinivasamoorthy et al. 2011; Gopinath et al. 2019).

The new diagram proposed by Chadha (1999) for
hydrochemical classification and hydrochemical process iden-
tification has also been attempted in the present study.
Chadha’s diagram for samples from different terrains in
PRM and POM is displayed in Fig. 5. In the Archean terrain,
39% of samples irrespective of the season represents
recharged water. This water type is characterized by the dom-
inance of Ca?*, Mg?*, and HCO5~ with temporary hardness.
Around 25% each of the total samples during PRM season
falls in field 6, and field 7 indicated reverse ion exchange and
seawater. In the Archean terrain, field 7 represents the mature
water with the dominance of Na*, C1~, and SO42_. It points
towards the anthropogenic activities in the study area. Minor
representations were noted in field 8, indicating base ion ex-
change. Na" and K* ions from the aquifer material will get
exchanged for Ca** and Mg”* in groundwater (Zaidi et al.
2015). During POM, more representation was observed in
reverse ion exchange and base ion exchange field, which in-
dicates the influence of monsoon in rock-water interaction. In
the sedimentary terrain, 39% and 25% of the samples repre-
sent the recharged water during PRM and POM seasons.
About 21% and 46% of the samples fall with reverse ion
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Fig. 2 Boxplots of major ion parameters in groundwater samples

exchange filed during the respective seasons. Approximately
25% and 17% of samples from PRM and POM season repre-
sent base ion exchange, whereas around 50% and 46% of the
samples represent seawater during PRM and POM season,
correspondingly. In the sedimentary terrain, reverse ion ex-
change is more significant in controlling the water chemistry,
which leads to the development of Ca**and Mg**-dominant
CI™ water types or Cl -dominant Ca®* and Mg?* water types.
The samples that fall with field 7 imply the salinization pro-
cesses take place along the coastal zone, which leads to the
development of Na-Cl and Na-SO, water types (Chadha
1999).

Processes controlling groundwater chemistry

The major hydrogeochemical processes that control the
groundwater chemistry include ion exchange reaction, chem-
ical weathering, evaporation, and anthropogenic activities. To
establish the dominance of each method over water chemistry,
hydrochemical, as well as statistical, techniques, were applied
in the analytical data. The geochemical processes identified
are discussed in detail in the subsequent subdivisions:
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Silicate weathering

The three primary lithologies which undergo chemical
weathering are carbonates, silicates, and evaporites (Garrels
and MacKenzie 1971). Specific chemical signatures charac-
terize groundwater draining through each lithology that de-
pends upon the bedrock characteristics and rate of erosion.
Generally, carbonate and evaporite rocks weather rapidly than
granite rocks. The rate of weathering will be 12 times in car-
bonate rock and 40-80 times in evaporites (Meybeck 1987).
The ratios of Ca**/Na*, Mg**/Na*, and HCO5 /Na* are more
appropriate to differentiate silicates, carbonates, and evapo-
rites and hold a unique property of the existing independent
water fluxes and to the effects of evaporation (Gaillardet et al.
1997). The observed water types and chemical variation of
ions propose a combination of different mechanisms in con-
trolling the hydrochemical processes in the study area. The
bivariate plot of Na*-normalized Ca®* vs. Na*-normalized
Mg?* and HCO;™ (Gaillardet et al. 1997; Mukherjee and
Fryar 2008; Halim et al. 2010) is engaged in investigating
the existence of silicate weathering, carbonate dissolution,
and evaporation. The plots in Fig. 6 show that the best part
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Fig. 3 Piper diagram for
groundwater samples from the
Archean terrain
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ca*
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of population represents silicate weathering field except for
some samples which fall towards carbonate and evaporite dis-
solution field. It implies that silicate weathering is the main
reason for the presence of Mg+ and Ca?" in the groundwater
samples (Mapoma et al. 2017).

lon exchange

The bivariate plot (Na*+K*) — CI~ versus (Ca”*+Mg”*) —
(SO,> + HCO5 ) has been used to discriminate sources for
Mg** and Ca®* ions and in isolating cation exchange process
(Fig. 7). The familiar additional sources of Ca** and Mg”*
include dissolution of gypsum, calcite, anhydrite, and dolo-
mite other than cation exchange. Additional references are
restricted by deducting SO,>~ and HCO5~ from the divalent
cations (Ca”* and Mg®") (Nkotagu 1996). Similarly, the same
procedure is applied to Na* and K* to avoid the interference of
silicate weathering and evaporite sources. In the plot, majority
of the samples fall within the fourth quadrant (+ve ordinate
and — ve abscissa), which indicates enrichment of Na* and K*
concerning Ca®* and Mg**. Sample plot within the second
quadrant (—ve ordinates and + ve abscissa) indicates enrich-
ment of Ca>* and Mg*" relative to Na*. The release of Mg**

00

clr
ANIONS

and Ca®* and absorption of Na* and K* during cationic ex-
change results in such enhancement (Yidana 2010; Monjerezi
and Ngongondo 2012).

The bivariate plot of Ca®* + Mg®* vs. HCO;~ + SO4* can
shed light upon the active geochemical processes in the study
area. The sample poles will plot close to the equiline if Ca®*,
Mg2+, HCO; , and SO427 are derived from the dissolution of
dolomite, calcite, and gypsum. If the ion exchange reaction
takes place, the samples will shift towards the right of equiline
due to excess HCO; + SO, (Fisher and Mullican 1997),
whereas the point shifts towards left due to reverse ion ex-
change with excess Ca®* + Mg?*. The plot shows that ground-
water samples are spread on either side of the equiline irre-
spective of the terrain (Fig. 8). In the sedimentary terrain, more
representation was observed close to equiline than the
Archean terrain, indicating the dissolution of calcite, dolomite,
and gypsum (Zaidi et al. 2015). The samples falling above and
below equiline irrespective of the season suggest both mech-
anisms are responsible for controlling the groundwater chem-
istry of the study area. In Archean samples, the Ca** and Mg”*
are mainly due to the exchange of Na* in groundwater by Ca”*
and Mg2+ from aquifer materials. In such a case, the excess
positive charge balance must be balanced by major anion CI .
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Fig. 4 Piper diagram for

groundwater samples from the

sedimentary terrain
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CATIONS

The samples plotted below equiline are due to excess bicar-
bonate in groundwater. The excess negative charge due to
HCO;5 ™ + SO,* must be balanced by only major cation Na*
(Fisher and Mullican 1997).
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The ion exchange reaction taking place between aquifer

materials and groundwater during its interaction can be easily
accessed by chloro-alkali indices CAI-1 and CAI-2 (Schoeller
1977). The CALl is calculated using the following expression:
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During reverse ion exchange, Na* and K* in groundwater
will get exchanged for Ca** and Mg in the aquifer material;
the indices obtained will be positive, whereas the exchange of
Ca”* and Mg”* in the water with Na* and K* in the aquifer
material may happen during ion exchange and the resultant
indices will be negative (Sako et al. 2018). From the plot (Fig.
9), the positive and negative indices of CAl indicate the part of
both processes in controlling the hydrochemistry of the study
area.

The mechanism controlling water chemistry

The genesis of groundwater and its quality is highly in-
fluenced by the interaction between aquifer materials and
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groundwater (Cederstorm 1946). Gibbs (1970) has pro-
posed a graphical representation of the natural processes
that control water chemistry. According to him, the major
processes which control water chemistry are evaporation,
precipitation, and rock-water interaction. Separate plots
were proposed for cations and anions. The Gibbs diagram
for cations is prepared by putting the weight ratio of Na*
+ K¥/(Na*+K* + Ca®") on the x-axis and TDS in the y-
axis. For anions, the weight ration of CI /(CI" + HCO3")
is plotted against TDS on the y-axis. Gibbs plotted differ-
ent water samples from the world in the diagram and
obtained a cure with two arms. The first mechanism
which controls water chemistry is atmospheric precipita-
tion. The freshwater with low dissolved salts will only
have salts supplied by precipitation. The data having pre-
cipitation dominance will be plotted on the right side of
the lower arm. The second significant mechanism is rock-
water interaction, for which the sources of dissolved salts
are from aquifer materials (rock and soil). The groundwa-
ter that falls within this field is characterized by medium
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salinity with Ca?* enrichment. Samples that falls within
this field are in partial equilibrium with basin materials
(Gibbs 1970). The third mechanism is the process of
evaporation, which results in high saline Na-rich waters.
The samples with evaporation dominance will fall to-
wards the right side of the upper arm.

The Gibbs diagram for different terrains in PRM and
POM is displayed in Fig. 10. In the Archean terrain, sam-
ples, irrespective of the season, which fall towards the
middle of the rock dominance field imply the dissolution
of Ca®* and HCO;~ from the aquifer materials during the
course of the groundwater movement (Mondal et al.
2010b). Some of the samples that fall towards the right
side of the rock dominance field indicate that the Na* and
Cl" show a deviation towards the right side of the upper
arm, indicating the role of evaporation and concentration
of salts in groundwater. In the sedimentary terrain, sam-
ples fall mainly in the rock dominance field with signifi-
cant representation in the evaporation and precipitation
fields. The precipitation dominance, water in the sedimen-
tary terrain contains higher HCO; and low dissolved
salts, the considerable contribution of salts from atmo-
spheric precipitation (Karanth 1989). The water tends to
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Fig. 10 Gibbs plots for groundwater samples

move further towards rock dominance by prolonged inter-
action with the aquifer material; after that, the process of
evaporation begins.

Saturation index

The hydrochemistry of groundwater is profoundly affect-
ed by solutes ensuing from the atmosphere, weathering,
and dissolution of rock and soil materials. The interaction
of groundwater with rock materials leads to mineral dis-
solution. During progressive dissolution, groundwater
tends to saturate with a particular mineral at equilibrium
condition. Furthermore, the dissolution of the same min-
eral leads to precipitation, and the water is said to be
oversaturated with that mineral species. Calculation of
groundwater saturation index helps to understand about
the subsurface reactive minerals without solid-phase min-
eral analysis (Deutsch 1997). It is useful to find out the
precipitated and dissolved minerals in water (Li et al.
2010).

The statistical summary of the saturation index of different
mineral phases during PRM and POM is displayed in Table 2.
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Table2 Min, max, and average values of saturation indexes with respect to different mineral phases during PRM and POM

Mineral phase Pre-monsoon—SI

Post-monsoon—SI

Archean Sedimentary Archean Sedimentary

Min Max  Avg Min Max  Avg Min Max  Avg Min Max  Avg
Anhydrite (CaSOy) -577 -317 —463 —589 —347 —-467 —-551 —-324 —-449 -583 —295 —445
Aragonite (CaCOs) -234 018 -074 —-181 063 -044 -191 -0.04 -057 —-337 -0.06 -1.11
Calcite (CaCOs) -220 032 -060 —-167 077 -030 —-176 0.11 -042 —-322 008 -097
Chalcedony (SiO,) -153 105 -0.09 -063 121 046  0.60 125 092 -0.05 125 082
Chrysotile (Mg;Si,O5(OH),) -13.84 0.10 -7.02 —-1217 —-024 —-534 -1017 -139 -514 —-1776 —-0.78 —17.65
Dolomite (CaMg(COs),) -440 084 —-1.12 —-366 165 —-055 —-326 059 -069 —-631 049 -185
Fluorite (CaF,) —-452 —-186 —356 —488 —161 —3.67 —-258 -109 —-164 —-3.04 -077 -183
Gypsum (CaS0O,.2H,0) —555 —295 —-441 -567 -—325 —445 -529 -3.02 —427 —-561 —273 —423
Halite (NaCl) -828 —574 —-663 —800 —-530 —-6.65 —-786 —594 —-677 —775 —533 —6.68
Quartz (SiO,) -1.10 148 034 -020 1.64 0.89 1.03 1.68 135 038 1.68 1.25
Sepiolite (Mg,Si30,.50H:3H,0) -1054 —-084 —-504 —920 085 -—-301 —-536 046 —211 —1094 135 -394
Sepiolite (d) (Mg,Si307.50H:3H,0) —13.44 —-374 —-794 —-12.10 —2.05 —-591 —-826 —244 501 —1384 —155 —-6.84
Si02(a) (Si0,) -237 021 -093 —-147 037 —-038 —-024 041 008 —0.88 041 -0.02
Talc (Mg;3Si4O;0(OH),) —-11.28 297 —-350 —953 493 -072 —-451 416 040 —1273 542 -231

Max = maximum, Min = minimum, Avg = average, SI = saturation index

Silicate mineral phases

The silicate mineral phases observed in the samples are
quartz (crystalline silica), chalcedony (cryptocrystalline),
Si0O, (a) (amorphous), and chrysotile. In general, majority
of samples during POM season show the oversaturated
condition of quarts chalcedony and amorphous silica,
whereas during PRM season, some samples show
undersaturation of these mineral phases (Fig. 11 and
Table 2). Chrysotile mineral phase shows undersaturated
conditions during both seasons, irrespective of the terrain.
The oversaturated state of mineral phases denotes the ex-
cess availability and prolonged interaction with ground-
water, and under the saturated condition of chrysotile, it
indicates limited availability. The continued interaction
with groundwater and silicate minerals in the study area
leads to the dissolution of silica in groundwater. The silica
dissolution in groundwater is involved, which mainly de-
pends upon the destructive nature of the solution. Silicate
weathering triggers an intensification in pH by the con-
sumption of acids (Appelo and Postma 2005). The pH and
temperature of soliton have more considerable influence
over the dissolution of silicate mineral phases.

Carbonate mineral phases
The saturation indexes of carbonate minerals like calcite,

dolomite, and aragonite were calculated and displayed in
Table 2. The samples with negative values of SI indicate

@ Springer

undersaturation as a result of dissolution. Groundwater
samples from the Archean terrain are comparatively un-
dersaturated concerning carbonate mineral phases, which
suggests that groundwater will tend to dissolve more car-
bonate mineral phases present in aquifer material
(Chidambaram et al. 2012).

Magnesium mineral phases

The magnesium mineral phase present in the groundwater
is formed due to water-rock interface and ion exchange.
The undersaturated state of minerals indicates the unavail-
ability of minerals and non-reactive nature. Mineral
phases of sepiolite and sepiolite (d) during POM season
shows under saturated condition (Fig. 11 and Table 2).
The oversaturated nature of talc during both seasons indi-
cated the availability of the mineral in aquifer material
(Srinivasamoorthy et al. 2008).

Sulphate mineral phases

The saturation indexes of sulphate mineral phases in
groundwater samples from both terrains irrespective of
the season are in undersaturated condition. The undersat-
urated terms of sulphate minerals indicate the limited
availability of these minerals in the aquifer matrix
(Chidambaram et al. 2011).



Environ Sci Pollut Res (2021) 28:18567-18588 18581
a b
10
PRM POM Sedimentary PRM POM
» Archean e ¢ ‘ ® ¢ . ® C % @
E g © Chrysotile O  Chrysotile E © Chrysotile O  Chrysotile
g L :u;:l ® :}‘;2'::) g 5} ¢ Quartz @ Quartz 4
E v Sio2(a) v Si E v Si02(a) v Si02(a)
o o
- -
5 Q“'g!‘ g88gsgss t"t“ Q 5 888 $.0088 tgo
$ orvyesilsy HMV tﬂ e L 01!!4-22!!‘ g zgt g (T IR b
) o o vvvVyey a AAA =
s . B ° o 'S
x x ] ® o . )
o il X o 00 © ] o o o o o
_g 5 ... oo o e o o o © o -g 5 '..00 000 . .O.. Qo0 ° ¢} 0® ® o 4
£ ® ® £
g ® g0 o 09 o © g o oo, .00 o © o0, ©
-] E=]
© %0 o ° Ce s o o o
S aof 1) 1 5 -10}% o ° ° oe g o® i
5 oo 5
© ) © °
» L o o
) ® o
45 L ) A A ) 45 \ o A
0 5 10 15 20 25 30 0 10 20 30 40
Sample number Sample number
c d
PRM POM Sediment: PRM POM
T': 40 | Archean @ Sepiolite ; Sepiolite % qo.[-FeSmentary @ Sepiolite @ Sepiolite
- [ ] i iolif - ® . g o
g v Talc v Talc nE, v Talc v Talc
E E 5t v 3 1
£ 5 ] £ VoV v Y v
3 v v - v 3 W o wa
] v 0 v evy 1Y vv v
g - . o v v ¥ 9 ov ; - . g 0 [y -VQX— '——0-'-'-——‘-.-7;——5—— i ———.—2—--
® ofF-0 I o ————v———‘— ————— o ®———+ 2 'oo:é”V;v ...9..99 ' ’Vvo. z .
£ ovv®y, @040 o e o £ 'Y v
oe o Qo e
= .508;:%; Tevie’oys o o' c 5 Xg@eeni o X@x@“ 83 g’ 33@ 839033'8 g
% .%o 8y o ° s9v 886 g 8 x "» ° 00 U ¥ ° o
8 5% %080 ¢ Yo °°oqg8 1 8 %0 % o '8 © oo B8°9,
2 |e Iz°8°. 8 ° . 2 aof o ° e
o) § ©° Qo ° ° [
c ° ° ° c ° ° o
8 o ¢ of S g
s 0 °o of ° °e 1 T as} ° -
3 Yo =
© ° ®
] ° (%]
45 A . . . ) 20 . . )
0 5 10 15 20 25 30 0 10 20 30 40
Sample number Sample number
e f
4
Archean PRM POM Sedimentary PRM POM
% @ Aragonite @ Aragonite % r @ Aragonite © Aragonite |
© @ Calcite O Calcite — @ Calcite O Calcite
8 v Dolomitt  y Dolomite 2 v Dolomite  w Dolomite
g 2 1 € 2} v g
2 2
g v g
) ) b ® .. soezes e
£ 2 °rogets :8% o ¥ 5e8 950,08
© Fi — ———H' “Ta ————ég-u——' < . a gg (°1°] .98..9
9 v g ' 8 3 Q . v
s S 2f v © Gv Ovv 5
> 8 g x v v vV v v
S v . 8 v v v v
g 2f v v ' ¥ e ° kb 1 I . . v v
= gSev v p= i v = ]
2 S v
= =
e v v? e sl i
2 v 2 ¥ v
S v 1 &
v
) A L A N 8 L N L
0 5 10 15 20 25 30 0 10 20 30 40

Sample number

Fig. 11 Saturation indexes of various mineral phases

Sample number

@ Springer



18582 Environ Sci Pollut Res (2021) 28:18567-18588
Table 3  Correlation matrix of groundwater sample from the Archean terrain during PRM

Parameter pH EC TDS  Ca®*  Mg*>* Na* K* cr HCO;  SO04* NO; PO/ F H,SiO,
pH 1

EC -044 1

TDS -043 099 1

Ca** -048 078 078 1

Mg>* -045 0.72 0.72 0.88 1

Na* —-0.02 0.63 0.63 0.26 0.21 1

K* 0.16 0.08 0.08 -025 -024 037 1

Cl -042 091 0.91 0.89 0.82 0.58 0.07 1

HCO; 0.28 -038 -037 -029 -0.13 -014 -0.03 -042 1

SO, -027 0.68 0.68 0.60 0.62 0.58 0.00 0.72 -017 1

NO;~ -0.05 0.19 0.19 -0.10 —-0.09 0.12 -0.01 —-0.04 0.02 0.01 1

PO, -0.01 0.21 0.21 0.19 0.06 0.33 0.22 0.32 -031 034 -0.04 1

F -021 0.19 0.20 -0.09 0.01 -0.15 —-0.05 -0.12 0.09 -0.16 023 -052 1

H,Si0,4 0.05 -021 -021 0.00 -0.16 —0.15 0.04 -0.07 0.07 -008 —-0.15 -0.14 -028 1

*Values in bold indicate a significant relationship
Statistical analysis
Pearson correlation

The correlation analysis is a standard statistical technique in
recognizing the relationship among two variables. The corre-
lation matrix of various elements in groundwater during the
different seasons is displayed in Tables 3, 4, 5, and 6. In the
Archean terrain, PRM samples exhibit good positive correla-
tion between EC and TDS (= 0.99), CI” (»=0.91), Ca>* (=
0.78), Mg**(r = 0.72), SO4* (r = 0.68), and Na*(r = 0.63).
The high positive correlation among EC and TDS implies the
absence of charged less-soluble compounds in groundwater

that may contribute to the total dissolved solids (Datta and
Tyagi 1996). The positive correlation of other ions with EC
and TDS implies their significant contribution to groundwater
chemistry. A negative and weak positive correlation is ob-
served between pH and other ions; this might be due to the
highly destructive nature of the acidic medium, which leads to
the concentration of certain ions. A significant high positive
correlation with C1™ and with other ions like Ca** (+ = 0.89),
Mg®* (r = 0.82), SO4* (0.72), Na* (r = 0.58), and NO;  (r =
0.32) may be due to secondary leaching of salts which were
precipitated along with fractures, fissures, and other perme-
able zones in the Archean formation (Chidambaram et al.
2008). The correlation of SO, and NO; ™ indicates the

Table 4  Correlation matrix of groundwater sample from the Archean terrain during POM

Parameter  pH EC TDS Ca** Mg?*  Na* K* cr HCO; S04 NOy— PO F H,Si0,
pH 1

EC -012 1

TDS -0.07 092 1

Ca** -037 053 044 1

Mg** -0.19 042 037 058 1

Na* 0.21 0.32 026 -010 -0.14 1

K* -0.02 0.1 013 -0.17 -028 0.62 1

cr -034  0.64 057  0.76 0.40 0.43 0.39 1

HCO;~ 0.36 0.33 025 -0.11 0.06 0.83 0.60 0.28 1

S04*” -024  0.04 0.07 0.03 0.23 0.31 0.20 0.23 0.21 1

NO;~ 0.01 0.39 028  0.02 0.13 0.09 -0.14 —0.06 0.18 -008 1

PO, -0.06 0.16 0.19  0.05 0.02 0.49 0.36 0.25 0.53 0.20 -003 1

F 0.45 0.05 0.02 -020 0.00 0.26 -0.09 —0.10 027 -0.06 —0.16 0.01 1
H,SiO4 -004 —0.02 006 -011 025 -017 -0.14 -0.19 0.10 -0.13 —-006 -002 006 1

*Values in bold indicate a significant relationship
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Table 5 Correlation matrix of groundwater sample from sedimentary rock terrain during PRM

Parameter  pH EC DS  Ca®* Mg* Na' K* cr HCO;~ S04* NO; PO F  HsSiO4
pH 1

EC -003 1

TDS -0.03 099 1

Ca™ -005 056 057 1

Mg** 0.12 0.69 0.69 0.57 1

Na* -0.13 0.14 0.14 0.06 -013 1

K* -0.17 021 0.21 0.07 0.04 0.41 1

Ccr -0.09 0.93 0.93 0.52 0.61 0.65 0.16 1

HCO; 0.11 0.35 0.36 0.29 0.27 0.36 0.30 0.30 1

S04? —0.03 0.86 0.87 0.64 0.48 0.04 0.05 0.75 0.31 1

NO, -0.11 0.11 0.10 -002 -0.17 038 0.28 0.01 -022 -0.04 1

PO, -0.08 0.50 0.50 0.37 0.31 0.20 0.52 0.48 0.37 0.35 0.30 1

F -031 -0.03 -0.03 -011 -001 0.04 -0.06 —-0.02 -028 —005 021 -023 1
H4Si04 -034 0.01 0.01 0.14 0.06 -0.02 -0.08 0.00 0.11 0.03 -021 0.03 0.10 1

*Values in bold indicate a significant relationship

influence of anthropogenic sources (Table 3). Archean sam-
ples during POM season shows that good to moderate positive
correlations were obtained between CI — with EC (r = 0.64),
TDS (r=0.57), Ca** (r = 0.76), Mg>* ( = 0.40), and Na* (» =
0.43). Poor correlation of K* with other ions might be due to
superior resistance of potassium ions towards weathering and
strong association with clay particles. A strong relationship
between HCO; and Na® was also observed during the
POM season, which indicates that both ions are the resultant
of silicate weathering. The association of Ca®* and Mg>* sig-
nifies cation exchange and contribution of these ions towards
the hardness of groundwater (Table 4). The moderate positive

correlation between Na* and K* indicates reverse ion ex-
change and enrichment of ions in groundwater (Sako et al.
2018). The significant positive relationship between K* and
CI suggests the application of KCl fertilizers, which can also
contribute K™ and CI” into groundwater (Lee et al. 2005).

In the sedimentary terrain during the PRM season, a high
positive correlation is established between EC with TDS (r =
0.99), C1— (r=0.93), SO4*~ (r = 0.86), Mg”* ( = 0.69), Na*
(r=0.63), Ca>* (r=0.56), and PO,> (» = 0.50). It indicates a
significant contribution of these ions to groundwater chemis-
try. The moderate positive correlation between Ca®* and Mg2+
implies cation exchange with aquifer materials under saline

Table 6 Correlation matrix of groundwater sample from sedimentary rock terrain during POM

Parameter ~ pH EC  TDS Ca** Mg>* Na* K* CIT  HCO; S04 NO; POS F H,SiO,
pH 1

EC 0.19 1

TDS 0.16 035 1

Ca** 0.24 0.48 036 1

Mg** 0.29 057 0.7 0.59 1

Na* 0.19 085 022 0.17 0.25 1

K* -0.10 045 0.08 0.09 0.02 028 1

cr 0.10 092 013 0.44 0.58 0.80 0.34 1

HCO;~ 0.40 0.57 043 0.55 0.45 045 036 030 1

SO4*” -0.04 060 042 0.55 0.29 047  0.09 047 041 1

NO;~ -0.19 039 024 -008 -0.12 031 0.74 025  0.09 0.16 1

PO, -001 025 0.06 0.16 0.00 0.12  0.63 0.16 033 0.09 0.49 1

F 0.41 072 042 0.48 0.29 069 023 054  0.63 0.64 022 0.31 1
H,Si0, -0.11 024 -008 0.5 0.24 023 -003 029 0.1 0.22 -0.10 0.18 023 1

*Values in bold indicate a significant relationship
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Table 7  Principal component analysis of groundwater sample from the Archean terrain during PRM and POM
Parameters Archean Archean

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

Component Component

1 2 3 Communalities 1 2 3 Communalities
pH —048 0.46 -0.23 0.53 -0.25 0.05 0.81 0.74
EC 0.92 0.13 0.30 0.97 0.83 0.21 0.08 0.91
TDS 0.92 0.13 0.30 0.97 0.76 0.21 0.07 0.77
Ca®* 0.90 -0.27 -0.15 0.93 0.86 —0.18 -0.24 0.85
Mg** 0.88 -0.28 —-0.07 0.86 0.68 -0.12 —-0.07 0.76
Na* 0.54 0.70 0.11 0.81 0.13 0.87 0.27 0.88
K* -0.07 0.75 0.08 0.58 —0.06 0.80 —0.11 0.73
Ccr 0.95 0.09 —0.03 0.96 0.82 0.36 -0.17 0.92
HCO5 -022 0.16 —0.16 0.69 0.10 0.85 0.35 091
S0, 0.79 0.23 —0.10 0.69 0.12 0.45 -0.29 0.43
NO;~ —0.01 0.17 0.62 0.42 0.11 0.00 -0.09 0.81
PO 0.15 0.35 -0.20 0.76 0.08 0.69 —0.08 0.51
F 0.03 -0.24 0.74 0.80 0.05 0.06 0.85 0.79
H4Si04 —0.06 0.00 —0.62 0.45 —0.08 -0.02 0.03 0.79
Eigen value 5.39 1.75 1.69 327 3.06 1.78
9o variance 38.53 12.47 12.05 23.33 21.84 12.74
Cumulative % 38.53 51.00 63.04 23.33 45.17 57.91

*Values in bold indicate a significant relationship

water intrusion (Jabal et al. 2014). The weak positive correla-
tion between HCO;~ with Ca®*, Mg?*, Na*, and K* indicates
the geogenic source (Jayakumar and Siraz 1997). A signifi-
cant positive correlation between PO437 and SO42 indicates
agricultural practices with the application of fertilizers
(Table 5) The positive association among Na* and CI™ indi-
cates the possibilities of saline water intrusion
(Srinivasamoorthy et al. 2011). During the POM season, a
strong relationship was observed between Na*-Cl™ (r =
0.80), CI -Mg** (= 0.58), and CI -SO4*™ (r = 0.47) suggests
saline water intrusion along the coastal zones. The substantial
positive relationship was also noted between ions like K*-
PO,* (r=0.63), K*-NO; ™ (= 0.74), and POs> -NO;~ (r =
0.49) which point towards the anthropogenic sources
(Table 6).

Principle component analysis

The principle component analysis (PCA) of Archean samples
during PRM extracted 3 factors with a total variance of
74.39%. Factor 1 displays 38.53% of the variance with strong-
ly elevated loading of EC, TDS, Ca®*, Mg**, CI", and SO,*
(Table 7). The higher loadings of Ca** and Mg** indicate
cation exchange and silicate weathering. High loadings of
CI' indicate the predominant leaching of salts from the upper
soil horizon as a result of anthropogenic actions

@ Springer

(Srinivasamoorthy et al. 2008). Overexploitation of ground-
water and upcoming of basinal brine may also contribute ex-
cess Cl to groundwater. The specific loading of factor 1 also
signifies the contribution of these ions towards EC and TDS.
Factor 2 shows 12.47% of the variance with strong loadings of
Na* and K*, moderate loadings of pH, and PO,>". The posi-
tive loadings of Na* indicate silicate weathering and ion ex-
change reactions. Na* in groundwater may also derive from
domestic wastes and the atmosphere (Edmunds et al. 2003;
Brenot et al. 2008). Factor 3 with 12.05% of variance shows
positive loading of NO5;  and F . The positive loadings of
PO,>", NO; and F~ imply the application of fertilizers and
the influence of anthropogenic impact on groundwater chem-
istry. Since NO3  does not have any known geogenic source,
it conforms to the domestic and industrial inputs (Handa
1988). During the POM season, PCA analysis of Archean
samples extracted three factors with a total variance of
80.73%. Factor 1 with 23.33% of variance displayed strong
positive loadings of EC, TDS, Ca®*, Mg?*, and CI” which
conforms cation exchange, secondary leaching, and anthropo-
genic impacts in governing the groundwater chemistry of the
study area (Table 7). Factor 2 displays 21.84% of the variance
with strong loadings of Na*, K*, and HCO; and moderate
loading of PO,*". The typical loadings of Na™ and HCO;~
indicate silicate weathering is the major source for Na* in
groundwater, which is confirmed by HCO; ', the abundant
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Table 8 Principal component analysis of groundwater sample from the sedimentary terrain during PRM and POM
Parameters Sedimentary Sedimentary

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

Component Component

1 2 3 Communalities 1 2 3 Communalities
pH —0.01 -0.24 0.43 0.71 0.13 —-0.11 0.03 0.86
EC 0.96 0.18 —0.01 0.96 0.85 0.26 0.32 0.97
TDS 0.96 0.19 —0.01 0.96 0.09 0.06 0.82 0.75
Ca®* 0.70 0.04 0.15 0.54 0.10 0.04 0.63 0.78
Mg 0.78 -0.15 0.14 0.64 0.32 —-0.09 0.19 0.67
Na* 0.76 0.13 0.00 0.58 0.93 0.11 0.13 091
K* 0.07 0.80 0.10 0.65 0.24 0.89 0.01 0.86
Ccr 091 0.12 -0.02 0.85 0.87 0.13 0.09 0.90
HCO5 0.30 0.38 0.67 0.72 0.22 0.32 0.51 0.76
S0, 0.88 0.03 0.03 0.77 0.44 -0.02 0.73 0.81
NO;~ —0.01 0.59 -0.57 0.76 0.31 0.75 0.11 0.83
PO 0.46 0.61 0.19 0.61 —0.04 0.87 0.06 0.82
F 0.00 —0.06 -0.76 0.64 0.58 0.19 0.51 0.74
H4Si04 0.04 -0.09 0.09 0.75 0.20 0.03 —0.06 0.65
Eigen value 4.85 2.24 1.63 3.25 2.37 2.32
% variance 34.67 16.01 11.65 23.22 16.92 16.55
Cumulative % 34.67 50.68 62.33 23.22 40.13 56.68

*Values in bold indicate a significant relationship

anion (Rogers 1989). Factor 3 with 12.74% of variance shows
loadings of pH and F~, which implies the aggressive nature of
the acidic medium in dissolving the ions.

The PCA of sedimentary terrain samples during PRM ex-
tracted three factors with a total variance of 67.313%. Factor 1
with 37.4% of variance shows higher loadings of EC, TDS,
Mg?*, Ca®*, Na*, CI", and SO, which indicates the enhance-
ment of salinity by mineral dissolution, ion exchange silicate
weathering, secondary leaching, and saline water intrusion.
Factor 2 explains a total variance of 17.3% with higher load-
ings of K*, NO5 , and PO,>". The association of NO;~ and
PO,*" implies the role of human activities like the use of
fertilizers and improper sewage disposal. Factor 3 accounts
for 12.6% of the total variance and has higher loadings of
pH and HCO;™, which indicates the addition of H" ions along
with the HCO;~ or might be due to the organic control over
pH (Chidambaram et al. 2008; Vasanthavigar et al. 2012).
During POM, factor 1 with 22.22% of variance shows load-
ings of EC, Na*, Mg”*, and CI” (Table 8). The high positive
loadings of Na* and CI specify the possibilities of saline
water intrusion along the coastal zone. Factor 2 exhibits a total
variance of about 16.92% with elevated loading of K*, NO3™,
and PO,*", which once again confirms the anthropogenic im-
pact over the water chemistry. The nitrate content of ground-
water in the study might have derived from the domestic sew-
age effluents. Factor 3 with a total variance of 17.5% shows

higher loadings of TDS, Ca**, SO427, and F, which directs
the significant impact of these ions towards groundwater
chemistry. The Ca?* and F~ might be derived from geogenic
sources, whereas SO427 from saline water.

Conclusion

The study concludes the existence of multiple hydrochemical
processes and various natural, as well as anthropogenic
sources and controls the hydrochemistry in the study area.
Ionic relationships of various ions refer to different mecha-
nisms, and the causes that control the water chemistry are
infiltration of recharge water, mineral dissolution, secondary
leaching, ion exchange, silicate weathering, reverse ion ex-
change, anthropogenic sources, and saline water intrusion.
Silicate weathering plays a significant role in releasing signif-
icant cations such as Ca®*, Mg”*, Na*, and K™ into the ground-
water. Various ionic ratios indicate the existence of both direct
and reverse ion exchange processes in controlling the concen-
tration of ions. The hydrochemical facies shows an evolution-
ary trend from Ca-HCO; and Na-Cl fields via intermediate
facies of mixed Ca-Na-HCOj3, mixed Ca-Mg-Cl, Ca-Cl, and
Na-HCO;. It implies the combined effect of various mecha-
nisms like silicate weathering, ion exchange, subsequent dis-
solution, and human interferences over groundwater
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chemistry. The Ca-HCOj; type represents recharge water in
the area; progressive evolution results in transformation to
Na-Cl type, especially along the coastal zone with signatures
of saline water intrusion.

The saturation index of groundwater samples shows sili-
cate mineral phases like quartz and chalcedony in
oversaturated conditions, and chrysotile shows undersaturated
state irrespective of the terrain. In contrast, amorphous silica
exhibits saturated to undersaturated condition regardless of
terrain and seasons. The SI of carbonate minerals displays in
Archean terrain; majority of the samples show undersaturated
state except for few samples, which show saturated to
oversaturated condition. In contrast, in sedimentary terrain,
comparatively more samples show saturation to oversaturated
status of carbonate mineral phases. The SI of magnesium min-
eral phase irrespective of terrain exhibits undersaturation of
sepiolite and sepiolite (d) and saturated to oversaturated con-
dition of the talc mineral phase. The SI of sulphate mineral
shows undersaturated conditions irrespective of terrain and
season. The Gibbs diagram specifies that rock-water interac-
tion including dissolution and chemical weathering is the
prime factor that controls the chemistry of groundwater. The
correlation and factor analysis also points out the influence of
various processes like secondary leaching of salts, silicate
weathering, reverse ion exchange, anthropogenic sources,
and saline water on controlling the water chemistry. The spe-
cific correlation between ions suggests multiple sources and
mechanisms behind their occurrences. The PCA analysis re-
veals that groundwater chemistry in the Archean terrain is
generally governed by secondary leaching and dissolution of
salts, silicate weathering, ion exchange, and anthropogenic
sources, whereas in the sedimentary terrain, factor 1 stands
for the salinity and the ion exchange process, while factors 2
and 3 point out the influence of anthropogenic actions, use of
fertilizers, improper sewage dumping, and domestic and in-
dustrial waste discharge over the groundwater chemistry.
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