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Abstract Hydrogeochemistry is an important tool for the
evaluation of the effect of human activities on aquifer sys-
tem. Sixty eight groundwater samples were collected from
bore wells during pre- and post-monsoon from Nagpur, a
fast growing city in India, to assess the spatial controlling
processes of groundwater contamination using principal
component analysis (PCA). Groundwater has variable total
dissolved solid (TDS) and total hardness (TH) values clas-
sifying them from fresh to saline and moderately hard to
very hard types. About 36 and 33 % of the total groundwater
samples during pre- and post-monsoon, respectively, are not
suitable for drinking purpose. The graphical presentation of
groundwater chemistry has indicated Ca—HCO3, mixed Ca—
Na-HCOj5 and mixed Ca—Mg—Cl types. The PCA summa-
rizes the chemical variables of pH, EC, TDS, TH, TA, Na*,
K™, Ca**, Mg?*, HCO;™, CI~, SO,*~ and NO; ™~ into two
PC loadings, accounting for 61.33 and 62.09 % of the total
variance during pre- and post-monsoon, respectively. The
first PC shows high loadings of EC, TDS, TH, C1—, NO;,
Ca”’* and Mg®", which considered as pollution-controlled
processes of anthropogenic sources. Second PC has high
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loadings of Na* and HCO; ™, which is taken as alkalinity
and pollution-controlled processes of geogenic and anthro-
pogenic sources, respectively. The PC scores suggest the
causes of variation in the groundwater chemistry. Negative
values of chloro-alkaline indices suggest the prevalence of
reverse ion exchange irrespective of the season, silicate
weathering and anthropogenic activities over the controlling
of groundwater quality which further PCA. Thus, the PCA
helps as a tool to assess the controlling processes of the
groundwater quality.
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Introduction

The rapid economic and population growths coupled with
haphazard urbanization in the developing countries like
India are rapidly depleting surface water supplies. Hence,
groundwater is used as an alternative source of water for
domestic, agricultural and industrial purposes. Nagpur is
one of the fastest growing cities of India and over the
period of time, multitudes of problems are cropping up in
order to cater to the need of ever-growing demand of
drinking and domestic supply, for which the groundwater is
the most dependable alternative supply. The groundwater is
under stress due to shrinkage of recharged area caused by
sudden spurt in developmental activities. This non-basis
and unplanned development of groundwater has caused
environmental degradation and lowering of water level.
Increased knowledge of geochemical evolution of
groundwater leads to improved understanding of hydro-
chemical system, which results in its effective management
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for sustainable development. Hydrochemical assessment of
groundwater system is based on groundwater chemistry,
which, in turn, depends on a number of factors, such as
geology, degree of chemical weathering of various rock
types, quality of recharge water, and inputs from various
sources other than water—rock interaction (Ayenew et al.
2008; Giridharan et al. 2008). Various graphical methods
and different indices were attempted by researchers for
evaluation of groundwater chemistry and delineation of
various hydrogeochemical processes that are involved in
the evolution of groundwater quality, with certain limits
(Apadaca et al. 2007). Thus, it is preferred to evaluate the
controlling processes using multivariate statistical analysis.

Principal component analysis (PCA) provides valuable
information on most meaningful parameters, which
describe the whole data set, consisting of a large number of
inter-related variables, rendering data reduction with min-
imum loss of original information. This reduction is
achieved by transforming the data set into a new set of
variables. The principal components (PCs), which are
orthogonal (non-correlated), are in decreasing order of
importance (Panda et al. 2006). The PCA is the useful tool
in identification of a number of reduced latent factors with
pollution sources such as spatial (anthropogenic) and
temporal (seasonal and climatic) origins of variations that
affect quality and hydrochemistry of groundwater (Sime-
onov et al. 2003; Pekey et al. 2004; Subba Rao 2006, 2007,
Shrestha and Kazama 2007; Fernandes et al. 2008; Koklu
et al. 2010; Lin et al. 2012; Arunprakash et al. 2014;
Singaraja et al. 2014).

Earlier studies carried out in the parts of Nagpur city
were mainly concentrated on groundwater quality (Mar-
ghade et al. 2010, 2011a, b). Thus, the focus of the present
paper is on evaluating the spatial and temporal variations in
groundwater quality with respect to natural processes and
anthropogenic inputs, using PCA.

Study area

Nagpur (21°03'-21°12'N: 79°-79°10'E) is situated at an
altitude between 300 and 350 m MSL on the western
plateau formed in the western slope of Satpura Mountain
Ranges in the Central India (Fig. 1), with a population of
23, 98,165 (2011 census). Nag and Pili are the two small
rivers flowing towards eastern part and along northern edge
of the city. The climate of the area is semi-arid with
minimum temperature of 10 °C during winter (December—
February) and maximum temperature of 48 °C during
summer (March-May). The onset of monsoon is usually
from June and it extends up to September. The average
rainfall recorded for the period of 30 years is 1200 mm and
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most of it (70 %) is contributed by southeast monsoon
(June to September).

Geologically, the Precambrian crystalline rocks occupy
eastern part of the city and represented by gneisses, schists
and granites (Fig. 1). These rocks are also exposed along
the southeastern and northern part of the city. The Permo-
carboniferous Lower Gondwana rocks are represented by
Talchir and Kamthi formations. The Talchir Formation
comprises alternate layers of shale and sandstone, which
are exposed at Nara and Bokara villages along the north-
ernmost boundary of the city. The Kamthi Formation is
represented by sandstone and clays, which occupy very
limited area in the northern part of the city near Nara,
Bokara and Kalamna villages. The sandstones, because of
their high primary porosity and permeability, form poten-
tial aquifer (Jain et al. 2012). The upper Cretaceous Lameta
Formation unconformably overlies the crystalline and
Gondwana rocks and consists of sandstones, variegated
clays and cherty limestones. It occupies a narrow fringe
from north to central part and further southeast of the city
around the Deccan traps. Deccan traps cover major part of
the study area and occupy western and southern part of the
city. They are represented by horizontal basaltic lava flows
of uppermost Cretaceous to lower Eocene age. Lava flows
are separated by intervening red bole, green bole and inter-
trappean beds. The alluvium of recent age, comprising
sandy silt, clay, kankar and their admixture, occurs in a
limited extent along the rivers Nag and Pili.

Crystalline, Gondwanas and Deccan traps do not possess
primary porosity and permeability due to their massive and
compact nature, but when jointed, fractured and weathered
secondary porosity take place and they form potential
aquifers. The Gondwana sandstone, because of its granular
nature, possesses both primary porosity and permeability.
Presence of fracture and joints has further increased its
water bearing capacity. The water bearing capacity of the
Lameta Formation depends on the lithological composi-
tion. The calcareous sandstone and cherty limestone, which
occur as very thin layers, have relatively poor porosity and
hence poor yield.

In Nagpur city, groundwater occurs under both uncon-
fined and semi-confined to confined conditions. In open
wells (shallow aquifers), it occurs under unconfined con-
dition and in bore wells (deep aquifers) it occurs under
confined condition. The occurrence of groundwater in open
wells is mostly controlled by degree of weathering, while it
is under fractured rocks in deep wells. The thickness of
weathered zone is in the range of 1-10 m and the fractured
zone is from 10 to 50 m. Considerable variation is seen in
depth to water level within the city depending on phys-
iography, stage of groundwater development and topogra-
phy (Jain et al. 2012). The gentle slope of the area is
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Fig. 1 Geological map of study area showing location of bore wellsamples

responsible for the development of sub-surface sluggish
drainage conditions. Sewage, wastewaters and industrial
effluents drain through the rivers Nag and Pili.

Methodology

Groundwater samples were collected from 68 bore wells
during pre- and post-monsoon, where water is used for
drinking and domestic purposes. The sampling bottles were
first rinsed with distilled water and then with the samples to

be collected. The water samples were collected after
pumping of hand pump for 5 min. All samples were pre-
served at 25 °C and transported to the laboratory for
analysis immediately, following the methods recom-
mended by APHA (1992).

Electrical conductivity (EC) and pH were measured in
the field, using digital meters. Total dissolved solids (TDS)
were calculated, using EC values. Total Hardness (TH),
calcium (Ca®") and magnesium (Mg”>") were determined
titrimetrically using standard EDTA. Chloride (C17) was
estimated by standard AgNO; titration. Carbonate (CO5*7)
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and bicarbonate (HCO;™) were determined using HCI as
titration solution. Sodium (Na™*) and potassium (K*) were
measured by flame photometry. Sulfate (SO4>~) and nitrate
(NO3") were determined using UV-Visible
spectrophotometer.

To confirm the reliability of the analytical results, the
ionic charge balance (ICB) between cations (Ca®", Mg?™,
Na®™ and K™) and anions (COs*~, HCO;~, SO,>~ and
NO; ™) was computed, using the following formula (Eq. 1),
where all the ionic concentrations are expressed in mil-
liequivalent per liter (meq/1). The observed ICB is less than
5 %, which is within the acceptable limit for accuracy of
complete chemical analysis of groundwater samples.

ICB = [(sum cations — sum anions)/

(sum cations + sum anions)] x 100 (megq/1)

The analysis of PCA was performed, using IBM SPSS
version 19, to reduce the number of variables in a data set
to a smaller number without loss of essential information.
It transforms the data matrix into a new set of composite
variables or principal components (PCs) based on vari-
ance—covariance matrix. The variance and covariance of all
involved parameters are determined based on standardized
data. The PCs are by definition uncorrelated with each
other. The chemical variables used for PCA were pH, EC,
TDS, TA, TH Ca**, Mg, Na™, K", CO5*~, HCO;™,
S0,*" and NO; ™.

Results and discussion
Hydrochemistry

The results of the chemical analysis of groundwater samples
for pre- and post-monsoon of the study area are summarized
in Table 1. The pH values of studied samples indicate
mildly acidic to alkaline nature and are well within the
acceptable limit of 6.5-8.5 for drinking water (WHO 2011;
Table 2). Electrical conductivity (EC) values signify that
the amount of total dissolved salts varies between 396 and
2600 pS/cm in pre-monsoon and 365-2750 pS/cm in post-
monsoon, reflecting a variation in the enrichment of salts in
the water (Subba Rao et al. 2012). Sanchez-Perez and Tre-
molieres (2003) suggested that the higher EC of the water is
a result of ion exchange and solubilization in the aquifer due
to influence of anthropogenic sources, such as domestic
sewage and septic tanks. Groundwater shows TDS less than
1000 mg/1 (i.e., fresh water type) in 91 % in pre-monsoon
and 94 % in post-monsoon. The TH values indicate that the
groundwater is moderately hard (75-150 mg/l), in 8.8 and
5.9 % samples; hard (150-300 mg/l), in 44.1 and 36.8 %
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samples and very hard (>300 mg/1), in 47 and 57.3 % of the
total samples during pre- and post-monsoon, respectively
(Sawyer and McCarty 1967). The majority of the ground-
water samples have TH above the desirable limit of 300 mg/1,
which causes encrustation on water supply distribution sys-
tems. Long-term consumption of extremely hard water leads
to cardio-vascular disorders (Durvey et al. 1991).

The studied samples have indicated moderately high
Ca’* and Mg”" ions (Table 1). Calcic plagioclases and
ferromagnesium minerals are present in host rocks and are
the possible sources for Ca*" and Mg?" ions. The con-
centration of calcium in groundwater samples is more than
the desirable limits of 75 mg/l prescribed for drinking
water in about 22 % in pre- and 33.8 % in post-monsoon
(Table 2). The Na* also shows wide variation, which may
be inherited by groundwater due to rock weathering and/or
dissolution of soil salts by the influences of evaporation
and anthropogenic activities (Stallard and Edmond 1983;
Meybeck 1987; Subba Rao 2002). The concentration of K+t
is low, but at few places it is as high as 199 mg/l in pre-
monsoon and 163 mg/l in post-monsoon. Orthoclase feld-
spars and municipal wastes may be the possible sources of
K" in groundwater.

In groundwater samples, higher concentration of HCO3;™
is due to the decay of organic matter in the soil zone
(Canter1997; Jeong 2001; Zilberbrand et al. 2001). The
dominance of HCO3;™ is due to a mineral dissolution
(Stumm and Morgan 1996. The concentration of HCO3;™
more than 300 mg/l (Table 1) may lead to kidney stones in
the presence of higher concentration of Ca*", especially in
dry climatic regions (Subba Rao et al. 2012). The con-
centration of Cl™ exceeds the prescribed potable water
limit (250 mg/l) in 16 and 11.7 % of total groundwater
samples in pre- and post-monsoon, respectively (Tables 1,
2). Chloride may be derived from the pollution sources
such as effluents of industrial and domestic waste, leakage
of septic tanks and from natural sources such as rainfall and
dissolution of C1™ bearing minerals (Negrel and Roy 1998;
Negrel 1999). About 36.8 and 48.5 % of groundwater
samples have NO;3; ™ concentration above the recommended
level of 45 mg/l (WHO 2011). The higher concentration of
NO, beyond this limit, is an indication of anthropogenic
pollution caused by poor sanitary conditions. High con-
centrations of NO3;~ can cause methemoglobinemia (blue
baby disease).

Groundwater types
Classification of groundwater is generally based on the

concentration of various predominant cations and anions or
on the interrelationship of ions. The cation and anion data
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gl?;)sliic)lchse:tr?ltilsatlllcsils;nl‘ilerttzirsyo?f Chemical parameters Pre-monsoon Post-monsoon

groundwater of bore wells Min Max Mean SD Min  Max Mean  SD
pH 6.7 8.1 7.4 0.3 6.4 8.5 7.4 0.5
EC 396.0 2600.0 1257.0 422.4 365 2750 1283 428.9
TA 55.0 520.0 300.1 98.4 35 445 241 106.5
TH 90.0 820.0 306.4 140.3 135 845 349 133.8
Na* 10.4 317.0 107.3 62.9 1 326 103.8 58.6
K+ 0.0 19.0 8.4 34 0 21 9.6 3.8
Ca*" 12.0 166.0 55.0 325 14 178.4 70.8 36.1
Mg** 9.7 150.7 41.0 232 6.1 103.3 41.9 17.1
HCO;~ 67.1 634.4 366.9 120.0 42.7 542.9 294.5 130.0
ClI™ 35.5 447.3 150.8 97.6 21.3 468.6 144.7 90.5
SO4~ 0.0 23.8 8.5 7.1 1.2 345 76.5 73.4
NO;~ 0.2 281.7 59.5 66.1 2.6 282.6 72.2 64.0
All the values are in mg/L, except pH and EC are uS/cm at 25 °C

:fa ?;fnﬁlefrf?lolﬁld‘s?s; gﬁilty Chemical parameters WHO (2011) Bore well samples

Pre-monsoon Post-monsoon
DL PL Above DL Above PL Above DL Above PL

pH 6.5 8.5 68 (100) - 67 (98.5) -
TDS 500 1500 43 (63.2) - 53 (77.9) -
TH 100 500 67 (98.5) 8 (11.7) 68 (100) 6 (13.6)
Ca** 75 200 15 (22) - 23 (33.8) -
Mg>* 50 150 15 (22) 1(1.4) 21 (30.9) -
Cl™ 250 600 11 (16.2) - 8 (11.7) -
Nefen 200 400 1.(1.4) - 2(2.9) -
NO;~ - 45 - 25 (36.8) - 33 (48.5)

All the values are in mg/L, except pH

DL desirable limit, PL permissible limit

of the groundwater samples collected from the study area
are plotted on the Piper’s diagram for chemical classifica-
tion (Figs. 2, 3). On the basis of this diagram, groundwaters
of study area are classified into six types, namely Ca—
HCO;3;, Na—Cl, mixed Ca—Na—HCO3, mixed Ca-Mg—Cl,
Ca—Cl and Na-HCOj; (Table 3). Out of these, Ca—HCOs,
mixed Ca—Na-HCO; and mixed Ca-Mg—Cl are the most
prevalent groundwater types. About 50 and 36.7 % of
samples from pre- and post-monsoon, respectively, belong
to Ca—HCOj; type. The study of Piper diagrams shows that
alkali (Na™ and K%) significantly exceeds the alkaline
earths (Ca>™ and Mg®>") and the strong acids (Cl1~ and
S0,°7) exceed weak acids (HCO;~ and CO5%7).

Mechanisms controlling groundwater quality

Ratios of cations (Na™:Na*t+Ca®") and anions (CI™:-
CI"+HCOj3") of the pre- and post-monsoon groundwater
of the study area are plotted against TDS in the Gibbs
diagram (Fig. 4), which explains the influences of atmo-
spheric precipitation (rainwater), rock—water interaction
(lithology) and evaporation (climate) on groundwater.
Most of the groundwater samples fall in a rock domain,
while those of few are observed from a domain of evapo-
ration. The rock—water interaction arises due to dissolved
ions present in the soil and/or lithology of the study area.
The change in the chemical composition from domain of
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Fig. 2 Groundwater types of
bore well samples during pre-
monsoon in trilinear diagram
(Piper 1953)

1 Ca HCO3

2 Nacl

3 Mixed CaNaHCO3
4 Mixed CaMgCl

5 CaCl

6 NaHCO3

80 60 40 20

Ca?t

«—————— Na*™+K* HCO5

Fig. 3 Groundwater types of
bore well samples during post-
monsoon in trilinear diagram
(Piper 1953)

1 Ca HCO3

2 NacCl

3 Mixed CaNaHCO3
4 Mixed CaMgCl

5 CaCl

6 NaHCO3

Nat+K*

rock towards evaporation domain causes an increase of
Na® and Cl and, consequently, a higher TDS. This is a
result of influences of anthropogenic sources on ground-
water quality of geogenic origin. Thus, the chemical
composition of groundwater samples increases towards
domain of evaporation from rock domain.

Principal component analysis

Principal component analysis was applied to the combined
groundwater data sets of the area (Table 1) to examine

@ Springer

HCOy

relations between water properties and to identify the fac-
tors that influence the concentration of each parameter.
Variables used for the factor analysis in this study are pH,
EC,TDS, TH, TA, Na", K", Ca**, Mg*", HCO;~, CI~,
SO427 and NO5; ™. The maximum number of factors to be
extracted was fixed by the Kaiser Criterion, which takes
into account only factors having eigenvalues higher than 1.
Following this procedure, four factors were obtained and
rotated according to the Varimax with Kaiser Normaliza-
tion method, their loading, communalities for first two
variables; percentage of the variance of each factor and
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;f;?r::a:: di:;;?]??;f;g;ﬁ%‘;;? (Sil;bgiiViSign; ) Water types Pre-monsoon Post-monsoon
8= Number of samples % Number of samples %
1 CaHCO; 34 50.0 25 36.8
2 NaCl 02 02.9 9 13.2
3 Mixed CaNa HCO; 20 29.4 11 16.2
4 Mixed CaMgCl 08 11.7 14 20.6
5 CaCl 03 04.4 9 13.2
6 NaHCO; 01 01.5 0 0.0

cumulative percentage of variance for pre- and post-mon-
soon samples are shown in Table 4.

The first PC shows 41.19 % of the total variance, with
the eigenvalue of 5.35 during pre-monsoon and 46.47 % of
the total variance, with the eigenvalue of 6.04 during post-
monsoon (Table 4). The second PC shows 20.14 % of the
total variance, with the eigenvalue of 2.62 during pre-
monsoon and 15.63 % of the total variance, with the
eigenvalue of 2.03 during post-monsoon. The communal-
ities of chemical variables vary from 0.45 to 1 and 0.31 to 1
during pre- and post-monsoon, respectively, indicating an
involvement of different contributions in changing of
quality of groundwater. In pre-monsoon, the communalities
of all ions except pH and SO,>~ were greater than 0.50,
whereas in post-monsoon communality of pH is less than
0.50.

First principal component

The first PC was primarily composed of EC (0.895), TDS
(0.873), TH (0.802), C1™ (0.907) and NO3~ (0.799) during
pre-monsoon. In post-monsoon, first PC is represented by
TH (0.969), Ca** (0.797), Mg** (0.819) and C1~ (0.738).
The positive PC loadings are used to understand the rela-
tive contribution of the chemical variables on groundwater
quality. The positive PC loadings are classified into five
types mainly (a) very low-positive PC loadings (<0.450),
(b) low-positive PC loadings (0.450-0.600), (c¢) medium-
positive PC loadings (0.600-0.750), (d) high-positive PC
loadings (0.750-0.900) and (e) very high-positive PC
loadings (>0.900). On basis of this classification, it is
observed that CI™ during pre-monsoon and HCO; ™~ and TA
during post-monsoon have very high-positive PC loadings.
While the chemical variables, EC, TDS, TH and NO;™
during pre-monsoon and Mg*", Ca** and C1~ during post-
monsoon show high-positive PC loadings.

High-positive PC loadings of ClI~ and NO;~ are
observed during pre-monsoon (Table 4). There is a sig-
nificant positive correlation between NO;~ and CI™
(r = 0.54,0.65), NO;~ and Ca*" (r = 0.54, 0.69), C1~ and
Ca*™ (r = 0.53, 0.69), CI” and Mg”" (r = 0.54, 0.48),

which indicate that these ions are associated with anthro-
pogenic activities. Therefore, first PC is assumed to be
indicative of the contamination source related to human
activities.

High-positive PC loadings of Ca®", Mg®* and CI~ are
observed during post-monsoon season (Table 4). In the
study area, Ca®* and Mg”" are the dominant cations pre-
sent in groundwater next to Na™. Similarly, HCO; ™ is also
present in considerable amount. In Ca*" + Mg*" against
SO,*~ + HCO;™ scatter diagram (Fig. 5a), most of the
points fall along the equiline Ca’" + Mg®":SO,* +
HCOj;™, suggesting that carbonate weathering is not the
major hydrogeochemical process operating in study area
(Datta and Tyagi 1996; Datta et al. 1996; Rajmohan and
Elango 2004). The Ca®" against HCO;~ scatter diagram
(Fig. 5b) shows very weak correlation, which suggests no
contribution of calcite weathering on groundwater chem-
istry. In a plot of Ca*" and SO,*>(Fig. 5¢), most ground-
water samples are not close to the 1:1 line, which suggests
that the anthropogenic sources may contribute Ca** and
SO,* ions in groundwater rather than gypsum. This is also
supported by the absence of sulfide-bearing minerals in the
study area. The contribution of SO,*~ is caused by the
uncontrolled usage of fertilizers and soil amendments
(Subba Rao 2011, 2012). Further, the source of CI™ is of
non-lithological origin. However, along with Na™ it is
contributed from the clay products formed by the weath-
ering of rocks due to their sluggish drainage conditions
(Hem 1991).

The correlation coefficient (r) computed from the study
area shows a strong positive correlation of EC with TDS
(r=20.9, 0.84), CI” (r=0.8, 0.91) and NO;~ (r = 0.7,
0.71) during pre- and post-monsoon. This indicates that the
groundwater chemistry is mainly controlled by Cl~ and
NO;™ ions, which mainly come from the anthropogenic
activities. A positive correlation between Ca>" (r = 0.51
and 0.55; p =0.05) and Mg2+ (r=0.49 and 0.49;
p = 0.05) with TDS during pre- and post-monsoon supports
the anthropogenic input mainly domestic and industrial
waste (Jalali 2009). The NO3 ™ has a strong correlation with
TDS (r = 0.64 and 0.71; p = 0.05) during pre- and post-
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Fig. 4 Mechanism controlling
groundwater chemistry of the
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monsoon, suggesting anthropogenic input such as decaying
organic matter, sewage waste and leakage of septic tanks as
a source (Subrahmanyam and Yadaiah 2000; Jalali 2009). A
positive correlation between ClI~ and NO;~ indicates
common source of these ions and also supports anthro-
pogenic inputs (Back and Hanshaw 1966; Piskin 1973;
Ritter and Chirnside 1984; Pacheco and Cabrera 1997). In
the study area, positive correlation between C1~ and NO; ™~
(r =0.54, 0.65, p = 0.005) during pre- and post-monsoon
seasons suggests anthropogenic source.
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The positive PC scores are categorized into three types
for better understanding of the relative intensity of con-
trolling processes on overall quality of groundwater
(Tables 5, 6). They are (a) low-positive PC scores
(<1.000), (b) medium-positive PC scores (1.000-2.000)
and (c) high-positive PC scores (>2.000). Forty five and
thirty eight groundwater samples during pre- and post-
monsoon, respectively, show negative PC scores in the first
PC. This reflects a low dissolution of Mg*" and Ca*" ions
due to the lesser interaction of water with the source
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CT;EE:MIE??& Ezdé?li;?:ﬁ Chemical parameters Pre-monsoon Post-monsoon
variables, following varimax PCI PC2 Communalities PC1 PC2 Communalities
rotation with Kaiser
Normalization pH —0.225 —0.235 0.448 —-0.291 -0467 0314

EC 0.895 0.328 0.937 0.695 0.286 0.893

TDS 0.873 0.424  0.985 0.688 0.174  1.000

TA 0.032 0.947 1.000 —0.156  —0.969 1.000

TH 0.802 —0.085 1.000 0.969 0.147  1.000

Na 0.348 0.793  0.965 —0.062 —0.091 1.000

K 0.150 —0.078  0.660 0.081 0.037  0.999

Ca 0.585 —0.163 1.000 0.797 0.327  1.000

Mg 0.679 0.015  1.000 0.819 —0.141 1.000

HCO3 0.030 0.946 1.000 —0.156  —0.969 0.999

Cl 0.907 0.025 0.984 0.738 0.324  1.000

SO4 0.045 0.258  0.459 0.151 0.656  1.000

NO3 0.799 —0.126  0.955 0.668 0.295  1.000

Eigenvalue 5.355 2.619 6.041 2.032

% of variance 41.190  20.143 46.468  15.630

Cumulative % of variance  41.190  61.333 46.468  62.098

Bold values indicate that the values are high and are significant

material. This is also supported by non-geodomain-specific
control of these ions (Table 1).

Relatively higher interaction between the water and the
source material may result in the low-positive PC scores
than those of the negative PC scores (Table 6). As a
result, the low-positive PC scores show some higher
average concentrations of EC (1492, 1277.5 uS/cm), TDS
(718.7, 667.5 mg/l), C1~ (174.2, 154.9 mg/l), NO;~ (81.7,
60.8 mg/l), Mg?t (422, 499 mg/l) and Ca®*" (61.9,
79.1 mg/l) than those of the respective average concen-
trations (EC: 1005.7, 1152.8 uS/cm; TDS: 481.5,
598.1 mg/l; C1: 95.9, 108 mg/l; NO;: 27.3, 58.3 mg/l;
Ca’*: 43.2, 51.8 mg/l and Mg>*: 33.7, 33.1 mg/l) of the
negative PC scores during pre- and post-monsoon. Fur-
ther, the medium-positive PC scores show the high
average concentrations of EC, TDS, C1—, NO;™, Ca®t and
Mg>" as compared to those of the low-positive PC scores
due to the higher rate of dissolution of the ions. Similarly,
the higher average concentrations of EC (2215, 2256 pS/
cm), TDS (1148.4, 1176.8 mg/l), C1™ (414.2, 349.7 mg/l),
NO;~ (239.8, 221.7 mg/l), Ca** (120.7, 152.5 mg/l) and
Mg®" (93.2, 78.3 mg/l) are observed from the high-pos-
itive PC scores than those of the average concentrations
in the medium-positive PC scores during pre- and post-
monsoon.

Second principal component

Second PC accounts for about 20.14 % of the total variance
during pre-monsoon (Table 4), consisting of high loadings

of TA (0.947), Na* (0.793) and HCO;~ (0.946), whereas in
post-monsoon, it accounts for 15.63 % of the total vari-
ance, consisting mainly of medium-positive loadings of
S04> (0.66).

As high-positive PC loadings of TA, Na* and HCO;~
observed from the second principal component during pre-
monsoon (Table 4), it indicates an interaction of infiltrating
recharge water, with the soil and/or lithology. During
recharge, water absorbs large amount of CO,, released
from the soil due to the decay of organic matter, root
respiration, etc. and convert into HCO5; ™~ during weathering
reactions (Egs. 2, 3; Jacks 1973; Berner and Berner 1987).
As the pH varies from 6.7 to 8.1 and 6.4 to 8.5 during pre-
and post-monsoon, respectively (Table 1), the alkalinity is
caused by only HCO;™ ion.

CO, + H,O — H,COs (2)
H,CO; — H* + HCO; 3)

The higher concentration of HCO5;~ and Na' in the
groundwater (Table 1) indicates a dominance of mineral
dissolution (Stumm and Morgan 1996). The activity of the
alkalinity, as a controlling process for HCO;~ and Na™
ions in the water, is further confirmed by high-positive
loadings of Na*t (0.793) and HCO;~ (0.946) (Table 4). The
significantly high-positive content of Na* indicates water—
rock interaction, because Na' in groundwater primarily
comes from silicate weathering, ion exchange reactions,
domestic effluents and atmospheric input (Edmunds et al.
2003; Aiuppa et al. 2003; Valdes et al. 2007; Brenot et al.
2008).
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The Na'—Cl~ relationship has often been used to
identify the mechanism for acquiring salinity in semi-
arid regions (Magaritz et al. 1981; Dixon and Chiswell
1992). The dissolution of halite in water releases equal
concentration of Nat and CI™ into the solution, but
analytical data from both seasons in Fig. 5d deviates
from the expected 1:1 relation, which is probably due to
the interference of anthropogenic activities on the
groundwater system. About 65 and 50 % of the

@ Springer

groundwater samples from pre- and post-monsoon,
respectively, lie above the equiline of 1:1, which sug-
gests that the original concentration of Na™ derived by
silicate weathering is masked by anthropogenic sources
(domestic waste, animal waste, leakage of septic tank,
etc.). The cation exchange between Ca”>" or Mg®t and
Na® may also explain the high Na® concentration
(Stimson et al. 2001). About 64.7 and 60 % samples
from pre- and post-monsoon have a value of Na®/Cl~
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Table 5 Principal component scores of the chemical variables
Observations PC scores Observations PC scores

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

First Second First Second First Second First Second
1 —0.176 1.179 0.176 —0.465 35 4.068 0.107 4.042 0.034
2 —0.252 1.879 —0.603 0.432 36 0.683 —0.388 —0.236 1.780
3 1.760 1.187 0.956 0.248 37 0.846 0.342 0.780 —0.021
4 —0.534 0.982 —0.195 —0.108 38 1.341 0.894 2.465 1.430
5 0.669 1.491 —0.057 0.703 39 3.157 —1.625 2.059 0.461
6 1.372 —1.092 0.787 1.437 40 0.129 0.232 —0.432 0.088
7 2.132 —1.302 1.137 1.999 41 0.093 2.849 —0.636 —1.776
8 1.510 —1.019 1.957 0.943 42 —0.532 —0.004 0.546 —1.224
9 1.009 0.367 0.343 0.193 43 —0.593 —0.603 —0.833 —0.149
10 1.472 1.538 —0.065 0.784 44 —0.717 —0.993 —0.576 —0.052
11 —1.162 —0.107 —-0.913 0.520 45 0.220 —0.612 —0.100 0.174
12 —-0.319 1.353 0.470 0.151 46 —0.669 —0.497 —0.551 —0.011
13 —0.607 1.641 —0474 —0.629 47 —0.440 —0.781 —0.045 —0.143
14 0.108 0.685 —0.649 0.949 48 —0.830 0.244 —1.036 —-0.502
15 0.132 0.044 0.027 —0.020 49 —0.864 —0.502 —0.104 —1.597
16 —-0.332 1.074 0.005 —0.272 50 —0.640 —0.830 0.027 0.660
17 —0.390 0.381 0.555 —0.899 51 0.605 —0.736 0.980 —0.352
18 0.647 1.454 0.812 1.890 52 0.026 0.109 —0.584 1.154
19 0.067 2.063 —0.823 —0.043 53 —0.509 0.767 —0.699 —1.329
20 0.585 0.418 0.287 1.275 54 —0.561 —1.492 0.604 —0.225
21 —0.032 —0.152 —0.176 2.402 55 —1.403 —1.450 —1.431 0.463
22 —-0.915 —0.580 —1.131 —0.137 56 —0.600 —0.899 0.113 —-0.579
23 —1.017 —0.882 —1.732 —0.130 57 0.304 —1.372 2.498 —-1.979
24 —0.648 0.486 —1.276 1.722 58 —0.390 —1.017 0.297 —1.079
25 —0.793 —0.229 —0.344 —0.134 59 1.352 —2.020 0.932 —1.153
26 —1.019 —0.856 —1.145 1.069 60 —0.534 0.147 0.380 —0.629
27 —0.893 —0.490 —0.785 —0.187 61 —0.108 —1.019 0.737 —0.147
28 —0.857 —0.474 —0.709 0.326 62 —0.763 0.782 0.125 —1.052
29 —0.847 —0.500 —0.350 —0.813 63 —0.508 0.161 0.308 —1.577
30 0.402 —0.689 —0.754 0.109 64 —0.437 —0.353 —0.584 —1.419
31 0.214 —0.849 —0.161 0.090 65 —0.439 0.585 —0.767 —1.441
32 —0.679 —0.152 —0.745 —0.512 66 —0.067 1.364 0.372 —1.004
33 —0.854 —0.994 —0.927 0.409 67 0.050 —0.074 —0.597 —0.983
34 —0.291 0.443 —1.139 2.094 68 —0.733 0.386 —-0.410 —1.216

ratio higher than 1, supporting the contribution of Na™
from silicate weathering. These samples also show a
deficit in Ca®* + Mg?", and this is consistent with a
Ca’"—Na™ cation exchange process leading to softening
of the water (Hidalgo et al. 1995; Hidalgo and Cruz-
Sanjulian 2001). Ca*" and Mg®" can exchange Na™
sorbed on the exchangeable sites of the clay minerals,
resulting in the decrease of Ca’' and Mg2+ and the
increase of Na® in groundwaters. This is further

supported using chloro-alkaline indices (Schoeller 1965);
CA-I and CA-II are calculated as follows:

CA—1=[(CI"—Na" +K")/Cl] (4)
CA —II = [(CI"=Na® + K*)/(SO;~ + HCO; + CO3™ + NOj )]
(5)

During this process, the host rocks are the primary
sources of dissolved solids in the water. The CA indices of
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the groundwater samples of the study area (Table 1, 2)
reveal that about 63 and 57 % of groundwater samples
during pre- and post-monsoon show negative values,
indicating cation—anion exchange. This further confirms
that the host rocks are the primary sources of dissolved ions
in the groundwater, in which the ion exchange is one of the
major contributors for higher concentration of Na* in the
groundwater. In remaining samples, the values are positive,
confirming base exchange reaction, where exchange occurs
between Na™ in the groundwater and Ca>" or Mg”" in the
aquifer material. The relationship between Nat—Cl~ and
Ca’* + Mg”"—HCO5=S0,*~ should be linear. Figure 4e
shows that most of the groundwater samples of the study
area followed a straight line (» = 0.94 in both seasons),
which indicates the occurrence of reverse ion exchange
(Fisher and Mulican 1997). If the dissolutions of calcite,
dolomite and gypsum are the dominant reactions in a
groundwater system, then the plot of (Ca®* + Mg®")
versus (SO42_ + HCO57) will be close to the 1:1 line. The
points on the plot shift to right, due to an excess of
SO,*~ + HCO;™ and due to ion exchange process (Cerling
et al. 1989; Datta and Tyagi 1996; Fisher and Mulican
1997). If reverse ion exchange is the process, it will shift
the points to the left due to excess of Ca’" + Mg>" over
SO,>~ 4+ HCO;~. The plot of Ca®>" + Mg*" versus
SO42_ + HCO;™ (Fig. 5a) shows that about 60 and 67 %
of groundwater samples from pre- and post-monsoon,
respectively, fall left of the 1:1 line irrespective of the
seasons, which indicate existence of reverse ion exchange
in the study area. The plot of Ca*" + Mg>" versus CI~
(Fig. 4f) indicates that Ca** and Mg®" do not increase with
increasing salinity which further suggests reverse ion
exchange as the main process. Thus, the second principal
component is assumed to be indicative of water—rock
interaction.

Conclusions

Groundwater samples observed from the Nagpur city are
both fresh and brackish, with fresh being dominant.
Results show that alkalis slightly exceed alkaline earths
and strong acids exceed weak acids. Sodium among
cations and HCO;~ among anions are dominant ions in
the groundwater and there is no seasonal variation
observed in ionic dominance. The PCA summarizes the
chemical variables of pH, EC, TDS, TH, TA, Na*, KV,
Ca**, Mg®", HCO;™, CI7, SO,*~ and NO;™ into two PC
loadings, accounting for 61.33 and 62.09 % of the total
variance during pre- and post-monsoon. The first PC is
characterized by high-positive loadings of EC, TDS, TH,
CI” and NO;~ which is considered as a controlled pro-
cess caused by anthropogenic sources, while the second

PC is represented by high-positive loadings of TA,
HCO;~ and Na%, which is taken as alkalinity and pol-
lution-controlled processes influenced by both the sources
of geogenic and anthropogenic origins, respectively. The
PC scores explain the causes in the variation of ground-
water quality. The Schoeller indices values are negative
except in some locations showing a reverse ion exchange.
The high ratio of Na*/Cl~ indicates that high Na* con-
tent could be due to the weathering of silicate rocks
which is further enhanced by evaporation and anthro-
pogenic input, whereas reverse ion exchange is dominant
process resulting in the addition of Cl™ in groundwater.
The coefficients among various elements indicate the
dominance of ion exchange, silicate weathering and
anthropogenic input on groundwater chemistry. All these
indices support the PCA. Thus, this study demonstrated
that the PCA is an effective tool to characterize the
dominant controlling processes of groundwater quality.
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