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Abstract

Analytical data of groundwater samples collected from weathered and deep fractured zones in the Precambrian charnockite
aquifers in Kerala, India, have been studied to understand their hydrochemical variations and reasons thereof. Concentrations
of the majority of the constituents analyzed were found to increase with increasing depth of aquifers, with the exception of
nitrate. Studies indicate that various processes such as ion exchange reactions, carbonate weathering and silicate weather-
ing are active in both the aquifers which influence the hydrochemical composition of groundwater in them. The prevailing
groundwater quality in the aquifers is dependent on the dominance of each process in relation to others. Principal component
analysis of the data suggests that contamination from anthropogenic sources has a major role in determining the hydrochemi-
cal characteristics of groundwater in the weathered zone unlike in the case of fractured aquifers where water—rock interaction
is the major factor responsible. The study also indicates limited hydraulic connection between the weathered and fractured

aquifers at the local scale.
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Introduction

Fractured hard rocks are important repositories of ground-
water in many countries of the world. These rocks are
exposed as outcrops in large areas of the world, covering
more than 20% of the present land area (Krasny et al. 2003).
They are highly heterogeneous and anisotropic and represent
complex hydrogeological environments. In the absence of
primary porosity, the storage and transport of groundwa-
ter in such rocks are facilitated through the development of
secondary openings caused by weathering and fracturing.
Occurrence of groundwater in hard rocks is normally con-
fined to horizons, namely the weathered residuum, shallow
fracture systems with variable degrees of hydraulic continu-
ity with it and the deeper fractures characterized by irregular
distribution of pathways of groundwater flow.
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Evolution of groundwater chemistry is the result of mass
transfer between interstitial water and rock-forming miner-
als (Zare et al. 2003). Quality of groundwater in hard rock
aquifers is controlled by various factors such as climate,
rainfall, lithological and geochemical characteristics of the
host rock and residence time of water in contact with the
aquifer material. It is often modified to a considerable extent
by the prevailing land use, cropping pattern, water utilization
and sanitary practices, depending on the nature and thick-
ness of weathering and fracture pattern. Characterization of
groundwater quality and a comparative study of hydrochemi-
cal characteristics of groundwater in the weathered zone and
deeper fractures in the Precambrian charnockite aquifers of
Kerala, India, has been attempted in this paper.

Study area

The State of Kerala, having a total geographical area
of 38,863 km?, is located in the southwestern corner of
India (Fig. 1). It receives average annual rainfall of about
3000 mm and has three distinct physiographic divisions
from west to east based on topographic elevation above
mean sea level (amsl), viz. coastal plains (< 7.5 m amsl),
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Fig. 1 Location map of study
area showing sampling loca- N
tions (after GSI 2005)
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midlands (7.5-75 m amsl) and highlands (> 75 m amsl)
(KSCSTE 2007). The State has a population of 33.4 million
as per the 2011 census and has average population density
in excess of 800 (Kerala-Census 2011) against the national
average of 382. The State is also characterized by rapid
urbanization, with nearly 48% of the population living in
urban areas (Census of India 2011). The high population
density and rapid urbanization make the State highly vulner-
able to anthropogenic environmental degradation, including
contamination of its water resources.

Important geological formations occurring in Kerala are
Precambrian crystalline rocks, Tertiary sedimentary forma-
tions, laterites capping both hard rocks and sedimentary for-
mations and Quaternary alluvial deposits. The Precambrian
crystalline rocks include various rock assemblages such as
khondalite, charnockite, gneiss and metasedimentary rocks.
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Charnockites and associated gneisses constitute the most
extensive hard rock formations in Kerala, occupying more
than 45% of the total geographical area of the State (GSI
2005). Charnockite group of rocks shows great diversity in
lithology, comprising pyroxene granulite, hornblende pyrox-
enite, magnetite gneisses, charnockites, hypersthene diop-
side gneisses and cordierite gneiss (GSI 2005). Charnockites
generally consist of quartz, feldspar, biotite and pyroxenes in
varying amounts, giving rise to variants ranging from felsic
to intermediate types (Soman 2002). Available data indicate
that charnockites of Kerala have ages ranging from 2155 and
2930+ 50 ma (Soman 1997).

Charnockites are found exposed in several places in the
midland and highland areas of Kerala and show considerable
textural, mineralogical and geochemical variations. At many
places, charnockite is found intruded by granites, dolerites
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and pegmatites. A comparison of the chemical composition
of charnockites in different parts of Kerala (Soman 2002) is
given in Table 1.

Data collected from the charnockite terrain in Kerala indi-
cate a single aquifer system (Kukilaya 2007; CGWB 2012)
having three aquifer zones with characteristic features. The
topmost is the weathered zone, having a maximum thickness
of about 15 m in which groundwater occurs under phreatic
conditions and is extracted through large-diameter open
wells. This is followed by the semi-weathered and shallow
fracture zone, extending to a maximum depth of about 30 m
in which groundwater is under phreatic or semi-confined
conditions depending on the degree of its hydraulic continu-
ity with the weathered zone. Groundwater extraction from
this zone is either through deep dug wells, dug-cum-bore
wells or shallow bore wells. This zone is underlain by the
largely massive charnockite with an irregular fracture net-
work in which groundwater is under semi-confined condi-
tions, which is again hydraulically connected with the over-
lying aquifers on a regional scale. Groundwater levels in
wells tapping all three zones behave in a similar manner
with minor variations depending on the topography. Depth
to water level during the pre-monsoon period in the wells
tapping these aquifer zones ranges from 1 to 39 m depending
on topographic setting and local hydrogeological conditions.

In the present study, analytical data of groundwater
samples collected from wells tapping weathered and deep
fractured charnockite from the entire state have been used.
Samples collected from wells tapping the semi-weathered
and shallow fractured zones have not been included in the
study to minimize the effect of mixed waters due to their
hydraulic connection with the weathered zone. The spatial
extent of charnockites in Kerala and the sampling locations
are shown in Fig. 1.

Materials and methods

Groundwater samples collected during various scientific
investigations taken up by Central Ground Water Board
(CGWB) in charnockite aquifers of Kerala were analyzed
using standard norms (APHA 1995) for specific electrical
conductance (EC), pH, Ca, Mg, Na, K, CO;, HCO;, Cl, SO,,
NOj; and F. The analytical data were first categorized into
three sets on the basis of the aquifer sampled, viz. weathered
zone, shallow fractured zone, with fractures within 30 m,
and deep fractured zone with fractures occurring below
this depth. Analytical results of samples collected from the
weathered and the deep fractured zones have been used for
the study. The percent difference in cation—anion balance
was then checked as per the procedure described by Brown
et al. (2003). Samples having percent difference beyond the
range of acceptability were discarded, and data pertaining to
the remaining samples were used for the study.

In order to assess the variations in spatial distribution of
various chemical parameters and constituents and to get an
idea about the type of data distribution, various statistical
parameters have been computed from the analytical data,
which are tabulated in Table 2. Box plots of cations and
anions in different aquifers are shown in Fig. 2.

The order of dominance of major cations and anions in
groundwater from the aquifers was determined and is given
in Table 3. The same is also graphically depicted through a
Schoeller diagram (Schoeller 1962) (Fig. 3).

To determine the types of groundwater occurring in dif-
ferent aquifers, the analytical results have been plotted in a
Piper trilinear diagram (Piper 1953) (Fig. 4). Details of sam-
ples belonging to different water types are shown in Table 4.

A Gibbs diagram (Gibbs 1970) has been used to under-
stand the role of various processes in determining the com-
position of groundwater. The plots of groundwater samples

Table 1 Chemical composition of charnockites from Kerala (wt%) (Soman 2002)

Oxide Felsic charnockite from Cardamom Intermediate charnockite, Carda- Intermediate to felsic charnockite, Incipient
hills (average of 6 analyses) mom hills (average of 5 analyses) North Kerala (average of 14 analyses)  charnockite,
Ponmudi
Sio, 68.8 58.7 61.22 65.07
TiO, 0.79 1.32 0.79 0.85
AL O, 14.7 15.8 16.4 14.83
FeO 44 7.98 6.83 6.3
MnO 0.07 0.13 0.09 0.06
MgO 1.0 3.72 2.73 1.18
CaO 2.52 5.7 6.07 2.07
N,O 3.15 3.79 3.76 2.46
K,O 5.04 1.91 1.02 5.42
P,0; 0.23 0.59 0.19 0.2
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Table 2 Statistics of chemical parameters/constituents of groundwater in charnockites of Kerala

Sl.no.  Parameter/constituent ~ pH EC (uS/cm) Ca Mg Na K CO; HCO; SO, NO; F
(mg/L)
A Weathered zone (N=48)
1 Minimum 6.5 31.0 8.0 1.6 0.5 1.9 0.2 0.0 0.0 2.8 0.0 0.0
2 Maximum 94 610.0 42.0 40.0 58.0 19.0 19.0 178.0 119.0 180 460 0.7
3 Mean 8.1 129.4 8.8 35 8.5 2.5 24 31.3 16.8 2.6 42 0.1
4 Median 8.1 88.5 6.4 2.0 5.0 1.5 0.0 24.0 7.1 1.3 0.6 0.0
5 Skewness -0.2 2.5 2.5 54 35 3.7 2.0 2.6 34 3.0 37 3.1
B Deep fracture zone (N=43)
1 Minimum 7.2 63.0 24 0.5 1.8 0.0 0.0 24 2.8 0.0 0.0 0.0
2 Maximum 10.1  875.0 82.0 23.0 1470 54 10.0 251.0 49.0 1800 220 14
3 Mean 82 2489 17.5 9.3 13.9 2.5 0.6 104.8 10.3 12.7 1.6 03
4 Median 8.0 240.0 15.0 9.7 9.0 24 0.0 107.0 7.1 4.0 03 02
5 Skewness 0.7 2.3 2.7 0.2 5.4 0.2 3.9 0.1 2.8 4.7 43 24
Fig.2 Box plots of cations .
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from shallow and deep fracture zones in charnockites are
shown in Fig. 5.

For a comparison of major ion chemistry and the
important geochemical processes taking place in the two
aquifers, various ionic ratios have been studied by means
of scatter plots. Plots of Ca+ Mg versus HCO; + SO,
(Fig. 6), Ca+ Mg versus total cations (Fig. 7), Na+K
versus total cations (Fig. 8), Na versus Ca (Fig. 9),
Na versus Cl (Fig. 10), Na versus HCO; (Fig. 11) and
Ca+Mg-HCO;-SO, versus Na—Cl (Fig. 12) have been
used for this purpose.

Chloro-alkaline indices (CAI) were computed as sug-
gested by Schoeller (1965, 1967) for the groundwater
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samples to understand the base-exchange reactions in
groundwater using the formulae

CAI-1=[Cl-(Na+K)]/Cl 1)

CAI - 2 = [Cl — (Na + K)]/[SO, + HCO; + CO; + NO;|
2

The distribution of chloro-alkaline indices in groundwater
samples from all the aquifers is shown in Table 5.

The statistical technique of principal component analy-
sis (PCA) has been used in many studies (Belkhiri et al.
2011; Chen et al. 2007; Sghaier et al. 2011; Kumar et al.
2009; Nazzal et al. 2015; Rao 2014) to understand the
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Table 3 Cation—anion dominance in groundwater in charnockite
aquifers

SI. no. Order of dominance Aquifer
Weathered Fractured
(deep)
No % No %
A. Cations
1 Ca>Mg>Na 6 12.5 16 37.2
2 Ca>Na>Mg 22 45.8 6 14.0
3 Mg>Ca>Na 4 8.3 14 32.6
4 Mg>Na>Ca 1 2.1 1 23
5 Na>Ca>Mg 14 29.2 4 9.3
6 Na>Mg>Ca 1 2.1 2 4.7
48 100.0 43 100.0
B. Anions
1 HCO;>CI>S0, 35 72.9 34 79.1
2 HCO;>S0,>Cl 0 0.0 6 14.0
3 C1>HCO;>SO0, 13 27.1 2 4.7
4 Cl>S0,>HCO; 0 0.0 0 0.0
5 SO,>HCO;>Cl 0 0.0 1 23
6 SO,>Cl>HCO; 0 0.0 0 0.0
48 100.0 43 100.0

factors governing the hydrochemical characteristics of
groundwater. The technique has been applied to the hydro-
chemical data with a view to summarize the statistical cor-
relations among different chemical constituents in ground-
water samples. PCA is a dimension reduction technique
and synthesizes the data from a mass of variables into a
set of compound axes, with the first axis explaining the
most variation, then the second, and so on (Dytham 2011).
By applying PCA, the constituents which contribute most

Fig.3 Schoeller diagram
showing dominance of ions in
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to the variations in the data can be easily understood by
examining weightages of the first few axes.

In the present study, PCA was applied to the analytical
data of groundwater samples from the aquifers being com-
pared. The data were normalized and standardized prior to
the analysis to ascertain that they satisfy the assumption of
homoscedasticity (Helsel and Hirsch 2002). The Kaiser cri-
terion, under which only factors with eigenvalues less than
or equal to 1 are extracted, was used to limit the number
of factors extracted. The principal components extracted in
each case were subjected to varimax rotation in order to
maximize the variation among the variables under each fac-
tor. Summary of eigenvalues, variance expressed by each
factor and the cumulative variance in respect of all the data
sets is presented in Table 6.

The varimax-rotated PCA loading matrices in respect of
the aquifers are shown in Table 7.

Discussion of results
lonic concentrations

The chemical compositions of charnockites from different
parts of Kerala (Table 1) exhibit considerable spatial varia-
tions in respect of the majority of ions. Various natural and
anthropogenic influences are likely to be responsible for the
spatial variations in the ionic concentrations in the ground-
water from the aquifers.

A perusal of the statistics provided in Table 2 shows that
the majority of the chemical parameters and ions in ground-
water in the aquifers are positively skewed, with skewness
often exceeding + 2, suggestive of considerable deviation
from normality (George and Mallery 2010). Groundwater
in both the aquifers is generally basic in nature with median

Schoeller Diagram
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Fig.4 Piper’s trilinear diagram showing plots of groundwater samples

Table 4 Details of groundwater samples from charnockites belonging
to different groundwater types

SL. no. Groundwater type Aquifer-wise % of samples
Weathered Fractured (deep)

1 Ca-Mg-HCO, 62.5 81.8

2 Na-Cl 10.4 2.3

3 Mixed Ca-Na-HCO, 6.3 4.5

4 Mixed Ca-Mg—Cl 20.8 4.5

5 Ca-Cl, 0.0 2.3

6 Na-HCO; 0.0 4.5
100.0 100.0

pH of 8.0. Groundwater in the fractured aquifers has higher
median concentrations of EC and majority of ions. The only
exception is NO;~ which is has higher concentration in the
weathered aquifer, due to the influence of anthropogenic
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contamination. Chloride is uniformly distributed in both the
aquifers, showing its characteristic nature of not entering
into oxidation or reduction reactions, forming no important
solute complexes with other ions unless at extremely high
concentrations, not forming salts of low solubility or get-
ting adsorbed on mineral surfaces and playing few vital bio-
chemical roles (Hem 1985). The comparison suggests higher
water mineralization in deep fractured aquifers, which is also
indicated by the box plots of cation and anion concentrations
in the aquifers being studied.

Analysis of the dominance of ionic species (Table 3 and
Fig. 3) indicates that calcium is the dominant cation in both
the aquifers, followed by sodium in the weathered zone
and by magnesium in the fractured zone. As far as anions
are concerned, bicarbonate followed by chloride is predomi-
nant in the aquifers. Nearly 46% samples from the weathered
zone have Ca>Na> Mg as the dominant cation species, fol-
lowed by Na>Ca> Mg in about 29% samples. On the other
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hand, the deep fractured aquifers have cation dominance in
the order Ca>Mg > Na (37%) followed by Mg > Ca> Na
(33%), which means that the Na in groundwater shows a
progressive reduction with increasing depth, with a con-
comitant increase in Mg. A reduction in the amount of Ca
in groundwater is also indicated when the groundwater in
the deeper fractured aquifer is compared with that of the
weathered zone. These variations point toward the possi-
bility of ion exchange reactions between Na, Ca and Mg
in the aquifers. In the case of anions, HCO;> Cl> SO,
is the common order of dominance in both the aquifers,

Pielase clla)l auan @
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followed by C1>HCO; > SO, in the weathered zone and by
HCO;>S0,>Cl in the fractured aquifers. A reduction in
the CI content along with an increase in HCO; and SO,
with increasing depth of the aquifer is evident in this case,
which may be indicative of the varying roles of carbonate
weathering in the aquifers.

Groundwater types

Plots of analytical results of groundwater samples in
Piper’s trilinear diagram (Fig. 4) and classification of
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Fig. 11 Plots of Na versus
HCO,

Fig. 12 Plots of Ca+Mg-
HCO;-SO,versus Na—Cl

Table 5 Distribution of chloro-
alkaline indices in groundwater
from charnockites

Table 6 Eigenvalues and
variance explained by factors
in PCA
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SI. no. Aquifer CAI-1 CAI-2 % samples
with CA
Min Max Median Min Max Median <0 >0
Weathered -20 06 0.0 -04 26 0.0 479 521
2 Fractured (deep) —109 0.7 -1.39 -1.0 05 -0.14 76.7 233
Aquifer Parameter PC1 PC2 PC3 PC4
Weathered Initial eigenvalue 4.584 1.759 1.094 1.021
Variance explained (after rotation) (%) 30.859 20.300 18.960 14.461
Cumulative variance explained (%) 30.859 51.159 70.119 84.580
Fractured (deep) Initial eigenvalue 3.543 1.804 1.270 1.056
Variance explained (after rotation) (%) 30.187 21.284 14.500 10.759
Cumulative variance explained (%) 30.187 51.471 65.971 76.730
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Table 7 Varimax-rotated PCA

N ; K Sl.no. Constituent Aquifer
loading matrices in respect of
aquifers in charnockite Weathered Fractured (deep)
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

1 Ca** 0.594 0.579 0.397 -0.173 0.409 0.736 0.020 -0.221
2 Mgt 0.647 0.607 0.120 -0.142 0.518 0.783 —0.029 0.119
3 Na* 0.932 -0.023 0.134 0.119 0.624 —0.292 0.585 0.126
4 K* 0.409 0.184 0.787 0.171 -0.184 0.838 —0.006 0.147
5 CO;5™ 0.078 0.048 -—0.015 0.898 0.064 0.073 0.138 0.878
6 HCO;~ 0.341 0.708 0.150 -0.519 0.830 0.379 0.098 0.039
7 ClI™ 0.946 0.142 0.085 0.040 -0.076 0.040 0.857 0.144
8 SO, 0.436 0.368 0.649 0.060 0.574 0.070 0.459 —0.345
9 NO;~ —-0.256 —0.002 0.790 -0.465 —-0.788 0.059 0.356 —0.239
10 F -0.077 0.796 0.116 0.234 0.713 0.159 0.074 -0.076

groundwater based on predominance of ions (Table 3)
indicate that groundwater in both the aquifers is predomi-
nantly Ca-Mg-HCO; type, with about 62% samples from
the weathered aquifers and about 82% samples from the
deep fractured aquifers belonging to this category. The
higher percentage of samples from the fracture zones in
the Ca—-Mg-HCOs; field indicates that the groundwater in
these aquifers has had too low a residence time to undergo
significant rock—water interaction, though they seem to be
closely connected to the weathered zone, suggesting vertical
leakage. Higher percentages of Na—Cl, mixed Ca—Na-HCO;
and mixed Ca—Mg—Cl types of groundwater were encoun-
tered more in the phreatic aquifer when compared to frac-
tured aquifers. These are suggestive of processes such as
evapo-concentration in shallow water table areas, anthro-
pogenic input of NaCl and contribution of Na and Cl origi-
nating from marine aerosols through recharging rainwater.
Groundwater in the weathered zone seems to have under-
gone various reactions due to anthropogenic influences. The
Ca-Mg-HCO; type of water in this zone is being modified
to mixed type (no cation dominance) and Na—Cl type due to
dissolution of salts accumulated in the soil zone by human
interventions and evapo-concentration.

Hydrogeochemical processes

The prevailing hydrochemical variations in groundwater
from different aquifers are, to a large extent, the net result
of various hydrochemical processes active in them. These
have been investigated with the help of Gibbs plot and ionic
ratios in groundwater.

Plots of groundwater samples in Gibbs diagram (Fig. 5)
indicate dominance of rock—water interaction as the major
process controlling water chemistry. Plots of HCO;+ SO,
(X-axis) versus Ca+ Mg (Y-axis) in groundwater samples
from the aquifers (Fig. 6) indicate different geochemical
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processes governing the composition of groundwater
contained in them. Plots of HCO;+ SO, (X-axis) versus
Ca+ Mg (Y-axis) in groundwater samples are expected to
be close to the 1:1 line in cases where the dissolution of cal-
cite, dolomite and gypsum is the dominant reaction. Shift-
ing of points to the right is indicative of ion exchange and
excess HCO; 4+ SO,, whereas shifting to the left is indica-
tive of reverse ion exchange and excess Ca+ Mg (Cerling
et al. 1989; Fisher and Mulican 1997). According to Datta
and Tyagi (1996), samples plotting above the 1:1 line in
the diagram suggest carbonate weathering, whereas those
plotting below the line indicate silicate weathering. In the
present study, the majority of samples (77%) from the weath-
ered rock aquifers have Ca+ Mg in excess of HCO;+ SO,
and plots above the 1:1 line, whereas nearly 72% samples
from the deep fractured aquifers have HCO; + SO, exceed-
ing Ca+Mg and hence plot below the line. Going by these
observations, it is likely that carbonate weathering is domi-
nant in the weathered charnockites, whereas silicate weath-
ering is dominant in the fractured aquifers.

Weathering products of charnockite such as montmo-
rillonite, illite and chlorite in the aquifer are likely to be
responsible for the abundance of Ca, Mg and Na in ground-
water in the area, as suggested by Garrels 1976 and Laksh-
manan et al. (2003). As suggested by the latter, Ca may also
be added to the groundwater in this zone due to the dissolu-
tion of CaCO; and CaMg (COs;), by recharging waters. The
comparatively lower concentrations of Ca+ Mg to compen-
sate the HCO; and SO, in groundwater in the deeper zone
may indicate the absence or non-significance of these reac-
tions in fractured aquifers.

Plots of Ca+ Mg versus total cations (TZ +) in ground-
water samples (Fig. 7) show that the majority of samples
from both the aquifers lie well below the 1:1 line, suggesting
a larger contribution of alkalis (Na+ K) to the TZ + when
compared to alkaline earth metals (Ca+Mg). However, the
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linear pattern of the plotted points between lines represent-
ing 1:1 and 1:0.5 ratios of Ca+ Mg and TZ + also indicates
that weathering of silicate minerals may be responsible for
some of the Ca and Mg ions in the groundwater from both
the aquifers (Kumar et al. 2009).

The role of silicate weathering in the contribution of
cations to groundwater was further investigated using the
(Na+ K)/total cations index (Sarin et al. 1989; Lakshmanan
et al. 2003). The scatter plots of Na+ K versus total cations
(TZ+) (Fig. 8) show the majority of points along and below
the Na+K=0.33 TZ +line, suggesting silicate weathering
as an important geochemical process contributing cations to
the groundwater. The reduction in the proportion of Na+ K
below the stipulated 50% of TZ + indicating silicate weather-
ing as observed by Datta and Tyagi (1996) may be attributed
to the Ca/Na exchange process taking place in the aquifers.
The scatter plots of Ca versus Na (Fig. 9) which shows that
about 67% and 84% samples from the weathered zone and
deep fractured zone, respectively, have Ca in excess of Na
and hence plots above the 1:1 line, indicating Ca—Na ion
exchange as a mechanism for the increase in Ca in ground-
water, more so in the fractured aquifers.

The Na—Cl scatter diagram (Fig. 10) and comparison of
Na and Cl ions in groundwater show that Cl exceeds Na in
about 69% samples from the weathered aquifers and plot
above the 1:1 line, whereas Na exceeds Cl in about 74%
samples from the deep fractured aquifers, resulting in the
majority of Na—Cl plots below the line. The low content
of Na compared to Cl is suggestive of the absence of halite
dissolution and absence of significant silicate weathering
in the weathered aquifer. On the other hand, excess Na over
Cl indicates the major role of silicate weathering in control-
ling the hydrochemistry of fractured aquifers. Though the
predominance of HCO; over Na (Fig. 11) in about 75% sam-
ples from the weathered zone may suggest some amount of
silicate weathering in this zone as well (Fisher and Mulican
1997), the comparatively low Na in the weathered aquifer
in spite of this process as well as anthropogenic and marine
aerosol inputs implies ion exchange between Na and Ca,
causing reduction of Na in groundwater (Lakshmanan et al.
2003), which is also supported by the scatter plots of Na
versus Ca shown in Fig. 8.

The scatter plots of Na—CI versus Ca+Mg-HCO;-SO,,
along with trend lines and regression equations for different
aquifers, are shown in Fig. 12. In these plots, Na—CI (m eq/1)
represents the amount of Na gained or lost relative to that
provided the halite dissolution, whereas Ca+Mg-HCO;
(m eq/l) represents the amount of Ca and Mg gained or
lost relative to that provided by gypsum, calcite and dolo-
mite dissolution (Ramesh 2007). The groundwater samples
are expected to fall along a line with a slope of — 1 if ion
exchange is the dominant process in the system (Rajmohan
and Elango 2003). In the present case, the lines fitted through

the plotted points have slopes of —0.8486 for the weathered
zone and — 1.0112 for the deep fractured zone respectively,
indicating that reverse ion exchange has an important role in
determining the Ca, Mg and Na contents in groundwater in
both the aquifers and more so in the fractured ones.
Chloro-alkaline indices have been used by many work-
ers (Ramesh 2007; Ishaku et al. 2011; Odukoya et al. 2013;
Mohammed and Zineb 2015) to understand the direction in
which ion exchange reactions proceed. When there is an ion
exchange between Na and K in groundwater with Mg or Ca
in the aquifer material (rock/weathered layer), both of the
indices are positive, indicating ion exchange of sodium in
groundwater with calcium or magnesium in the weathered
material, whereas in reverse ion exchange both indices are
negative, indicating exchange of Mg or Ca in the groundwa-
ter with Na and K in the rocks (Ramesh 2007). The chloro-
alkaline indices computed for the present study (Table 5)
indicate that both the indices are negative in the majority of
samples from fractured aquifers, suggesting predominance
of reverse ion exchange in these aquifers. In the samples
from the weathered aquifers, nearly 50% samples each have
the positive and negative indices, indicating that both ion
exchange and reverse ion exchange are active in this aquifer.

Factors controlling the hydrochemistry
of groundwater

The principal component analysis (PCA) of the hydro-
chemical data indicates that four principal components
each account respectively for 84.6 and 76.7% of the hydro-
chemical variations in weathered and deep fracture zones
(Table 6). The matrices of varimax-rotated loadings of the
principal components given in Table 7 show that groundwa-
ter in the weathered zone has the highest positive loadings of
Cl and Na along PC1, followed by F and HCOj; along PC2,
NO; and K along PC3 and CO; along PC4. The deep frac-
tured aquifers have high positive loadings of HCO; and Na
along PC1, followed by K, Mg and Ca along PC2, Cl along
PC3 and COj; along PC4.

The distribution of chemical components with high posi-
tive loadings in the weathered zone suggests the role of
anthropogenic activities in determining the hydrochemis-
try of groundwater in this zone. The high positive loadings
of Na and Cl are likely due to the anthropogenic input of
sodium chloride into the environment and marine aerosols
carried by rainwater, with Na being supplemented to some
extent by silicate weathering and reverse ion exchange reac-
tion in the aquifer. The HCOj; constituting the major compo-
nent of PC2 in this zone is the result of water—rock interac-
tion, whereas domestic sewerage and chemical fertilizers are
likely to be the major sources of NO; and K respectively,
making up the PC3. Degradation of organic material is likely
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to be the major source of CO;, which constitute the major
share of PC4 in this zone.

In the fractured aquifers, water—rock interaction appears
to be the major process controlling the groundwater chemis-
try, as indicated by constituents of PC1 and PC2 such as Ca,
HCO;, Mg, Na and F. The presence of Na in PC1 is likely
to be due to the predominance of silicate weathering and
reverse ion exchange reactions and consequent Na enrich-
ment in the aquifers and not from anthropogenic sources,
as they, to a large extent, are isolated from the overlying
weathered aquifer. The conspicuous absence of NO; in any
of the principal components also indicates the absence of
significant anthropogenic contamination in this aquifer.

Conclusions

Based on the detailed study of hydrochemical data of
groundwater samples collected from the weathered and
fractured aquifers in the Precambrian charnockite aquifers
in Kerala, India, it is observed that groundwater in both the
aquifers is generally basic in nature and frequency distribu-
tions of the majority of constituents are positively skewed
with significant deviation from normality. Fractured aqui-
fers, in general, have groundwater with higher concentra-
tions of chemical constituents with the notable exception of
NO;, indicating the absence of anthropogenic contamina-
tion. Study of cation dominance in the aquifers indicates
more Na in weathered zone when compared to the fractured
aquifers, likely to be due to factors such as anthropogenic
input of common salt (NaCl) into the groundwater system,
contribution from marine aerosols and reverse ion exchange
reactions between Ca in groundwater with Na in the aquifer
material. Distribution of anions similarly indicates a reduc-
tion in Cl with increasing depth, together with an increase in
HCO;+S0,, indicative of ion exchange process and lack of
supply of anthropogenic input of Cl in the fractured aquifers.
Plots of groundwater samples in Piper’s trilinear diagram
suggest evapo-concentration, reverse ion exchange and natu-
ral/anthropogenic input of NaCl in the weathered aquifers,
resulting in comparatively higher percentage of samples
belonging to Na—Cl, Ca—Na—HCO; and mixed Ca-Mg—Cl
types of groundwater in this zone.

Comparison of the predominance of various hydrochemi-
cal processes in the aquifers using ionic ratios and chloro-
alkaline indices indicates that various processes such as
ion exchange, reverse ion exchange, carbonate weathering
and silicate weathering are active in the aquifers and the
relative importance of each in comparison to the others has
resulted in the characteristically different hydrochemical
compositions of groundwater in them. While ion exchange,
reverse ion exchange and carbonate weathering are active
in the weathered zone, reverse ion exchange and silicate
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weathering appear to be dominant in the fractured aquifers.
Results of the principal component analysis of the hydro-
chemical data of groundwater suggest that anthropogenic
activities have an important role in determining the hydro-
chemistry of groundwater in the weathered zone together
with rock—water interaction, which appears to have a pre-
dominant role in the evolution of the hydrochemistry of
groundwater in the fractured zone. The differences in the
hydrochemical characteristics of groundwater in the aquifers
also indicate limited interconnection between them at the
local scale, which has prevented the evolution of ground-
water having homogenized hydrochemical characteristics in
both the aquifer systems.
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