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Abstract

Fifty-four groundwater samples were collected from the highly industrialized area of north Chennai. These groundwater
samples were tested for Fe, Mn, Cu, Ni, Pb, Zn and Cr in pre-monsoon and post-monsoon periods of 2015-2016. Most of
the samples in the area were found to have high concentration of heavy metals. Geographical information system was used
to develop contour maps for the analysis of heavy metals, and it has been found that most of the Ambattur area was affected
by the heavy metals in both the seasons. ANOVA tests were carried out on the hydro-chemical data for both the monsoon
periods, and it was found that there was a common source of origin for most of the heavy metals, which was also confirmed
by the correlation and principal component analysis. 7-test indicates that there was a common source of origin of heavy
metals in the study area, viz. industrial and domestic pollutants, that were found to be the main source of heavy metals in
both the monsoon periods. Principal component analysis gave three important factors (principal components) for both the
seasons. Pre-monsoon groundwater samples showed a common cause of origin of heavy metals than the post-monsoon sam-
ples. Heavy metal pollution index indicates that almost all the samples were not fit for drinking purpose in both the monsoon
periods and metal index also indicates the non-usability of the water for drinking purpose.

Keywords Groundwater - Heavy metal index - GIS - Multivariate statistical analysis

Introduction

Groundwater is one of the most important resources for the
conservation of biodiversity and to nourish the ecosystem.
Overpopulation, mining activities and industrial activi-
ties have caused degradation of groundwater all over the
world (Sharma et al. 2017). Developing countries have been
affected by the depletion and contamination of groundwa-
ter (Ravindra et al. 2019); over-dumping of industrial and
domestic wastes near the water bodies and open dump yards
has been common in the developing countries (Ravindra and
Mor 2019). Though the domestic wastes were considered
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free from the contamination of heavy metals, ironically in
recent years, increasing the usage of electronic products and
the disposal of domestic e-wastes was a matter of serious
concern in the developing countries, especially the waste
batteries in the domestic wastes have made the scenario
entirely different. With increasing dumping of both indus-
trial and domestic wastes near the water bodies (Mor et al.
2018), heavy metals find their way into groundwater due to
corrosion and dissolution. Heavy metals in groundwater can
easily enter the food cycle and can cause variety of disorder
problems in human being (Govil and Krishna 2018; Rahfeld
et al. 2018; Muhammad et al. 2011; Tamasi and Cini 2004).
Many researches in recent times have focused heavy metal
pollution in the groundwater. New indices are developed to
study the usefulness of water for drinking purposes. Heavy
metal pollution index (HPI) was one of the common indexes,
which was developed by Mohan et al., by using the desirable
and maximum permissible limit of the heavy metal permit-
ted by WHO or BIS. This index classifies the water taking
into account their relative amount that was allowed in the
water. Some elements were toxic in lower concentration,
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and these heavy metals were given higher priority in the
index and water has been classified taking the sum of all the
contribution from each heavy metal (Rahfeld et al. 2018;
Muhammad et al. 2011; Abou Zakhem and Hafez 2014;
Bhardwaj et al. 2017; Chaturvedi et al. 2018; Prasad et al.
2013; Prasad and Sangita 2008; Prasad and Jaiprakas 1999;
Singh and Kamal 2016; Tiwari et al. 2015, 2016; Rakoton-
drabe et al. 2017). Metal index (MI), another index, clas-
sifies the water based on only the maximum allowed con-
centration of the heavy metal in the water (Tamasi and Cini
2004; Balakrishnan 2016).

In this study, highly polluted area of north Chennai
was chosen, and the groundwater was tested for the heavy
metal. North Chennai has a dense population and cluster of
industries. The area has high concentration of small-scale
industries, especially in the Ambattur industrial estate.
Seven heavy metals were tested in the groundwater, which
includes Fe, Mn, Cu, Ni, Pb, Zn and Cr. In this research,
these heavy metals were subjected to principal component
analysis, ANOVA and #-test to find out the common cause
of their origin. Calculation of heavy metal pollution index
and metal index was carried out to evaluate the suitability
of water for drinking purpose.

Study area

The detailed sampling locations of sampling site are shown
in Fig. la—c. The region lies between 80°03" and 80°17'E
longitudes and 13°03’ and 13°16'N latitudes. The total
aerial extent is about 358.08 km?. The exact boundary was
drawn by processing DEM (digital elevation model) with
the Geo-Hydro tool of ArcGIS 10.3 software for watershed
delineation.

The study area experiences hot climate during summer,
and in the remaining period, the weather is moderate to cool.
The maximum temperature differs from 37 to 44 °C, while
the minimum temperature varies from 18 to 27 °C. During
the month of May, the temperature will be very high, soar-
ing up to 44 °C. The mean minimum temperature rarely
falls below 20 °C, while the maximum temperature seldom
crosses 44 °C. The relative humidity in the study area varies
from 60 to 85%.

The chief climatic feature is that the region receives
the major rainfall from the north-east (NE) monsoon, par-
ticularly from October to December. The normal annual
rainfall of the district is 1152.8 mm. Heavy rains and
cyclonic storms are not strangers to Chennai. The city has
experienced particularly heavy rains about once in every
10 years—1969, 1976, 1985, 1996, 1998, 2005, 2015. Dur-
ing December 2015, Chennai received around 490-mm
rainfall, which was the highest in 100 years. The study area
contains 49 water bodies that are small, medium and large in
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size (Fig. 1b). Out of these, seven major lakes were selected:
Korattur, Ambattur, Avadi, Puzhal, Retteri, Cholavaram and
Vilinjiyambakkam lakes. Several medium-to-small tanks are
located in the area, but all of them are almost used as waste
disposal sites. Earlier, the depths of these lakes are used to
be about 4 m, but now it is about 1.5 m or less.

The identification of geomorphologic features is very
important for groundwater studies as shown in Fig. 1c. The
maximum elevation of the study area is about 10 m in the
west; it is around the mean sea level (MSL) in the east. Thus,
the area gently slopes towards east. There is no remarkable
elevation difference in the north—south direction, except for
the two river courses. Important geomorphic units include
the anthropogenic terrain of anthropogenic origin, shallow/
deep pediment and pediplain of denudational origin, and
the older deltaic plain of coastal and fluvial origin. Most of
the area consists of alluvial plains, especially between the
Koratalai and Cooum rivers. The detailed geomorphology
map is shown in Fig. lc.

Geologically, the study area is underlain by formations
ranging in age from Archean to Recent. Gneiss and pyrox-
ene granulite rocks of Proterozoic Era occur as basement at
depths between 65 and 105 m (16). These rocks are over-
lain by the Gondwana Formation consisting of clay, shale,
sandstone, conglomerate and boulders. Tertiary formations
comprising clays, shale and sandstone overlay these. The
Quaternary-Recent alluvium consisting of clay, silt, sand,
gravel and pebbles occurs at the top, with thickness varying
from 45 to 60 m; the thickness is higher between the rivers
and increases towards the coast. The geology map of the
study area (Fig. 1c) illustrates that almost the entire central
part of the study area is comprised of laterite rock with small
patches of sandstone.

Materials and methods

The methodology adopted in an analysis decides the preci-
sion and accuracy of the analytical results. Analysis depends
critically on the acquisition of a sample that is truly repre-
sentative of the material to be analysed. Groundwater sam-
ples were collected during June 2015 (pre-monsoon) and
January 2016 (post-monsoon) as the NE monsoon is active
from mid-October to mid-December; morphological stud-
ies were carried out during 2015-2016. A stratified random
sampling design was chosen, and 54 groundwater samples
of both seasons were sampled to provide sufficient coverage
of the study area. The sample containers were made from
high-density polyethylene. The containers were pre-cleaned
by soaking them in 2 mol L™ HNO; for 24 h and washed
3—4 times with de-ionized water. Before collecting the
samples, the containers were rinsed with the samples. The
water samples were collected from the wells at 10 cm below
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Fig. 1 a—c Base map of the study area showing the sampling station for both the monsoons, drainage map of the study area depicting the water
bodies and the geological map of the study area showing various rock types

the static water level using a water sampler. Groundwater
samples were collected from tube wells and borewells after
duration of 5 min to avoid stock water from the pipe. The
trace metal concentrations were determined by flame AAS
(AAnalyst 700 Perkin Elmer) after calibration with standard
solutions (MERCK). Before running the sample analysis, the
instrument was checked with the standard reference material
(SLRS Riverine Water, National Research Council, Canada).

Water quality index (WQI) was used to evaluate the suit-
ability of water for drinking and irrigation (Pant et al. 2018;
Sadat-Noori et al. 2013; Das Kangabam et al. 2017; Gautam
et al. 2018; Krishna kumar et al. 2014; Saleem et al. 2016).

But the effect of trace metals/heavy metals was not taken into
account in WQI calculation. Heavy metal pollution index
(HPI) was used to find the suitability of the use of water for
the drinking purpose, which takes into account the concentra-
tion of the heavy metal in the groundwater. In this work, HPI
(Eq. 1) was calculated by the method used by Mohan et al.
(2008) and Prasad and Jaiprakas (1999).
HPI is calculated using the following equation

HPI = Lit Wil

== 1
S W (1)
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whereW, is defined as the unit weightage of a heavy metal
and Q; is the sub-index of a heavy metal and 7 is the number
of heavy metal measured to determine HPI.

Q;, (Eq. 2), is the sub-index which is given by the follow-
ing equation.

(@)

Here, M, is the concentration of the ith heavy metal that
is measured in the particular season, /; is the maximum
desirable value of that particular (ith) heavy metal given by
WHO (2012) and S; is the highest permissible limit that is
allowed by WHO (2012). The modulus is taken to give only
the numerical difference between the maximum desirable
limit and the concentration of the heavy metal present in
the groundwater.

3

In this study, W, (Eq. 3) is taken as inverse proportional
of the standard permissible value of the ith heavy metal.

Results and discussion

Seasonal variation of the heavy metals

Table 1 summarizes the results of the trace metals and pH of
the groundwater in the north Chennai region. Spatial vari-
ation of the heavy metals and ions in water was studied by
many authors to describe the distribution of the contami-
nants in the study area (Krishna kumar et al. 2014; Venu-
gopal et al. 2008). In this study, also spatial distribution
of heavy metals was used to analyse the contaminants in
the study area. The pH of the water is one of the important
parameters, which, although does not have direct influence
on the human health, can be the deciding factor in many of
the physico-chemical character of the water. pH decides the

ions present in the water, especially the metal ions that may
be soluble in certain pH and becomes insoluble in another
pH. The pathogenic activity of the micro-organism may also
be controlled by the pH of the water (Prasad et al. 2013). pH
in the pre-monsoon samples varies from 5.8 to 7.7, whereas
in the post-monsoon, the variation is from 5.8 to 8.0. From
Fig. 2a and b, it was found that lower pH of water was found
to be observed in the northern part of the study area for both
the pre-monsoon and post-monsoon periods, especially near
Cholavaram lake. The pH of water was found to be higher
in the southern part of the study area. There was a demar-
cation of the study area in the basis of pH, with lower pH
seen in the north-eastern area during both the seasons and
higher pH in the southern part of the study area. It can be
seen in Fig. 3a and b that most part of the northern study
area has lower iron value in both the pre-monsoon and post-
monsoon periods. Southern and eastern parts of the study
area, especially near the industrialized area of Ambattur and
potteri regions, have a higher concentration of the iron in the
groundwater during both pre-monsoon and post-monsoon
seasons. This can be due to the industrial pollution and
dumping of scraps in these areas, which would have caused
the infiltration of iron into the groundwater.

Manganese values for both the pre- and post-monsoon
were from 0.006 to 7.130 and 0.001 to 5.063 mg/L, respec-
tively. It is observed from Fig. 4a and b that most of the
sampling sites show the concentration of Mn more than the
permissible limit. Manganese value in both the monsoons
was found to be lower in the western part of the study area.
The south-eastern part and eastern part of the study area
almost showed higher value of Mn than the permissible limit
during both the pre-monsoon and post-monsoon seasons.
It can be inferred from Fig. 4a and b that post-monsoon
samples showed a higher value of Mn concentration in most
part of the study areas, and this may be attributed to the dis-
solution of Mn from the surface onto the groundwater during
the monsoon rains.

Copper value for the pre-monsoon was found to be 0.028
to 0.395 mg/L and for the post-monsoon 0.01 to 0.419 mg/L.
It was found that during the pre-monsoon period, some of

Table 1 Analytical results of
trace metals in the study region

Pre-monsoon

Post-monsoon

for both pre-monsoon and post- MIN MAX AVG STDV MIN MAX AVG STDV WHO?2012 BIS 2012
monsoon
pH 5.8 7.7 7.0 04 5.8 8 7.2 0.5 7-9.2 6.5-8.5
Fe (mg/L) 0.102 6.268 0.630 0.898 0.019 8.855 0.546 1.317 0.300 0.300
Mn (mg/L) 0.006 7.130 0.478 1.130 0.001 5.063 0.518 1.028 0.05 0.1-0.3
Cu(mg/L) 0.028 0395 0.142 0.070 0.010 0.419 0.042 0.057 0.005 0.05
Ni(mg/L) 0.014 0.220 0.082 0.047 0.000 0.113 0.025 0.027 0.02 0.02
Pb (mg/L) 0.065 0.423 0.163 0.059 0.005 0.337 0.168 0.080 0.01 0.01
Zn (mg/L) 0.001 1.014 0.048 0.143 0.002 0.458 0.062 0.094 3 5.0-15.0
Cr(mg/L) 0.019 0.539 0262 0.149 0.009 0.309 0.052 0.043 0.05 0.05
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Fig.3 a, b Spatial variation of iron in the groundwater for pre-monsoon and post-monsoon, respectively

the samples showed higher value of copper concentration
than the WHO-permitted limit, and in the post-monsoon,
almost all samples are found to be within the WHO per-
missible limit. From Fig. 5a and b, it can be inferred that
post-monsoon showed lower value of copper compared to
that of the pre-monsoon in almost all the sampling stations.
This may be attributed to the dilution of water during the
monsoon period.

Nickel value for both pre-monsoon and post-mon-
soon periods was found to be 0.014 to 0.220 and BDL to
0.113 mg/L, respectively. From Fig. 6a and b, it can be
inferred that most of the sampling sites in the north-west-
ern part of the study area were less number of industrial

activities which was found to have lesser value of nickel
in both the monsoons. There was a significant difference
between the occurrence of nickel in the southern region in
the pre-monsoon and post-monsoon. In the pre-monsoon
period, southern region showed a significantly higher value
of nickel concentration than in the post-monsoon. In the
eastern area, post-monsoon showed a higher value of nickel
compared to the pre-monsoon season. Nickel has both the
dilution effect and dissolution effect in these regions; dilu-
tion effects decrease the concentration, whereas dissociation
(geologically) increases the concentration.

Lead concentration was found to be higher in the entire
sampling site in the study area. In the pre-monsoon, all the
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Fig.5 a, b Spatial variation of Cu in the groundwater for pre-monsoon and post-monsoon, respectively

station showed lead concentration higher than the permissi-
ble limit. While in the post-monsoon except for the one sam-
pling site all other places showed lead concentration higher
than the permissible limit. The lead concentration in the pre-
monsoon was found to be between 0.065 to 0.423 mg/L and
0.005 to 0.337 mg/L for the post-monsoon. Figure 7a and
b shows the spatial distribution of lead in the pre-monsoon
and post-monsoon periods. From Fig. 7a and b, it can be
inferred that due to percolation of lead into the groundwa-
ter during the monsoon period, the post-monsoon showed
higher concentration of lead in the northern places of the
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study area. The groundwater near the lakes of the Chola-
varam and Puzhal had higher concentration of the lead in the
post-monsoon validating the percolation theory of lead into
the groundwater, i.e. dissolution of the lead from the surface
and subsequent accumulation in the groundwater. These can
be attributed to the higher rate of e-waste in these areas.
The concentration of zinc in the pre-monsoon period was
found to be between 0.001 and 1.014 mg/L and in post-
monsoon from 0.002 to 0.458. The values of zinc in both the
seasons were found to be within the permissible limit pre-
scribed by BIS and WHO 2012. The spatial variation of the
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Fig.7 a, b Spatial variation of Pb in the groundwater for pre-monsoon and post-monsoon, respectively

zinc in the study area is represented in Fig. 8a and b. From
the figure, it can be seen that the southern part of the study
area has a higher concentration of zinc in the pre-monsoon
and during post-monsoon and that the eastern part of the
study area shows a higher concentration of zinc compared
to other regions.

Chromium concentration was found to be between
0.019 and 0.539 mg/L in the pre-monsoon and 0.009 and
0.309 mg/L in the post-monsoon periods. The seasonal
variability of the chromium was more pronounced than

the other trace metals as shown in Fig. 9 (a) and (b). The
southern part of the study area was found to have concen-
tration of chromium higher than the permissible level in
the pre-monsoon season, while this region showed lower
concentration in the post-monsoon period. During post-
monsoon, north-eastern part of the study region towards
the north of Puzhal lake showed a higher concentration of
chromium more than the permissible limit. This region,
however, showed a lower concentration in the pre-mon-
soon region.
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Fig.9 a, b Spatial variation of Cr in the groundwater for pre-monsoon and post-monsoon, respectively

ANOVA and paired t test

To find out the factor controlling the heavy metal occur-
rence in groundwater, ANOVA and paired ¢ test were used
in this study (Muhammad et al. 2010). Trace metals in
groundwater in both pre- and post-monsoon were sub-
jected to the following null hypothesis of z-test to deter-
mine any significant difference in their origin.

H,: There is no significant difference in the origin of
the trace metals in the pre-monsoon and post-monsoon.

piglhse clallal .
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The results of the #-test are presented in Table 2. It can
be observed from Table 2 that Fe, Mn, Pb and Zn have #-test
values less than the tabulated value of 2.009 at 5% level
of significance. This implies that there is an acceptance of
metal towards the null hypothesis, and hence, it can be con-
cluded that the occurrence of these metals has a common
source of origin during both pre-monsoon and post-monsoon
periods. While trace metals Cu, Ni and Cr have t-test values
significantly higher than the tabulated value at 5% level of
significance, the null hypothesis was rejected.
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Table 2 Results of paired

Trace metal Mean Std. deviation Correlation t Df Sig

sample 7-test of the heavy

metals in pre-monsoon and Fe 83.52 1240 0.42 0.495 53 0.001

post-monsoon seasons Mn -39.95 706.46 0.790 0.416 53 0.000
Cu 100.71 63.68 0.510 11.62 53 0.000
Ni 57.17 4191 0.459 10.02 53 0.000
Pb -5.15 99.69 0.001 0.379 53 0.996
Zn —13.46 159.95 0.137 0.619 53 0.323
Cr 210.01 141.9 0.314 10.88 53 0.021

The result suggests that these metals have different ori-
gins of occurrence during the two monsoon periods. From
Table 2, there is a correlation between the pre-monsoon
and post-monsoon values; it can be inferred that there is
no significant correlation between the pre-monsoon and
post-monsoon values except for Mn, which has a correla-
tion value of nearly 0.80. The results of correlation suggest
that monsoon had a significant effect on the occurrence of
trace metals in water. The source of origin of the trace metals
can be attributed to the anthropogenic activities around the
lake. The physical verification of the area revealed that there
were a number of dumping sites in and round the lake area
and landfills, which may lead to the infiltration of the trace
metals and mixing into the groundwater.

Analysis of variance (ANOVA) of trace metals in ground-
water in both pre- and post-monsoon was carried out to find
whether there was a common source of origin among the
trace metals found in the water. One-way ANOVA was used
to compare the variability of scores for both intra-group
(within the group) and inter-group (between the groups).
The results of the ANOVA for inter- and intra-group are
tabulated in Table 3. Hypothesis has been formulated to
check whether there was a common origin of the trace met-
als in each monsoon.

H,: There is no significant difference in the origin of the
trace metals.

HPI and MI

Water can be considered unfit for drinking when the HPI
value exceeds 100 (Prasad and Sangita 2008). Tables 4 and 5
give the value of HPI for both the monsoon periods and also
the mean deviation and per cent deviation from the mean
value. The mean deviation and per cent deviation can be
used to compare different water samples in terms of HPI
index; more negative deviation indicates that the water is
better compared to the other sampling sites, although it may
not necessarily be considered fit for drinking. More positive
deviation indicates that the water is deteriorated more than
the other sampling sites making them more unsafe for the
drinking purposes.

The HPI for the pre-monsoon was found to vary from
90.31 to 906.80 with an average of 399.85, and for the post-
monsoon, the variation was 31.01 to 450.22 with an aver-
age of 135.82 (Table 4). In both the seasons, it was found
that no station has HPI falling under low class (HPI< 15)
or in the middle class (HPI=15-30); all the sampling sites
have a HPI value falling under high class (HPI> 30). In
the pre-monsoon, only sampling site 3 showed lower value
of HPI and all other sites were found to have HPI higher
than 100, which shows that the groundwater was unfit for
drinking purpose. In the post-monsoon, sampling stations
1 and 7 showed HPI values lower than 50. Sampling sta-
tions 2, 12, 13, 16, 19, 29, 33, 39, 46, 48 and 54 showed
HPI value between 51 and 100. All other sites showed HPI
value greater than 100 (Fig. 10). It was found that sampling
site 3 showed a higher value of HPI in the post-monsoon.
The value of HPI shows that no site was found to be free
from contamination of heavy metals in both the monsoon
periods (Fig. 10). This can be particularly attributed to the
excessive dumping of the waste, which could lead to the
percolation of the heavy metal. Ambattur area, which was
known for the industrial activity, would lead to accumula-
tion of large amount of industrial wastes, and these wastes
dumped in the nearby area and near the lake would have
caused the pollution of water. In the pre-monsoon period, the
concentration of the heavy metal would have been enhanced
by the evaporation and reduction in water table due to the
withdrawal of water, whereas in the post-monsoon, dilution
of water would have taken place due to the percolation of
water from the surface due to the monsoon rain. Overall, it
has been found that the north Chennai area groundwater was
highly contaminated with heavy metals and the level of HPI
in some places was alarmingly high that necessitates series
steps to be taken to control the pollution of heavy metal in
the groundwater of the region.

Metal index

Metal index calculation used in this work is primarily based
on the report of Tamasi and Cini (2004). Metal index (Eq. 4)
is calculated using the following equation
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Table 4 Heavy metal pollution index and metal index in the north Chennai groundwater region during pre-monsoon and post-monsoon seasons

Sampling sitt  HPIPRM  Mean deviation =~ % deviation =~ MIPRM  HPIPOM  Mean deviation2 % deviation3  MI POM
1 103.91 —259.85 —71.43 3.84 36.17 —129.80 —78.21 1.63
2 119.13 —244.63 —67.25 4.79 70.58 —95.38 —57.47 3.78
3 90.31 —273.44 =75.17 3.57 130.93 —35.04 -21.11 6.51
4 154.24 —209.51 -57.60 5.39 135.24 -30.73 —18.52 6.35
5 120.03 —243.73 —67.00 4.94 140.12 —25.85 —15.57 6.77
6 108.77 —254.98 —70.10 4.16 109.83 —56.14 —33.83 5.24
7 135.24 —228.51 —62.82 5.00 31.01 —134.96 —81.32 1.56
8 661.68 297.93 81.90 15.99 210.57 44.60 26.87 7.39
9 205.40 —158.36 —43.53 8.75 112.89 —53.07 -31.98 5.31
10 219.48 —144.27 —39.66 7.50 166.42 0.46 0.27 6.56
11 170.95 —192.80 —53.00 6.36 154.46 —11.51 —6.94 5.66
12 205.94 -157.81 —43.38 7.32 92.14 —73.83 —44.48 438
13 191.31 —172.44 -47.41 7.03 60.52 —105.45 —63.53 3.89
14 193.33 -170.42 —46.85 7.29 140.93 —25.03 —15.08 6.85
15 195.34 —168.41 —46.30 6.76 149.36 —-16.61 —-10.01 6.39
16 298.79 —64.96 —17.86 12.68 63.45 —102.51 —61.77 3.20
17 220.68 —143.08 -39.33 7.73 115.10 -50.87 —30.65 5.72
18 360.71 -3.04 —0.84 12.09 371.83 205.86 124.04 15.24
19 316.47 —47.29 —-13.00 14.31 83.25 -82.72 —49.84 6.44
20 303.43 —60.32 —16.58 12.88 194.21 28.24 17.01 6.71
21 906.80 543.05 149.29 46.91 450.22 284.25 171.27 30.40
22 409.01 4525 12.44 17.57 183.74 17.77 10.71 15.55
23 335.81 -27.95 —7.68 10.99 187.36 21.39 12.89 7.74
24 483.96 120.21 33.05 21.91 200.24 34.27 20.65 12.49
25 542.74 178.99 49.21 18.44 142.21 —23.75 —-14.31 9.57
26 418.71 54.96 15.11 18.03 370.10 204.13 122.99 11.89
27 420.96 57.20 15.73 18.57 219.02 53.05 31.97 7.80
28 314.45 —49.30 —13.55 12.87 234.20 68.24 41.12 14.70
29 295.72 —68.03 -18.70 10.11 75.14 -90.83 —54.73 3.86
30 345.41 —18.34 —5.04 13.68 216.98 51.01 30.73 9.47
31 103.91 —259.85 —71.43 3.84 199.78 33.81 20.37 7.04
32 103.91 —259.85 —71.43 3.84 396.06 230.10 138.64 16.44
33 103.91 —259.85 —71.43 3.84 55.41 —-110.56 —66.62 2.44
34 103.91 —259.85 —71.43 3.84 197.20 31.24 18.82 5.55
35 103.91 —259.85 —71.43 3.84 128.91 -37.05 —22.33 5.94
36 44428 80.52 22.14 15.16 280.91 114.94 69.25 9.72
37 541.27 177.51 48.80 19.27 195.63 29.67 17.88 14.47
38 695.72 331.96 91.26 38.11 434.41 268.44 161.74 25.38
39 412.27 48.51 13.34 14.08 80.96 —85.00 -51.22 4.26
40 682.87 319.12 87.73 22.71 187.16 21.20 12.77 5.11
41 428.83 65.07 17.89 14.76 104.83 —61.13 -36.83 4.89
42 563.52 199.77 54.92 19.15 148.71 -17.26 -10.40 7.86
43 455.03 91.28 25.09 15.27 176.25 10.28 6.19 6.60
44 548.09 184.34 50.68 19.05 117.77 —48.19 —29.04 5.34
45 462.04 98.29 27.02 16.06 109.21 —-56.75 -34.20 5.41
46 588.57 224.82 61.80 21.40 85.01 —-80.96 —48.78 2.66
47 506.79 143.03 39.32 17.43 214.44 48.48 29.21 8.35
48 545.01 181.26 49.83 19.08 67.78 -98.19 -59.16 3.06
49 725.62 361.87 99.48 25.72 152.90 —13.07 —7.87 11.60
50 506.68 142.92 39.29 18.56 274.50 108.53 65.39 9.01
ﬁf&ﬁmﬁﬁw @ Springer
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Table 4 (continued)

Sampling sitt HPIPRM  Mean deviation =~ % deviation =~ MIPRM  HPIPOM  Mean deviation2 % deviation3  MIPOM
51 526.93 163.17 44.86 18.51 172.20 6.24 3.76 4.49
52 527.80 164.04 45.10 17.97 122.94 —43.03 -25.93 6.18
53 578.13 214.37 58.93 21.76 111.81 —54.15 -32.63 14.89
54 535.03 171.27 47.08 20.69 99.21 —66.76 —40.22 5.39
Table 5 Variables for calculating heavy metal pollution index for the mean concentration
Heavy metal Mean concentration Standard permis- Highest desirable Unit weightageW; Sub-index (Q;) W, x O
in Ppb (M) sible limit S; value (/;)

PRE POM PRE POM PRE POM
Fe 630 51 1000 100 0.001 58.89 49.56 0.0589 0.050
Mn 478 10.8 300 100 0.0033 189 209 0.63 0.697
Cu 142 244 1000 50 0.001 9.68 0.84 0.0097 0.001
Ni 82 39 20 0.05 410 175 20.5 8.750
Pb 163 21 50 0.02 326 50 6.52 1.000
Zn 48 8.7 5000 200 0.0002 3.17 0.67 0.00063 0.000
Cr 262 44.9 50 0.02 524 124 10.48 2.480
Pre-monsoon Y, 0,=1520.74 Y. W; x 0,;=38.19921 HPI average =399.8521
Post-monsoon Y, Q;= 607.380117=Y W, x 0;12.975513 HPI average =135.8218

- "M
Scree Plot MI=Y ?l % 100 @)

@ Pre monsoon
J [ | '
1 N
i yn
KA1
0 5
Component Number

B Post monsoon

Eigen value
O = = NN W WA N
[

10

Fig. 10 Scree plot of the component in PCA for pre-monsoon and
post-monsoon

i=1 i

MI is the metal index and M, is the concentration of
individual metals that were present in the water and S; is
the maximum concentration of the heavy metals that were
allowed by WHO. The metal index was computed for all the
sampling stations and is given in Table 4.

It can be seen from Tables 4 and 6 that there was no
groundwater in the area, which was very pure in both the
monsoon periods according to metal index. During pre-mon-
soon, there were no samples in the study area, which may
be categorized as marginally affected with respect to heavy
metal contamination. In the post-monsoon samples, due to
dilution of groundwater, sample station 2 showed values that
was marginally affected with respect to heavy metal con-
tamination. Seven sites were found to be moderately affected

Table 6 Classification of the

: MI Property of water Groundwater sampling sites
groundwater on the basis of
metal index PRE POM
<0.3 Very pure
0.3-1.0 Pure
1.0-2.0 Slightly affected 1,7
2.0-4.0 Moderately affected 1,3,31-35 2,13, 16, 29, 33, 46, 48,
4.0-6.0 Strongly affected 2,4-7 6,9,11, 12,17, 34, 35,3941, 44, 45, 51, 54
>6.0 Serious affected 8-30, 36-54 3-5, 8, 10, 14, 15, 18-28, 30-32, 36-38,

42,43, 47, 49, 50, 52, 53

Pielase clla)l auan @
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by heavy metal contamination in the pre-monsoon and post-
monsoon seasons. Five samples were significantly affected
with heavy metal contamination in the pre-monsoon, and
alarmingly 42 sampling stations were found to be severely
affected with heavy metal contamination during pre-mon-
soon period. In the post-monsoon season, 14 stations were
significantly affected and 31 samples were severely affected
with heavy metal contamination. These results show that
immediate action should be taken to reduce the concentra-
tion of the heavy metal in the groundwater. The sources of
the heavy metal in the groundwater were mainly due to the
anthropogenic activities, and mainly industrial and e-waste
contribute more towards the heavy metal concentration.

Correlation and PCA

Correlation of the heavy metal was studied to understand
the relationship between various metals (Muhammad et al.
2010; Belkhiri and Narany 2015; Jacintha et al. 2016;
Giridharan et al. 2009; Venugopal et al. 2008) and is pre-
sented in Tables 7 and 8. pH was also included for the
analysis of correlation and PCA since pH was one of the
main reasons for the dissolution of metal from the miner-
als. But from Tables 7 and 8, it can be seen that pH has
no correlation with any of the heavy metals, the r value
for both the seasons was found to be less than 0.4. In the
pre-monsoon, it was found that Fe, Mn and Zn do not show
correlation with other metals, while Cu showed the highest

correlation with chromium among the heavy metals with r
value nearly 0.90. Copper also showed a good correlation
with Pb with r value of 0.76; it also showed a lesser cor-
relation with Ni. Nickel also showed correlation with lead
with r value 0.735. Lead was found to correlate with Cr
with an r value of nearly 0.75. In the post-monsoon, it was
found that there was no significant correlation between
any metals and r value was found to be less than 0.60. So
it can be concluded that the source of heavy metals in the
pre-monsoon was quite different and no common source
was available for all heavy metals and the source of the
heavy metals was not clearly geogenic. Since the area was
industrialized with different kinds of industries, mainly
small-scale industries, tyre industry and heavy vehicle
manufacturing industry, the industrial effluent would have
greatly influenced the pollution in the area.

Principal component analysis of the heavy metals was
carried out with IBM SPSS statistics 25. Varimax rotation
was used to determine the factors which control the heavy
metal pollution in the area. Kaiser—Meyer—Olkin (KMO)
for the pre-monsoon was 0.658 and for post-monsoon it was
0.556 (Tables 9 and 11); it can be seen that for both the
seasons, the sampling adequacy was greater than 0.5 and
it was adequate and no remedial action was required. For
both the seasons, Bartlett’s test of sphericity gave a highly
significant value with P <0.001, which indicates that the
correlation matrix has significant relationships between the
variables and it was not an identity matrix. The results of the
PCA are given in Tables 9, 10, 11, 12 for the pre-monsoon

Table 7 Correlation of various

- pH Fe Mn Cu Ni Pb Zn Cr

heavy metals in the groundwater

during pre-monsoon season pH 1.000 —-0.116 —0.287 0.026 —0.081 0.023 —0.060 0.236
Fe 1.000 0.431 0.215 0.220 0.221 0.163 0.248
Mn 1.000 0.068 0.424 0.211 —-0.015 0.140
Cu 1.000 0.656 0.763 0.165 0.892
Ni 1.000 0.735 0.062 0.704
Pb 1.000 0.092 0.747
Zn 1.000 0.197
Cr 1.000

Table 8 Corre'lation of various pH Fe Mn Cu Ni Pb 7n Cr

heavy metals in the groundwater

during post-monsoon season pH 1.000 0.044 -0.076 —-0.185 0.144 —-0.207 -0.229 —-0.036
Fe 1.000 0.322 0.235 0.178 —-0.186 0.145 0.060
Mn 1.000 0.057 0.424 —-0.050 0.233 0.560
Cu 1.000 —0.047 0.149 0.449 —-0.044
Ni 1.000 0.038 0.288 0.259
Pb 1.000 0.179 0.028
Zn 1.000 0.174
Cr 1.000

:jﬁ;?ﬁmﬁﬁ"}w @ Springer
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Table 9 Results of the principal component analysis for the groundwater samples during pre-monsoon season, total variance explained

Component Initial eigen values Extraction sums of squared loadings Rotation sums of squared loadings
Total % of variance  Cumulative% Total % of variance Cumulative% Total % of variance —Cumulative%
1 3471 43.386 43.386 3471 43.386 43.386 3.323  41.539 41.539
2 1.523 19.042 62.428 1.523  19.042 62.428 1.626  20.321 61.860
3 1.037 12.968 75.396 1.037  12.968 75.396 1.083 13.536 75.396
4 0.859 10.739 86.135
5 0.556 6.951 93.086
6 0.269 3.363 96.449
7 0.219 2.740 99.189
8 0.065 0.811 100.000
KMO and Bartlett’s test
Kaiser—Meyer—Olkin measure of sampling adequacy 0.658
Bartlett’s test ~ Approx. 227.805
of sphericity ~ Chi-
square
df 28
Sig. 0.000
Extraction method: Principal component analysis
Ta.ble'10 Factor loading of the Original component Rotated component Communalities
principal component extracted
for the pre-monsoon season 1 2 3 1 2 3
pH 0.010 —-0.701 —-0.019 0.176 —-0.678 —-0.027 0.492
Fe 0.402 0.543 0.253 0.227 0.609 0.312 0.520
Mn 0.366 0.755 —-0.205 0.203 0.828 —-0.143 0.747
Cu 0.888 —-0.241 0.031 0.908 —-0.032 0.149 0.847
Ni 0.860 0.099 -0.215 0.834 0.304 —0.094 0.796
Pb 0.880 -0.117 -0.118 0.891 0.095 0.002 0.802
Zn 0.210 0.034 0.932 0.074 0.040 0.952 0.913
Cr 0.910 —0.289 0.043 0.939 —0.073 0.163 0.914

Extraction Method: Principal component analysis. Three components extracted.

and post-monsoon, respectively. The scree plot for both the
monsoons is shown in Fig. 10.

The results of the PCA and the extracted components
show that three components have eigen values more than
1 in both the monsoons. In the PCA analysis, eigen value
was considered to indicate the significance of the com-
ponents, and normally a component is taken as signifi-
cant when the eigen value is greater than 1. Eigen values
less than 1 were considered not significant as these values
normally do not contribute much towards the principal
component analysis. In the pre-monsoon, from Table 9,
it can be inferred that the first three components contrib-
ute nearly 75.4% of the total variance, while in the post-
monsoon, from Table 11, it can be seen that the first three
components give only 62.2% of the total variance. The
post-monsoon results show the samples were less homo-
geneous than the pre-monsoon and the contributing factor

Pielase clla)l auan .
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towards the pollution was numerous. The factor loading
of various heavy metals is given in Tables 10 and 12 for
the pre-monsoon and post-monsoon, respectively. When
the factor loading for a particular metal was greater than
0.75, the contribution of the metal towards the component
was considered to be strong, and when the factor loading
was between 0.75 and 0.5, it was considered as moderate
and when the same was between 0.5 and 0.3, it was con-
sidered to be contributed very weakly. From Table 10, it
can be inferred that in the pre-monsoon, Factor 1 (PC 1)
has a strong contribution from Cu, Ni, Pb and Cr. These
metals as discussed earlier had strong correlation between
them. So it can be considered that these metals have a
common origin in the pre-monsoon season and the origin
was considered to be mainly due to industrial pollution
and dumping of waste near the lake area. Mn seems to
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Table 11 Results of the principal component analysis for the groundwater samples during post-monsoon season, total variance explained

Component Initial eigen values Extraction sums of squared loadings Rotation sums of squared loadings
Total % of variance Cumulative % Total % of variance Cumulative % Total % of variance ~Cumulative%
1 2.184 27.300 27.300 2.184 27.300 27.300 1.961 24.514 24.514
2 1.597 19.962 47.263 1.597 19.962 47.263 1.635 20.440 44.954
3 1.202 15.023 62.285 1.202 15.023 62.285 1.386 17.331 62.285
4 0.932 11.648 73.933
5 0.671 8.393 82.326
6 0.666 8.324 90.649
7 0.416 5.200 95.850
8 0.332 4.150 100.000
KMO and Bartlett’s test
Kaiser—Meyer—Olkin measure of sampling adequacy 0.556
Bartlett’s test  Approx. 70.390
of sphericity ~ Chi-
square
df 28
Sig. 0.000
Extraction method: Principal component analysis
Ta.ble.12 Factor loading of the Original component Rotated component Communalities
principal component extracted
for the post-monsoon season 1 2 3 1 2 3
pH -0.177 0.599 0.228 0.030 -0.319 0.582 0.442
Fe 0.467 0.143 0.680 0.218 0.570 0.573 0.701
Mn 0.789 0.313 -0.114 0.833 0.178 0.092 0.734
Cu 0.367 —-0.637 0.443 -0.118 0.841 -0.126 0.737
Ni 0.611 0.326 -0.127 0.694 0.065 0.100 0.496
Pb 0.101 —0.545 -0.524 0.032 0.072 -0.759 0.582
Zn 0.640 -0.472 0.071 0.309 0.673 -0.299 0.638
Cr 0.619 0.297 -0.427 0.791 —-0.090 —-0.140 0.654

Extraction method: Principal component analysis. Three components extracted

contribute strongly towards the factor 2 (PC 2), and Fe
seems to contribute moderately towards it. So, the origin
of Mn and Fe seems to be more from domestic waste in
the pre-monsoon season. Factor 2 seems to have origin
from the domestic waste. Zn was the only variable which
contributes towards the factor 3 (PC 3) strongly in the
pre-monsoon. In the post-monsoon (Table 12), the origin
of the metal was difficult to follow as the contributing vari-
able towards the factor was not very strong. Mn seems to
contribute strongly towards the factor 1 followed by Ni,
Zn and Cr, which contribute moderately, and a weak con-
tribution was seen to be from Fe, Cu. pH seems to contrib-
ute moderately towards the factor 2 in the post-monsoon
followed by weak contribution from Mn, Cu and Cr. In
the post-monsoon, there seems to be no distinct source as

domestic or industrial. Factor 3 seems to have moderate
contribution from Fe, and Cu shows weak contribution.

Conclusion

HPI and MI indicate that the groundwater in the northern
Chennai was highly affected with heavy metal contamina-
tion, and there should be immediate measure to be taken
to control the pollution. The main source of the pollution
was found to be domestic and industrial waste, which was
dumped near the surface water. ANOVA and t-test indicate
that there was a common source of origin of the heavy met-
als in the groundwater and as indicated the main source is
mainly industrial and domestic pollutant. Southern part of
the study area was seriously affected than the other parts.
Results of correlation and principal component analysis
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indicate that certain heavy metals, viz., Cu, Ni, Pb and Cr,
show common origin, especially from the industrial and
domestic wastes during pre-monsoon in the study area. The
study assumes much significances since it was a compre-
hensive study of the heavy metal pollution in the area and
gives an idea of the origin of these metals. This study can be
used by government agencies and other agencies to develop
a comprehensive plan to reduce the heavy metal content in
this area.
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