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Assessment of groundwater geochemistry and human
health risk of an intensively cropped alluvial plain,
NW Italy

Ashwani Kumar Tiwaria,b�, Enrico Suozzia, Adriano Fioruccia, and Stefano
Lo Russoa

aDIATI - Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Turin,
Italy; bSchool of Environmental Sciences, Jawaharlal Nehru University, Delhi, India

ABSTRACT
Groundwater chemistry data play an essential role to identify the
water quality status and assess the exposure to human health.
Therefore, in the present research, combined approaches used to
assess the geochemistry, sources of ions and human health risk in
the groundwater of the Tronzano Vercellese. Moreover, a geographic
information system (GIS) technique was applied to identify locations
have the most risk to human health. The results of the present study
show that the groundwater samples had sequence of
Ca2þ>Mg2þ>Naþ>Kþ in cationic, HCO3

�>SO4
2�>NO3

�>Cl�>F� in
anionic and Zn> Fe> Ba>Ni>Mn>Cu>Cr>As in metals abun-
dance. The hydrogeochemical approaches indicate that the major
ions chemistry was mainly controlled by the weathering of carbonate
and silicate minerals, and ion-exchange reactions. Furthermore, stat-
istical analysis reveals that the non-lithogenic origin was the primary
sources of some elements (Mn, Zn, Ba, NO3

� and Kþ) in the water
samples. The hazard quotient (HQ) and hazard index (HI) were esti-
mated to assess the risk to human health using the United States
Environmental Protection Agency (USEPA) methods. Estimated HQ
and HI values were higher for the child as compared to the adult
and suggesting that the elements posed little hazard individually in
the case of the child.
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Introduction

A key objective of the European Directives 2000/60/EC and 2006/118/EC is to attain
good ecological condition in water bodies. Likewise, in Italy, the legislation for water
quality has been introduced a law (319/76) for the first-time emission standards for all
discharges into watercourses and public sewers and introduced a law (D.Lgs 152/99)
for the water protection plan. The Water Framework Directive (WFD) has been
enforced in Italy through D.Lgs 152/06 and its modifications (D.Lgs 4/08), which pro-
vide a comprehensive treatment of the whole subject concerning the legislation on
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environmental matters. The Legislative Decree No. 152/06 is committed to the protec-
tion of waters against pollution and management of water resources. The Italian
Legislative Decree 31/2001 has set 64 significance parameters of water for human con-
sumption for all Italian reasons. Thus, to analysis and reporting of groundwater chem-
ical data of Italian regions are very significant for the current and future groundwater
resources management.
Assessment groundwater geochemistry and human health risk due to the consump-

tion of metals in the groundwater is essential for the people of any area in the world. In
the recent era, groundwater depletion and contamination are the most serious issue to
society due to several factors, such as climate change, rock-water interaction, urbaniza-
tion, agricultural, seawater intrusion, industrialization etc (Gim�enez-Forcada et al. 2010;
Aeschbach-Hertig and Gleeson 2012; Huang et al. 2013; Kløve et al. 2014; Singh et al.
2015; Wu and Sun 2016; Mor�an-Ram�ırez et al. 2016: Vengosh et al. 2016: Sar et al.
2018; Selvakumar et al. 2017; Mukate et al. 2018; Abu-Alnaeem et al. 2018; Enitan-
Folami et al. 2019; Qiu and Gui 2019; Subba Rao et al. 2019; Ahamad et al. 2020).
Weathering of rocks, seawater intrusion and anthropogenic activities are highly respon-
sible factors for the deterioration of groundwater quality in Italy (Debernardi et al.
2008; Capri et al. 2009; Ghiglieri et al. 2009; Gim�enez-Forcada et al. 2010; Sappa et al.
2014a, 2014b; Serio et al. 2018; Busico et al. 2018; Tiwari et al. 2019a).
Land use and land cover can affect the groundwater quality of any area (Singh et al.

2010; Morgenstern and Daughney 2012). Kulabako et al. (2007) studied the impact of
land use on groundwater quality and observed that the informal settlements as solid
waste dumps, animal rearing activities, excreta disposal systems and greywater are key
factors for deterioration of groundwater quality at Kampala, Uganda. Aiuppa et al.
(2003) stated that the natural and anthropogenic (agricultural and urban wastewaters)
factors are responsible for the contamination of the Etna aquifers, Italy. Cidu et al.
(2009) assessed the impact of past mining activity on groundwater of SW Sardinia, Italy
and found that a high concentration of Pb in drinking water in the area. Pisciotta et al.
(2015) reported that the groundwater of several regions of Italy is contaminated with
nitrate due to the use of large-scale manure and fertilizers for farming. Furthermore,
several researchers have reported that the groundwater of different region of Italy is
contaminated with As (Sappa et al. 2014a, 2014b), Hg (Grassi and Netti 2000) and CrVI

(Brunetti et al. 2014; Lelli et al. 2014; Tiwari et al. 2019b).
The risk to human health assessment due to intake of metals contaminated ground-

water has recently increased in significance across the globe. In case of Italy, recently
some researchers have assessed the human health risk due to groundwater contamin-
ation in the urban and industrial sectors (D’Ippoliti et al. 2015; Paladino and Massab�o
2017; Tiwari and De Maio 2017; Riva et al. 2018). Furthermore, in agricultural areas of
Italy, there is some information available on human health risk due to consumption of
nitrate contaminated groundwater resources (Pisciotta et al. 2015; Paladino et al. 2018).
However, there are not much data available on risk to human health due to the intake
of metals in the groundwater resources of the agricultural areas of Italy. Therefore, the
aims of the present research were(i) to assess the concentration of metals and major
ions in the groundwater of an agricultural area; (ii) to evaluate the hydrogeochemistry
and sources of elements; (iii) to calculate the health risk on adult and child; (iv) to
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identify the high-risk zones in the study area using a GIS technique. The outcome of
the present research could play the most vital role in taking quick groundwater manage-
ment decisions by policymakers of the area.

Materials and methods

Study area

Tronzano V.se is situated in the Po River plain in Piedmont region of Italy and has an
area around 45 km2 with an elevation of 182m. The water consumption for the munici-
pality is around 196.000m3 (2015, http://dati.istat.it/Index.aspx?QueryId=20138).
Usually, drinking water comes from wells (415Mm3) and then from springs (160Mm3)
and the remaining from lake river and artificial basin (88Mm3) in Piedmont region.
However, in Tronzano V.se population (3454, census 2019 https://www.tuttitalia.it/pie-
monte/85-tronzano-vercellese/statistiche/popolazione-eta-sesso-stato-civile-2019/) use
wells water for drinking, domestic and irrigation. The study area climate is the contin-
ental Mediterranean and from 1994 to 2012, it has mean annual temperature of 12.7 �C
with a maximum monthly mean of 26.3 �C in 2003 and a minimum of �0.9 �C in 2006.
The mean annual rainfall from 1994 and 2012 is 878mm with a maximum of 1197mm
in 2010 and a minimum of 511mm in 2001 (Zhao et al. 2013). The major portion of
Tronzano V.se is an agricultural area with approximately 65% of the study area.
Around 27% of the area covered by forest, fruit crops and lawn, and 8% by other lands
(such as urban areas and water bodies). The municipality of Tronzano V.se has a total
of 11 farms (https://www.impresaitalia.info/013/1/aziende-agricole/tronzano-vercellese.
aspx) and these farms mainly produce corn and rice. The north part of the municipality
has mainly corn production, while the south part of the municipality is producing dif-
ferent types of rice.
The Tronzano V.se has “Fluvioglacial and Fluvial Riss” and “Fluvioglacial and

Fluviale W€urm” deposits (Figure 1), which formed after the incision of the glacial appa-
ratuses through various occurrences (Bonsignore et al. 1969).
Fluvioglacial and Fluvial Riss: the sediments that give rise to this type of deposit refer

to an interval of time that appears to be entirely included in the basal part of the
Recent Pleistocene. These deposits are essentially made of clayey-sandy-gravelly materi-
als and at their base, they present paleosols with a characteristic red-orange color
(Giraudi 2014; De Luca et al. 2019).
W€urm Fluvioglacial and Fluvial: it is sedimentary, alluvial in nature, which, funda-

mentally, fall into the category of substances characterized by a gravel-sandy granulome-
try, to which is added the presence of soil with the typical brown color that in some
situations was found terraced. There are also some subordinate strips of soil that have a
decidedly finer grain size, falling into the silty soils (De Luca et al. 2019).
The Tronzano V.se has two key hydrogeological complexes: gravel complex and

multi-layered complex. The gravel complex consists of the alluvial mattress that con-
tains the entire region, which is characterized by the alluvial fluvial and fluvioglacial
alluvial successions. The gravel complex, mostly formed by sandy gravel, hosts a free
aquifer located a few meters from the countryside and emerging in the area of the foun-
tains. It is locally confined to areas where less permeable sediments form the roof of
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gravelly sequences. The permeability value of the gravel complex varied between 10�1

and 10�3 m/s (Civita et al. 1990). However, the multi-layered complex consists of alter-
nations of the gravel-sandy levels, with finer levels of the type from clay-silt to sandy-
clay, with the presence of numerous peaty levels that can be linked to fluvial-lacustrine
environments and in some cases marginal marine; these lithologies belong to lands of
the Villafranchian age (De Luca et al. 2019). The complex has good permeability due to
the grain size of sediments and their porosity, except for silts and clays that exhibit
impermeable or semipermeable hydrogeological behaviors (Bove et al. 2004).

Sampling and analysis

Twenty-eight (n¼ 28) groundwater samples were collected from the 28 wells of the
Tronzano V.se area during the month of July 2011 (Figure 1). Most of the wells are
actively used for the drinking and irrigation uses in the area. In the study area, the aver-
age depth of wells was around 20 meters. Water samples were collected in 500ml poly-
ethylene bottles (high-density) for major ion analysis and in 250ml bottles for metals
analysis. Before the sampling stage, the wells were subjected to pumping for adequate
time to drag the water from the aquifer. Electrical conductivity (EC) and pH values of
the groundwater samples were monitored with a Hanna instrument (HI 9828) at the
sampling location. In the research laboratory, collected groundwater samples were fil-
tered through Millipore membrane filters paper (pore size 0.45 lm) to separate sus-
pended particles. Bicarbonate concentration was analyzed by acid titration method. To
analyses of concentrations of major anions (F�, Cl�, SO4

2�
, and NO3

�) an ion

Figure 1. Geology and sampling location map of the Tronzano Vercellese.
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chromatography (Metrohm 883 Basic IC Plus) and for major cations (Ca2þ, Mg2þ,
Naþ, and Kþ) atomic absorption spectrophotometry (AAS-Shimadzu AA6800) were
used. Metals (As, Ba, Cr, Cu, Fe, Ni, Mn, and Zn) were analyzed by an inductively
coupled plasma mass spectrometry (ICP-MS-Thermo Fisher Scientific X Series II).

Quality control

Proper quality assurance procedures and precautions were taken during the ground-
water sampling and analysis to certify reliability and avoid contamination. Milli Q water
(throughout the study), properly cleaned glassware and analytical grade reagents were
used during the analysis processes. Moreover, reagent blank determinations were used
to correct the instruments readings and the instruments were recalibrated after 15 sam-
ples. Certified Merck reference materials were used during the analysis of water samples.
Furthermore, during the analysis of major cations using AAS, the RSD (relative stand-
ard deviation) value was obtained <10% for the entire samples. Moreover, the RSD
value was obtained below 5% during the analysis of metals using ICP-MS. Anionic and
cationic charge balance was found to be <5% during the study.

Hydrogeochemical and statistical

In the current research, significant hydrogeochemical approaches (Gibbs diagram, Piper
diagram, saturation index (SI), Schoeller diagram, box diagram, scatter plots and ion
exchange reactions) were used to evaluate the groundwater geochemistry of the area.
Moreover, multivariate statistical analysis was applied to estimate the source of elements
present in the groundwater.

Pollution index

Heavy metal pollution index (HPI) is a technique that rates the cumulative effect of
individual heavy metal on the overall quality of water and is valuable in receiving a
composite influence of all the metals on total pollution (Giri and Singh 2014). Prasad
and Bose (2001) considered unit weightage (Wi) to compute the HPI. This value is
inversely proportional to the recommended standard (Si) of the corresponding param-
eter proposed by Reddy (1995). The critical pollution index of HPI value for drinking
water as given by Prasad and Bose (2001) is 100.
For the present study, the concentration limits [i.e., highest permissive value for

drinking water (Si) and maximum desirable value (Ii)] for each parameter were
obtained from the World Health Organization (WHO 2017) drinking water specifica-
tions. The Si refers to the maximum acceptable concentration in drinking water in the
absence of any alternate water source. Moreover, the Ii specifies the standard limits
for the same parameters in drinking water. The HPI values of the groundwater water
samples were computed as per Eq. (1), which was provided by Mohan et al. (1996). In
the present study, the HPI value has calculated for each sampling location. The speci-
men calculation for the HPI using the mean value of metals is presented in
Supplementary Table 1.
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HPI ¼
Pn

i¼1 Wi QiPn
i¼1 Wi

(1)

where, Qi is the sub-index of the ith parameter. Wi is the unit weightage of ith param-
eter, and n is the number of parameters considered.
The sub-index (Qi) of the parameter is calculated by Eq. (2)

Qi ¼
Xn

i¼1

fMið�ÞIig
ðSi � IiÞ � 100 (2)

where Mi is the monitored value of the heavy metal of the ith parameter, Ii is the ideal
value (maximum desirable value for drinking water) of the ith parameter and Si is the
standard value (highest permissive value for drinking water) of the ith parameter. The
sign (�) indicates the numerical difference between the two values, ignoring the alge-
braic sign.

Health risk assessment

Ingestion is the most significant source of exposure of humans to metals for drinking
water (USEPA (US Environmental Protection Agency) 2004; De Miguel et al. 2007; Wu
et al. 2009; Giri and Singh 2015). The dose received through ingestion was determined
using Eq. (3) from the US Environmental Protection Agency (USEPA (US
Environmental Protection Agency) 1989). In the present study, the average daily dose
(ADD) value has calculated for each sampling location. The specimen calculation for
the ADD using the mean value of metals is presented in Supplementary Table 1.

ADD ¼ ðCw � IR� EF� EDÞ=ðBW� ATÞ (3)

where, ADD represents the average daily dose (mg/kg/day), Cw is the concentration of
metals in water (mg/L), IR is the ingestion rate (L/day), EF is the exposure frequency
(days/year), ED is the exposure duration (years), BW is the body weight (kg), and AT is
the averaging time (days). In the present study, EF of 350 days and ED of 6 and 30 years
for child and adult respectively were used for the calculations. The AT was calculated
by multiplying ED by 365 days. The IR of 1 L/day and body weight of 15 kg was used
for the child. However, bodyweight of 70 kg and water consumption of 2 L/day was
used for the calculations for the adult (USEPA (US Environmental Protection Agency)
1989, 2004).
In the present study, non-cancer health risk, reflected by the hazard quotient (HQ)

was calculated.

HQ ¼ ADD=RfD (4)

where, RfD is the reference dose according to the USEPA risk-based concentration table
(USEPA IRIS (US Environmental Protection Agency’s Integrated Risk Information
System) 2011)
For the risk assessment of multiple metals in the drinking water, a hazard index (HI)

was employed by summing all the calculated HQ values of metals as described in Eq.
(5). HI > 1 indicated the potential for an adverse effect on human health and the
necessity for further study (USEPA (US Environmental Protection Agency) 1989, 2004).
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HI ¼
Xn

i¼1
HQi (5)

where, HQi is the hazard quotient of an individual metal, HI is the hazard index for all
the eight metals studied in the present study and n is 08.

Geographic information system (GIS)

GIS is a valuable software for storing, handling and demonstrating spatial environmen-
tal data, including water (Clarke 1995; Nas and Berktay 2010; Tiwari et al. 2019b). In
water quality mapping and water resources management, the role of GIS is constantly
on the rise (Tsihrintzis et al. 1996). In the present study, the average distance between
sampling points was 4.5 km. The inverse distance weighted (IDW) interpolation tech-
nique of ArcGIS 10.7 software was used for the spatial distribution analysis of the ana-
lyzed and calculated indices of the groundwater samples.

Result and discussion

Groundwater chemistry

The analyzed groundwater samples had pH from 6.9 to 8.6 and indicate near neutral to
slightly alkaline in nature. Groundwater samples had electrical conductivity (EC) from
190 to 442 mS cm�1 and had the highest 335mg/L total dissolved solids (TDS) value in
the study area (Table 1). In the case of major ion chemistry, HCO3

� (54%), Ca2þ

(16%), SO4
2� (10.5%), NO3

� (8%), and Mg2þ (5%) were dominant dissolved ions and
the major contributor to the TDS in the groundwater of the area. However, Cl� (4%)
and Naþ (2%) were a minor contribution to the TDS. Potassium and fluoride contrib-
uted very little toward the TDS solute load.
Calcium and magnesium were the dominant ions and majorly contributed to the total

cation equivalent concentrations (TZþ) as compared to the sodium and potassium ion
in the study area (Figure 2a). However, bicarbonate and sulfate were dominant ions and
majorly contributed to the total anion equivalent concentrations (TZ�). Nitrate and
chloride were fewer dominant ions and contributor to TZ� (Figure 2b). Moreover,
fluoride ion was a very little contributor to TZ�. In the study area groundwater,
Ca2þ>Mg2þ> Naþ>Kþ and HCO3

�>SO4
2�>NO3

�>Cl�>F� sequence was found in
the cationic and anionic abundance, respectively.

Hydrogeochemical facies and water type

The Piper (1944) trilinear diagram help to assess the geochemical relationship among
different dissolved ions and evaluate the dominant water type. Around 86% ground-
water samples plot in the Ca2þ dominance zone, 10% in the Mgþ dominance zone and
100% in the HCO3

� dominance zone, respectively. The Piper diagram shows that the
groundwater samples 1 to 4 (inside a blue color box) had high dominance of bicarbon-
ate (HCO3

�) and samples 13, 23, 25 and 28 (inside a yellow color box) had high dom-
inance of Mg in the area. The diamond-shaped diagram demonstrates that the study
area groundwater had Ca-Mg-HCO3 type water (Figure 3). Moreover, the Schoeller

HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 7



diagram (1965) used to understand the chemical composition of different groundwater
samples. The Schoeller diagram is graphically characterized major ions of numerous
water samples, which is significant to easily identify the chemical composition/water
type of any area. Schoeller diagrams show four significant chemical composition of the
groundwater, such as HCO3-Ca, HCO3-Ca-Mg, Ca- HCO3 and HCO3-Mg-Ca in the
study area (Supplementary Fig. 1). In this study, 39.3% of groundwater samples was
HCO3-Ca type, 25% of HCO3-Ca-Mg type, 21.4% of Ca-HCO3 type and 14.3% of
HCO3-Mg-Ca type, respectively (Figure 5). The Piper and Schoeller diagram suggested
that the weathering of minerals was the main sources of these ions in water.

Mechanisms controlling groundwater chemistry

Gibbs diagrams (Gibbs 1970) are usually applied to calculate the efficient sources of dis-
solved ions in water, such as evaporation, weathering of rocks and precipitation occur-
rence. The Gibbs diagrams represent the Cl� þ NO3

�/(Cl� þ NO3
� þ HCO3

�) and
Naþ þ Kþ/(Naþ þ Kþ þ Ca2þ) ratio as a function of TDS values. The plot of proper

Table 1. Summary statistics of the analytical data of the groundwater samples and compared with
the WHO drinking water guidelines.
Parameters Minimum Maximum Mean Std. deviation WHO, 2017

pH 6.9 8.6 7.7 0.5 6.5–8.5
EC 190 442 296.9 49.9 –
TDS 186.1 355 273.4 42.7 600
F� 0.0 0.1 0.04 0.01 1.5
Cl� 1.3 18.4 9.9 4.7 250
HCO3

� 109 195.1 147.9 26 –
SO4

2� 3.5 53.3 28.7 11.4 250
NO3

� 1.2 36.1 22.6 9.9 50
TH 4.7 72.8 51.3 19 100
Ca2þ 27.9 62.3 42.8 10.3 –
Mg2þ 8.3 33.5 14.6 5.1 –
Naþ 3.1 8.4 5.1 1.4 200
Kþ 1.0 4.0 1.6 0.7 –
As 0.1 1.3 0.4 0.4 10
Ba 8.9 29.5 16.5 4.0 1300
Cr 0.1 9.1 2.6 2.2 50
Cu 0.5 30.0 3.9 5.7 2000
Fe 0.1 134.2 16.8 28.8 300
Mn 0.1 63.8 4.0 11.9 100
Ni 0.1 47.6 14.1 12.9 70
Zn 1.9 2547 200.8 502.1 4000

Unit: mg/L, except pH, EC (lS cm�1), and metals (mg/L)

Zones Characteristics of water

1 Alkaline earth (CaþMg) exceed alkalies (Naþ K)
2 Alkalies exceed alkaline earth
3 Weak acids (CO3þ HCO3) exceed strong acids (SO4þ Cl)
4 Strong acids exceed weak acid
5 Carbonate hardness (secondary alkalinity) exceeds 50%
6 Non-carbonate hardness (secondary salinity) exceeds 50%
7 Non-carbonate alkali (primary salinity) exceeds 50%
8 Carbonate alkali (primary alkalinity) exceeds 50%
9 No one cation-anion pair exceeds 50%

8 A. K. TIWARI ET AL.
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Figure 2. (a, b) Box diagram of major cations and major anions.

Figure 3. Piper’s trilinear diagram showing the relationship between dissolved ions and water type.

HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 9



geochemical data on Gibbs diagrams indicates that the weathering of rocks was control-
ling the chemistry of groundwater in the study area (Figure 4a,b).
On the plot of (Ca2þ þ Mg2þ) versus (HCO3

� þ SO4
2�), samples fall close to 1:1 line

if the dissolution of calcite, dolomite and gypsum are the dominant reactions in a sys-
tem. However, fall above the equiline probably due to excess of Ca2þ þ Mg2þ ions in
water and these ions can be potential release by the silicate weathering (e.g., CaMgSiO6

þ 4Hþ ¼ Ca2þ þ Mg2þ þ 2SiO2 þ 2H2O) or possibly by the reverse ion exchange
processes. Moreover, fall below the aquiline, indicate the significant contribution from
non-carbonate source (Cerling et al. 1989; Fisher and Mullican 1997; Rajmohan and
Elango 2004, Tiwari et al. 2019b). In the present case, the scatter plot of Ca2þ þ Mg2þ

versus HCO3
� þ SO4

2� (Figure 5a) shows that the groundwater chemistry of the
area was mainly controlled by the weathering of carbonate and silicate minerals, as well
as reverse ion exchange processes. Poor correlation (0.22) between Ca2þ and SO4

2�

(Table 2) suggested that the gypsum dissolution could not be the major contributor of
Ca2þ in the present case. The molar ratio of Ca/Mg ¼ 1 if the dissolution of dolomite,
while if the ratio between 1 to 2, indicate calcite dissolution (Mayo and Loucks 1995;
Kuldip-Singh et al., 2011). Furthermore, if ratio >2, suggest the dissolution of silicate
minerals, which contribute calcium and magnesium to groundwater (Katz et al. 1997).
The plot of Ca/Mg ratio reveals that the 14.3% and 39.3% of the samples had domin-
ance dolomite and calcite dissolution, while 46.4% of the water samples had domin-
ance of silicate weathering in the study area (Figure 5b). Similarly, the plot of Mg/Na
versus Ca/Na support that the carbonate and silicate minerals weathering were the
controlling factors of the groundwater chemistry in the area (Figure 5c). Positive cor-
relation of HCO3

� with Naþ (0.55) and Ca2þ (0.53) (Table 2) were verified the above
observation.

Figure 4. Gibbs diagram representing the ratio of (a) Naþ þ Kþ/(Naþ þ Kþ þ Ca2þ) and (b) Cl� þ
NO3

�/(Cl� þ NO3
� þ HCO3

�) as a function of TDS.
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Table 2. Inter-elemental correlation matrix of dissolved ions (n¼ 28).
pH EC TDS F� Cl� HCO3

� SO4
2� NO3

� Ca2þ Mg2þ Naþ Kþ

pH 1.00 �0.27 �0.01 �0.05 �0.49 0.47 �0.63 �0.38 0.23 �0.40 0.18 �0.23
EC 1.00 0.75 �0.08 0.55 0.44 0.50 0.43 0.64 0.17 0.42 0.41
TDS 1.00 �0.29 0.70 0.70 0.53 0.47 0.76 0.36 0.56 0.13
F� 1.00 �0.33 0.09 �0.34 �0.53 �0.47 0.17 0.08 �0.16
Cl� 1.00 0.06 0.88 0.69 0.36 0.54 0.42 0.06
HCO3

� 1.00 �0.14 �0.20 0.55 0.14 0.54 0.03
SO4

2� 1.00 0.58 0.22 0.56 0.07 �0.05
NO3

� 1.00 0.47 0.09 0.11 0.30
Ca2þ 1.00 �0.31 0.36 0.20
Mg2þ 1.00 0.13 �0.16
Naþ 1.00 0.23
Kþ 1.00

Figure 5. (a) Plot of (Ca2þ þ Mg2þ) versus (HCO3
� þ SO4

2�), (b) Ca/Mg ratio, (c) Mg2þ/Naþ versus
Ca2þ/Naþ relating carbonate and silicate end members (mM).
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The chloro-alkaline indices (CAI-I and CAI-II) provide significant evidence concern-
ing the ion exchange reactions among the aquifer materials and groundwater of any
area. The chloro-alkaline indices were proposed by Schoeller (1977) and expressed as:

CAI � I ¼ Cl� � Naþ þ Kþð Þ =Cl� (6)

CAI – II ¼ Cl� � Naþ þ Kþð Þ = SO4
2� þ HCO3

� þ NO3
� (7)

The chloro-alkaline indices could be either negative or positive. When Naþ and Kþ

ions in water are exchanged with Mg2þ and Ca2þ, the value of CAI will be positive,
and it shows a reverse ion exchange reaction (Zaidi et al. 2015). However, low salt
waters give negative value indicating chloro-alkaline disequilibrium, and it shows a cat-
ion-anion exchange phenomenon (Srinivasamoorthy et al. 2014). In the study area, the
CAI-I and CAI-II show that 71% of samples had positive values and suggested a reverse
ion-exchange reaction. Moreover, the rest of the water samples had negative values of
the CAI-I and CAI-II, revealing chloro-alkaline disequilibrium, and it is a cation-anion
exchange reaction.

Metal distribution and sources

Table 1 shows the statistical results of the analyzed metals (As, Ba, Cr, Cu, Fe, Mn, Ni
and Zn) in the groundwater samples and compared with the World Health
Organization (WHO 2017) drinking water guideline. The results, as shown in Table 1,
the concentrations of metals in water samples were within the drinking water limits
established by the WHO (2017). Concentrations of analyzed metals have followed the
sequence of Zn> Fe>Ba>Ni>Mn>Cu>Cr>As in the study area.
The principal component analysis (PCA) of analyzed metals confirm that the litho-

genic origin were the main sources of metals in the first factor. The second factor of
PCA shows high loading of Mn and Zn and probably it was due to the non-lithogenic
origin (Table 3). In the study area, around 65% of the area is occupied by the agricul-
tural field and support this observation. A similar observation has been reported by the
Rajmohan and Elango (2005) in groundwater of the Cheyyar river basins, South India.
They have reported that the leaching of agricultural fertilizers was the major source of
high concentration of these metals in groundwater of the area. The third factor of PCA
had high loading of Ba and possibly it was due to the vehicular pollution. Hopke et al.
(1980) and Kennedy and Gadd (2000) have reported that the Ba element is present in

Table 3. Principal component loadings (varimax normalized) of the groundwater samples (n¼ 28).
Elements Factor_1 Factor_2 Factor_3

As �0.81 �0.33 0.29
Ba 0.09 0.26 0.84
Cr �0.59 �0.30 �0.57
Cu 0.64 �0.27 0.01
Fe 0.07 0.20 �0.77
Mn 0.04 0.95 0.03
Ni 0.85 �0.01 0.22
Zn �0.03 0.89 0.05
Eigenvalues 2.2 2.1 1.8
%Total variance 27 26 22
Cumulative variance 27 53 75
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fuel additives, as well as in filters, which are utilized in the brake linings (barite form)
and tires of vehicles.

Water suitability for drinking and domestic uses

The pH values of the groundwater samples in the study area were within the World
Health Organization (WHO 2017) drinking water guideline, except one location. As per
the WHO (2017) drinking water guidelines, TDS value of <600mg/L is good for drink-
ing uses, and increasingly unpalatable at >1000mg/L. In the present case, groundwater
samples had a maximum TDS value of 335mg/L (Supplementary Fig. 2; Table 1). There
are no health-based guideline values for SO4

2�, Ca2þ, Mg2þ and total hardness (TH) in
the WHO (2017) guidelines. Concentrations of F�, Cl�, and Naþ in the groundwater
samples were within the recommended drinking water limit of 1.5mg/L, 250mg/L, and
200mg/L by the WHO (2017). The concentration of NO3

� ranged from 1.2mg/L to
36.1mg/L in the water samples and below the WHO guidelines of NO3

� (50mg/L) ion.
The sample number one had the lowest NO3

� value and sample number 22 had highest
NO3

� concentration in the area (Figure 6). Furthermore, some samples (7, 8, 10, 11, 12,
22 and 23) had a moderate contamination (>30mg/L) in the study area (Figure 6). The
concentration of nitrate in the groundwater at farming region depends on the type of
crop, type and control of surface manure loadings, soil nitrate levels etc. (Di and
Cameron 2002). In the present study, nitrate concentrations were varied from a low
level to a moderate level and this probably due to modulated fertilizers used by the
farmers to produce the different variety of crop in the area (Zavattaro et al. 2006).

Figure 6. Spatial distribution map of NO3
� in the area.
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Heavy metal pollution index (HPI)

The HPI was calculated to evaluate the extent of pollution and suitability of the ground-
water for drinking uses. The concentration of the analyzed metals (As, Ba, Cr, Cu, Fe,
Mn, Ni and Zn) were considered during the calculation of HPI values. The HPI values
ranged from 2.7 to 12.6 (mean 5.9) in the groundwater of the study area. The highest
HPI values were found in location 1, 10, 11 and 12 in the study area (Figure 7). As per
Prasad and Bose (2001), 100 is the critical pollution index of HPI value for drinking

Figure 7. Heavy metal pollution index map of the study area.

Figure 8. Box diagram of the hazard quotient for the adult and child.

14 A. K. TIWARI ET AL.



water. Moreover, Edet and Offiong (2002) suggested a modified scale using three
classes based on HPI values, such as low, medium and high for HPI values < 15,
15–30 and > 30, respectively. In the present study, the HPI values in the water

Figure 9. (a, b) HI oral index for the adult and child in the study area.
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samples were below the critical HPI value and belonged to low class and indicate suit-
able for drinking uses.

Health risk assessment

The hazard quotient (HQ) and hazard index (HI) level for the oral pathway relating to
adult and child of the study area were estimated. The HQ values for the adult varied
from 3.91E-06 to 2.33E-01 (mean 1.38E-02) and for the child ranged from 9.13E-06 to
5.43E-01 (mean 3.23E-02) in the study area (Figure 8). However, in the case of the HI
values, the groundwater samples had a minimum of 0.05 and maximum of 0.28 with an
average 0.11 for the adult (Figure 9a) and 0.11 to 0.65 (avg. 0.26) for the child (Figure
9b) in the water samples, respectively. In the study area, the sample 19 had the highest
HQ and HI values for the adult and child and followed by the samples 4, 1, 11, 12 and
10, respectively (Figure 9a,b). We observed that the HQ and HI values were higher for
the child as compared to the adult case in the groundwater of the area. The HQ and HI
values were below the <1 for both adult and child in the study area. The water samples
had maximum HQ value of 0.23 and 0.54 and the HI value of 0.28 and 0.65 for the
adult and child, suggesting that these elements posed little hazard individually in the
case of the child as compared to the adult in the study area, respectively.

Conclusion

The groundwater of the Tronzano V.se. was near neutral to slightly alkaline and had
HCO3-Ca, HCO3-Ca-Mg, Ca- HCO3 and HCO3-Mg-Ca types water. The analyzed
parameters were below the drinking water guidelines established by the WHO 2017 in
the study area. Furthermore, the HPI values were within the critical pollution index
limit and suggested that water was suitable for drinking and domestic uses. Estimated
HQ and HI values were below the <1 for both adult and child in the groundwater sam-
ples of the area. The HQ and HI values were higher for the child as compared to the
adult and suggesting that the elements posed little hazard individually in the case of
the child. Lithology was the primary sources of most of the analyzed parameters in the
groundwater samples. Weathering and dissolution of carbonate and silicate minerals
and reverse ion-exchange reaction were the main controlling factor of the groundwater
chemistry in the study area. Furthermore, anthropogenic activities were responsible for
contribution in concentrations of some elements (Zn, Mn, Ba, NO3

� and Kþ) in the
groundwater of the study area.
From the environmental degradation and groundwater management point of view: a)

there was no contaminant observed in the groundwater of the area that would have a
detrimental effect on the environment; b) the outcome of the present research suggests
that the combined approach of hydrogeochemical, statistical, human health risk and
GIS provided a significant knowledge to the management of current and future ground-
water resources of the area; c) this kind of combined approach research could be
important for agricultural areas of other similar regions; d) our research recommends
that the monitoring of groundwater program is required in future to assess the varia-
tions in the concentration of elements and their impact on human health in the area.

16 A. K. TIWARI ET AL.



Acknowledgements

The data were collected as part of a project “Studio idrogeologico di dettaglio finalizzato ad una
miglior conoscenza del territorio del Comune di Tronzano Vercellese” drawn up between
Politecnico di Torino and Tronzano V.se Municipality, financed by Agatos Energia S.r.l. The
authors are grateful to the DIATI - Department of Environment, Land and Infrastructure
Engineering, Politecnico di Torino for their support and assistance during the field survey and
for allowing the publication of the data. Our hearty thanks to the anonymous Reviewers and
Editors for their valuable suggestions to improve the study in the present form.

References

Abu-Alnaeem MF, Yusoff I, Ng TF, Alias Y, Raksmey M. 2018. Assessment of groundwater salinity and
quality in Gaza coastal aquifer, Gaza Strip, Palestine: an integrated statistical, geostatistical and hydro-
geochemical approaches study. Sci Total Environ. 615:972–989. doi:10.1016/j.scitotenv.2017.09.320

Aeschbach-Hertig W, Gleeson T. 2012. Regional strategies for the accelerating global problem of
groundwater depletion. Nat Geosci. 5(12):853–861. doi:10.1038/ngeo1617

Ahamad A, Raju NJ, Madhav S, et al. 2020. Trace elements contamination in groundwater and
associated human health risk in the industrial region of southern Sonbhadra, Uttar Pradesh,
India. Environ Geochem Health. doi:10.1007/s10653-020-00582-7

Aiuppa A, Bellomo S, Brusca L, D’Alessandro W, Federico C. 2003. Natural and anthropogenic
factors affecting groundwater quality of an active volcano (Mt. Etna, Italy). Appl Geochem.
18(6):863–882. doi:10.1016/S0883-2927(02)00182-8

Bonsignore G, Bortolami GC, Elter G, et al. 1969. Note illustrative della Carta geologica d’Italia
alla scala 1:100,000, Fogli n. 56–57 Torino-Vercelli (Explanatory notes of the geological map of
Italy at 1: 100,000 scale, Foglio n. 56–57 Turin-Vercelli). Servizio Geologico d’Italia. Poligrafica
& Cartevalori, Ercolano (Napoli). pp. 1–96.

Bove A, Destefanis E, De Luca DA, et al. 2004. Studio idrogeologico finalizzato alla caratterizza-
zione dell’acquifero superficiale nel territorio di pianura della Provincia di Vercelli. Universit�a
degli Studi di Torino - Dipartimento di Scienze della Terra. http://hdl.handle.net/2318/34857

Brunetti E, Trezzi A, Caielli G. 2014. An innovative technique for the in situ treatment of hexa-
valent chromium within unsaturated soils. In: Flowpath 2014—National Meeting on
Hydrogeology, Viterbo Italy, pp. 12–13.

Busico G, Cuoco E, Kazakis N, Colombani N, Mastrocicco M, Tedesco D, Voudouris K. 2018.
Multivariate statistical analysis to characterize/discriminate between anthropogenic and geo-
genic trace elements occurrence in the Campania Plain, Southern Italy. Environ Pollut. 234:
260–269. doi:10.1016/j.envpol.2017.11.053

Capri E, Civita M, Corniello A, Cusimano G, De Maio M, Ducci D, Fait G, Fiorucci A, Hauser
S, Pisciotta A, et al. 2009. Assessment of nitrate contamination risk: the Italian experience. J
Geochem Explor. 102 (2):71–86. doi:10.1016/j.gexplo.2009.02.006

Cerling TE, Pederson BL, Damm KLV. 1989. Sodium-calcium ion exchange in the weathering of
shales: implication for global weathering budgets. Geology. 17(6):552–554. doi:10.1130/0091-
7613(1989)017<0552:SCIEIT>2.3.CO;2

Cidu R, Biddau R, Fanfani L. 2009. Impact of past mining activity on the quality of groundwater
in SW Sardinia (Italy). J Geochem Explor. 100(2-3):125–132. doi:10.1016/j.gexplo.2008.02.003

Civita M, Fisso G, Governa ME, et al. 1990. Schema idrogeologico, qualit�a e vulnerabilit�a degli
acquiferi della pianura vercellese. Provincia di Vercelli - Settore Assetto Ambientale, Gruppo
Nazionale per la difesa dalle catastrofi idrogeologiche del C.N.R. - Unit�a Operativa 4-1, p. 31.

Clarke KC. 1995. Analytical and computer cartography. 2nd ed. Englewood Cliffs, NJ: Prentice-
Hall.

D’Ippoliti D, Santelli E, De Sario M, Scortichini M, Davoli M, Michelozzi P. 2015. Arsenic in
drinking water and mortality for cancer and chronic diseases in Central Italy, 1990-2010. PLoS
One. 10(9):e0138182. doi:10.1371/journal.pone.0138182

HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 17

https://doi.org/10.1016/j.scitotenv.2017.09.320
https://doi.org/10.1038/ngeo1617
https://doi.org/10.1007/s10653-020-00582-7
https://doi.org/10.1016/S0883-2927(02)00182-8
http://hdl.handle.net/2318/34857
https://doi.org/10.1016/j.envpol.2017.11.053
https://doi.org/10.1016/j.gexplo.2009.02.006
https://doi.org/10.1130/0091-7613(1989)0170552:SCIEIT2.3.CO;2
https://doi.org/10.1130/0091-7613(1989)0170552:SCIEIT2.3.CO;2
https://doi.org/10.1016/j.gexplo.2008.02.003
https://doi.org/10.1371/journal.pone.0138182


Debernardi L, De Luca DA, Lasagna M. 2008. Correlation between nitrate concentration in
groundwater and parameters affecting aquifer intrinsic vulnerability. Environ Geol. 55(3):
539–558. doi:10.1007/s00254-007-1006-1

De Luca DA, Lasagna M, Gisolo A, Morelli di Popolo e Ticineto A, Falco M, Cuzzi C. 2019.
Potential recharge areas of deep aquifers: an application to the Vercelli–Biella Plain (NW
Italy). Rend Fis Acc Lincei. 30(1):137–153. doi:10.1007/s12210-019-00782-z

De Miguel E, Iribarren I, Chac�on E, Ordo~nez A, Charlesworth S. 2007. Risk-based evaluation of
the exposure of children to trace elements in playgrounds in Madrid (Spain). Chemosphere.
66(3):505–513. doi:10.1016/j.chemosphere.2006.05.065

Di HJ, Cameron KC. 2002. Nitrate leaching in temperate agroecosystems: sources, factors and
mitigating strategies. Nutr Cycl Agroecosys. 64(3):237–256. doi:10.1023/A:1021471531188

Edet AE, Offiong OE. 2002. Evaluation of water quality pollution indices for heavy metal con-
tamination monitoring. A study case from Akpabuyo-Odukpani area, Lower Cross River Basin
(southeastern Nigeria). GeoJournal. 57(4):295–304. doi:10.1023/B:GEJO.0000007250.92458.de

Enitan-Folami AM, Mutileni N, Odiyo JO, Swalaha FM, Edokpayi JN. 2019. Hydrochemical, bac-
teriological assessment, and classification of groundwater quality in Thulamela Municipality,
South Africa: potential health risk. Hum Ecol Risk Assess. 1–15. doi:10.1080/10807039.2019.
1644153

European Union (EU). 2006. Directiva 2006/118/CE del Parlamento Europeo y del Consejo de 12
de Diciembre de 2006. Diario Oficial de las Comunidades Europeas de 27/12/2006. L 327/
19–327/31.

European Union-Water Framework Directive (EU-WFD). 2000. Directiva 2000/60/CE del
Parlamento Europeo y del Consejo de 23 de Octubre de 2000. Diario Oficial de las
Comunidades Europeas de 22/12/2000. L 327/1–327/32.

Fisher RS, Mullican WF. 1997. Hydrochemical evolution of sodium sulphate and sodium chloride
groundwater beneath the Northern Chihuahuan desert, Trans-Pecos, Texas, USA. Hydrogeol J.
5(2):4–16. doi:10.1007/s100400050102

Ghiglieri G, Barbieri G, Vernier A, Carletti A, Demurtas N, Pinna R, Pittalis D. 2009. Potential
risks of nitrate pollution in aquifers from agricultural practices in the Nurra region, northwest-
ern Sardinia, Italy. J Hydrol. 379(3-4):339–350. doi:10.1016/j.jhydrol.2009.10.020

Gibbs RJ. 1970. Mechanisms controlling world water chemistry. Science. 170(3962):1088–1090.
doi:10.1126/science.170.3962.1088

Gim�enez-Forcada E, Bencini A, Pranzini G. 2010. Hydrogeochemical considerations about the
origin of groundwater salinization in some coastal plains of Elba Island (Tuscany, Italy).
Environ Geochem Health. 32(3):243–257. doi:10.1007/s10653-009-9281-2

Giraudi C. 2014. Quaternary studies as a tool to validate seismic hazard potential of tectonic
structures: the case of the monferrato thrust front (Vercelli plain, nw Italy). Alp Mediterr
Quat. 27(1):5–28.

Giri S, Singh AK. 2014. Assessment of surface water quality using heavy metal pollution index in
Subarnarekha River. Water Qual Expo Health. 5(4):173–182. doi:10.1007/s12403-013-0106-2

Giri S, Singh AK. 2015. Human health risk assessment via drinking water pathway due to metal
contamination in the groundwater of Subarnarekha River Basin, India. Environ Monit Assess.
187(3):1–14. doi:10.1007/s10661-015-4265-4

Grassi S, Netti R. 2000. Sea water intrusion and mercury pollution of some coastal aquifers in
the province of Grosseto (Southern Tuscany—Italy). J Hydrol. 237(3-4):198–211. doi:10.1016/
S0022-1694(00)00307-3

Hopke PK, Lamb RE, Natusch DFS. 1980. Multielemental characterisation of urban roadway
dust. Environ Sci Technol. 14(2):164–172. doi:10.1021/es60162a006

Huang G, Sun J, Zhang Y, Chen Z, Liu F. 2013. Impact of anthropogenic and natural processes
on the evolution of groundwater chemistry in a rapidly urbanized coastal area, South China.
Sci Total Environ. 463-464:209–221. doi:10.1016/j.scitotenv.2013.05.078

Katz BG, Coplen TB, Bullen TD, Davis JH. 1997. Use of chemical and isotopic tracers to charac-
terize the interaction between groundwater and surface water in mantled Karst. Groundwater.
35(6):1014–1028. doi:10.1111/j.1745-6584.1997.tb00174.x

18 A. K. TIWARI ET AL.

https://doi.org/10.1007/s00254-007-1006-1
https://doi.org/10.1007/s12210-019-00782-z
https://doi.org/10.1016/j.chemosphere.2006.05.065
https://doi.org/10.1023/A:1021471531188
https://doi.org/10.1023/B:GEJO.0000007250.92458.de
https://doi.org/10.1080/10807039.2019.1644153
https://doi.org/10.1080/10807039.2019.1644153
https://doi.org/10.1007/s100400050102
https://doi.org/10.1016/j.jhydrol.2009.10.020
https://doi.org/10.1126/science.170.3962.1088
https://doi.org/10.1007/s10653-009-9281-2
https://doi.org/10.1007/s12403-013-0106-2
https://doi.org/10.1007/s10661-015-4265-4
https://doi.org/10.1016/S0022-1694(00)00307-3
https://doi.org/10.1016/S0022-1694(00)00307-3
https://doi.org/10.1021/es60162a006
https://doi.org/10.1016/j.scitotenv.2013.05.078
https://doi.org/10.1111/j.1745-6584.1997.tb00174.x


Kennedy P, Gadd J. 2000. Preliminary examination of inorganic compounds present in tyres,
brake pads and road bitumen in New Zealand. Prepared by the Ministry of Transport by
Kingett Mitchell Limited. Mitchell Limited

Kløve B, Ala-Aho P, Bertrand G, Gurdak JJ, Kupfersberger H, Kvaerner J, Muotka T, Mykr€a H,
Preda E, Rossi P, et al. 2014. Climate change impacts on groundwater and dependent ecosys-
tems. J Hydrol. 518:250–266. doi:10.1016/j.jhydrol.2013.06.037

Kulabako NR, Nalubega M, Thunvik R. 2007. Study of the impact of land use and hydrogeo-
logical settings on the shallow groundwater quality in a peri-urban area of Kampala, Uganda.
Sci Total Environ. 381(1-3):180–199. doi:10.1016/j.scitotenv.2007.03.035

Kuldip-Singh Hundal, Dhanwinder-Singh HS. 2011. Geochemistry and assessment of hydrogeo-
chemical processes in groundwater in the southern part of Bathinda district of Punjab, north-
west India. Environ Earth Sci. 64(7):1823–1833. doi:10.1007/s12665-011-0989-9.

Lelli M, Grassi S, Amadori M, Franceschini F. 2014. Natural Cr (VI) contamination of ground-
water in the Cecina coastal area and its inner sectors (Tuscany, Italy). Environ Earth Sci.
71(9):3907–3919. doi:10.1007/s12665-013-2776-2

Mayo AL, Loucks MD. 1995. Solute and isotopic geochemistry and groundwater flow in the
Central Wasatch Range, Utah. J Hydrol. 172(1-4):31–59. doi:10.1016/0022-1694(95)02748-E

Mohan SV, Nithila P, Reddy SJ. 1996. Estimation of heavy metal in drinking water and develop-
ment of heavy metal pollution index. J Environ Sci Health A. 31(2):283–289. doi:10.1080/
10934529609376357

Mor�an-Ram�ırez J, Ledesma-Ruiz R, Mahlknecht J, Ramos-Leal JA. 2016. Rock–water interactions
and pollution processes in the volcanic aquifer system of Guadalajara, Mexico, using inverse
geochemical modeling. Appl Geochem. 68:79–94. doi:10.1016/j.apgeochem.2016.03.008

Morgenstern U, Daughney CJ. 2012. Groundwater age for identification of baseline groundwater
quality and impacts of land-use intensification–The National Groundwater Monitoring
Programme of New Zealand. J Hydrol. 456-457:79–93. doi:10.1016/j.jhydrol.2012.06.010

Mukate S, Panaskar D, Wagh V, Muley A, Jangam C, Pawar R. 2018. Impact of anthropogenic
inputs on water quality in Chincholi industrial area of Solapur, Maharashtra, India. Groundw
Sustain Dev. 7:359–371. doi:10.1016/j.gsd.2017.11.001

Nas B, Berktay A. 2010. Groundwater quality mapping in urban groundwater using GIS. Environ
Monit Assess. 160(1-4):215–227. doi:10.1007/s10661-008-0689-4

Paladino O, Massab�o M. 2017. Health risk assessment as an approach to manage an old landfill
and to propose integrated solid waste treatment: a case study in Italy. Waste Manage. 68:
344–354. doi:10.1016/j.wasman.2017.07.021

Paladino O, Seyedsalehi M, Massab�o M. 2018. Probabilistic risk assessment of nitrate ground-
water contamination from greenhouses in Albenga plain (Liguria, Italy) using lysimeters. Sci
Total Environ. 634:427–438. doi:10.1016/j.scitotenv.2018.03.320

Piper AM. 1944. A graphical procedure in the geochemical interpretation of water analysis. Trans
Agu. 25(6):914–928. doi:10.1029/TR025i006p00914

Pisciotta A, Cusimano G, Favara R. 2015. Groundwater nitrate risk assessment using intrinsic
vulnerability methods: A comparative study of environmental impact by intensive farming in
the Mediterranean region of Sicily, Italy. J Geochem Explor. 156:89–100. doi:10.1016/j.gexplo.
2015.05.002

Prasad B, Bose JM. 2001. Evaluation of heavy metal pollution index for surface and spring water
near a limestone mining area of the lower Himalayas. Environ Geol. 41(1-2):183–188. doi:10.
1007/s002540100380

Qiu H, Gui H. 2019. Heavy metals contamination in shallow groundwater of a coal-mining dis-
trict and a probabilistic assessment of its human health risk. Hum Ecol Risk Assess. 25(3):
548–563. doi:10.1080/10807039.2018.1562883

Rajmohan N, Elango L. 2004. Identifcation and evolution of hydrogeochemical processes in the
groundwater environment in an area of the Palar and Cheyyar River Basins, Southern India.
Environ Geol. 46(1):47–61. doi:10.1007/s00254-004-1012-5

HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 19

https://doi.org/10.1016/j.jhydrol.2013.06.037
https://doi.org/10.1016/j.scitotenv.2007.03.035
https://doi.org/10.1007/s12665-011-0989-9
https://doi.org/10.1007/s12665-013-2776-2
https://doi.org/10.1016/0022-1694(95)02748-E
https://doi.org/10.1080/10934529609376357
https://doi.org/10.1080/10934529609376357
https://doi.org/10.1016/j.apgeochem.2016.03.008
https://doi.org/10.1016/j.jhydrol.2012.06.010
https://doi.org/10.1016/j.gsd.2017.11.001
https://doi.org/10.1007/s10661-008-0689-4
https://doi.org/10.1016/j.wasman.2017.07.021
https://doi.org/10.1016/j.scitotenv.2018.03.320
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1016/j.gexplo.2015.05.002
https://doi.org/10.1016/j.gexplo.2015.05.002
https://doi.org/10.1007/s002540100380
https://doi.org/10.1007/s002540100380
https://doi.org/10.1080/10807039.2018.1562883
https://doi.org/10.1007/s00254-004-1012-5


Rajmohan N, Elango L. 2005. Distribution of iron, manganese, zinc and atrazine in groundwater
in parts of Palar and Cheyyar river basins, South India. Environ Monit Assess. 107(1-3):
115–131. doi:10.1007/s10661-005-5307-0

Reddy SJ. 1995. Encyclopaedia of environmental pollution and control. Vol. 1. India:
Environmental Media Karlia. p. 342.

Riva F, Castiglioni S, Fattore E, Manenti A, Davoli E, Zuccato E. 2018. Monitoring emerging
contaminants in the drinking water of Milan and assessment of the human risk. Int J Hyg
Environ Health. 221(3):451–457. doi:10.1016/j.ijheh.2018.01.008

Sappa G, Ergul S, Ferranti F. 2014a. Geochemical modeling and multivariate statistical evaluation
of trace elements in arsenic contaminated groundwater systems of Viterbo Area, (Central
Italy). Springerplus. 3(1):237doi:10.1186/2193-1801-3-237

Sappa G, Ergul S, Ferranti F. 2014b. Water quality assessment of carbonate aquifers in southern
Latium region, Central Italy: a case study for irrigation and drinking purposes. Appl Water
Sci. 4(2):115–128. doi:10.1007/s13201-013-0135-9

Sar SK, Diwan V, Biswas S, Singh S, Sahu M, Jindal MK, Arora A. 2018. Study of uranium level
in groundwater of Balod district of Chhattisgarh state, India and assessment of health risk.
Hum Ecol Risk Assess. 24(3):691–698. doi:10.1080/10807039.2017.1397498

Schoeller H. 1965. Qualitative evaluation of groundwater resources. In Methods and techniques of
groundwater investigations and development (pp. 54–83). UNESCO

Schoeller H. 1977. Geochemistry of groundwater. In Brown, RH, Konoplyantsev, AA, Ineson, J,
and Kovalevsky, VS (eds), Groundwater studies—an international guide for research and prac-
tice. Ch. 15. Paris: UNESCO, pp. 1–18.

Selvakumar S, Chandrasekar N, Kumar G. 2017. Hydrogeochemical characteristics and ground-
water contamination in the rapid urban development areas of Coimbatore, India. Water
Resour Indus. 17:26–33. doi:10.1016/j.wri.2017.02.002

Serio F, Miglietta PP, Lamastra L, Ficocelli S, Intini F, De Leo F, De Donno A. 2018.
Groundwater nitrate contamination and agricultural land use: A grey water footprint perspec-
tive in Southern Apulia Region (Italy). Sci Total Environ. 645:1425–1431. doi:10.1016/j.scito-
tenv.2018.07.241

Singh S, Singh C, Mukherjee S. 2010. Impact of land-use and land-cover change on groundwater
quality in the Lower Shiwalik hills: a remote sensing and GIS based approach. Open Geosci.
2(2):124–131.

Singh SK, Srivastava PK, Singh D, Han D, Gautam SK, Pandey AC. 2015. Modeling groundwater
quality over a humid subtropical region using numerical indices, earth observation datasets,
and X-ray diffraction technique: a case study of Allahabad district, India. Environ Geochem
Health. 37(1):157–180. doi:10.1007/s10653-014-9638-z

Srinivasamoorthy K, Gopinath M, Chidambaram S, Vasanthavigar M, Sarma VS. 2014.
Hydrochemical characterization and quality appraisal of groundwater from Pungar sub basin,
Tamilnadu, India. J King Saud Univ Sci. 26(1):37–52. doi:10.1016/j.jksus.2013.08.001

Subba Rao N, Srihari C, Deepthi Spandana B, Sravanthi M, Kamalesh T, Abraham Jayadeep V.
2019. Comprehensive understanding of groundwater quality and hydrogeochemistry for the
sustainable development of suburban area of Visakhapatnam, Andhra Pradesh, India. Hum
Ecol Risk Assess. 25(1-2):52–80. doi:10.1080/10807039.2019.1571403

Tiwari AK, De Maio M. 2017. Assessment of risk to human health due to intake of chromium in
the groundwater of the Aosta Valley region, Italy. Hum Ecol Risk Assess. 23(5):1153–1163.
doi:10.1080/10807039.2017.1308813

Tiwari AK, Orioli S, De Maio M. 2019b. Assessment of groundwater geochemistry and diffusion
of hexavalent chromium contamination in an industrial town of Italy. J Contam Hydrol. 225:
103503. doi:10.1016/j.jconhyd.2019.103503

Tiwari AK, Pisciotta A, De Maio M. 2019a. Evaluation of groundwater salinization and pollution
level on Favignana Island, Italy. Environ Pollut. 249:969–981. doi:10.1016/j.envpol.2019.03.016

Tsihrintzis VA, Hamid R, Fuentes HR. 1996. Use of geographic information systems (GIS) in
water resources: a review. Water Resour Manage. 10(4):251–277. doi:10.1007/BF00508896

20 A. K. TIWARI ET AL.

https://doi.org/10.1007/s10661-005-5307-0
https://doi.org/10.1016/j.ijheh.2018.01.008
https://doi.org/10.1186/2193-1801-3-237
https://doi.org/10.1007/s13201-013-0135-9
https://doi.org/10.1080/10807039.2017.1397498
https://doi.org/10.1016/j.wri.2017.02.002
https://doi.org/10.1016/j.scitotenv.2018.07.241
https://doi.org/10.1016/j.scitotenv.2018.07.241
https://doi.org/10.1007/s10653-014-9638-z
https://doi.org/10.1016/j.jksus.2013.08.001
https://doi.org/10.1080/10807039.2019.1571403
https://doi.org/10.1080/10807039.2017.1308813
https://doi.org/10.1016/j.jconhyd.2019.103503
https://doi.org/10.1016/j.envpol.2019.03.016
https://doi.org/10.1007/BF00508896


USEPA (US Environmental Protection Agency) 1989. Risk assessment guidance for superfund
volume I: human health evaluation manual (part A) interim final. Washington, DC: U.S.
Environmental Protection Agency.

USEPA (US Environmental Protection Agency) 2004. Risk assessment guidance for superfund
volume I: human health evaluation manual (part E, supplemental guidance for dermal risk
assessment) final. Washington, DC: Office of Superfund Remediation and Technology
Innovation. EPA/540/R/99/005 OSWER 9285.7-02EP PB99-963312 July 2004.

USEPA IRIS (US Environmental Protection Agency’s Integrated Risk Information System) 2011.
http://www.epa.gov/iris/ [accessed 2011 Jan 15].

Vengosh A, Coyte R, Karr J, Harkness JS, Kondash AJ, Ruhl LS, Merola RB, Dywer GS. 2016.
Origin of hexavalent chromium in drinking water wells from the piedmont aquifers of North
Carolina. Environ Sci Technol Lett. 3(12):409–414. doi:10.1021/acs.estlett.6b00342

WHO. 2017. Guidelines for drinking-water quality. 4th ed. Incorporating the 1st Addendum.
Geneva: World Health Organization. http://apps.who.int/iris/bitstream/handle/0665/254637/
9789241549950-eng.pdf?sequence=1.

Wu B, Zhao DY, Jia HY, Zhang Y, Zhang XX, Cheng SP. 2009. Preliminary risk assessment of
trace metal pollution in surface water from Yangtze River in Nanjing Section, China. Bull
Environ Contam Toxicol. 82(4):405–409. doi:10.1007/s00128-008-9497-3

Wu J, Sun Z. 2016. Evaluation of shallow groundwater contamination and associated human
health risk in an alluvial plain impacted by agricultural and industrial activities, mid-west
China. Expo Health. 8(3):311–329. doi:10.1007/s12403-015-0170-x

Zaidi FK, Nazzal Y, Jafri MK, Naeem M, Ahmed I. 2015. Reverse ion exchange as a major pro-
cess controlling the groundwater chemistry in an arid environment: a case study from north-
western Saudi Arabia. Environ Monit Assess. 187(10):607. doi:10.1007/s10661-015-4828-4

Zavattaro L, Romani M, Sacco D, Bassanino M, Grignani C. 2006. Fertilization management of
paddy fields in Piedmont (NW Italy) and its effects on the soil and water quality. Paddy
Water Environ. 4(1):61–66. doi:10.1007/s10333-005-0029-z

Zhao Y, De Maio M, Suozzi E. 2013. Assessment of groundwater potential risk by agricultural
activities, in North Italy. Int J Environ Sci Dev. 4:286–290. doi:10.7763/IJESD.2013.V4.355

HUMAN AND ECOLOGICAL RISK ASSESSMENT: AN INTERNATIONAL JOURNAL 21

http://www.epa
https://doi.org/10.1021/acs.estlett.6b00342
http://apps.who.int/iris/bitstream/handle/0665/254637/9789241549950-eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/0665/254637/9789241549950-eng.pdf?sequence=1
https://doi.org/10.1007/s00128-008-9497-3
https://doi.org/10.1007/s12403-015-0170-x
https://doi.org/10.1007/s10661-015-4828-4
https://doi.org/10.1007/s10333-005-0029-z
https://doi.org/10.7763/IJESD.2013.V4.355

	Abstract
	Introduction
	Materials and methods
	Study area
	Sampling and analysis
	Quality control
	Hydrogeochemical and statistical
	Pollution index
	Health risk assessment
	Geographic information system (GIS)

	Result and discussion
	Groundwater chemistry
	Hydrogeochemical facies and water type
	Mechanisms controlling groundwater chemistry
	Metal distribution and sources
	Water suitability for drinking and domestic uses
	Heavy metal pollution index (HPI)
	Health risk assessment

	Conclusion
	Acknowledgements
	References


