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Abstract: The Poirino Plateau (northwestern Italy) presents high contamination of the shallow aquifer
due to intense agricultural practices and industrial activities. Many inhabitants have exploited shallow
wells for personal purposes, coming into contact with contaminants. The aims of this study were to
characterize groundwater contamination by heavy metals and nitrates, assess the noncarcinogenic
and carcinogenic health risks for oral and dermal exposure in different receptor groups (children,
adults, workers) and compare the noncarcinogenic and carcinogenic risk results with the regulatory
limits and, therefore, if the actual regulatory limits are able to detect all potential situations of risk.
For this purpose, 18 monitoring wells were collected in July 2022, and chemical–physical parameters
and heavy metals were detected. The chemical data confirm a relevant anthropogenic contamination
by nitrate and heavy metals. The estimated health risks are much higher in children, for oral exposure
rather than dermal exposure for all the substances. The comparison between the results of the human
health risk assessment and those in respect of threshold values confirms the existence of a transition
condition. This condition, with concentrations below regulatory limits and above the noncarcinogenic
or carcinogenic limits, reveals that the regulatory limits are not able to identify all the potential risk
situations for the population.

Keywords: groundwater; heavy metals; nitrates; risk assessment; Italy

1. Introduction

Groundwater pollution via inorganic and organic compounds is considered a serious
global environmental issue since groundwater resources represent the main sources of
drinking and potable water worldwide [1]. Understanding the extent of local contamination
is crucial to protect groundwater resources. Heavy metals exist naturally in the environment
and could have toxic effects in urban and agricultural areas where groundwater is affected
by anthropogenic pollution [2].

Several metals and main ions are essential for humans, with particular roles in
metabolism, while also facilitating endocrine signals between organs. Excessive concentra-
tions of certain substances may lead to serious health issues [3]. Concerning heavy metals,
Ba and Cd can influence the urinary system [4], and Cr(VI) ingestion carries a high risk
for stomach cancers [5]. Mn can affect the central nervous system, Ni induces decreased
body and organ weights and Zn can impact the hematopoietic and immune systems [4].
Regarding the other ions, F is an essential micronutrient in the human brain; however, high
concentrations in water may cause damage to teeth and bones [6]. NO3 can influence the
hematopoietic system with early clinical signs of methemoglobinemia in infants [4].

Human health risk assessments allow us to define health risks through the evaluation
of negative effects that occur in a person following an exposure. Many studies highlight
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greater noncarcinogenic and carcinogenic risks in women compared to men [7,8], particu-
larly for pregnant women [9], as well as greater risks in children compared to adults [10–14].
Furthermore, oral exposure appears to have more risk effects than dermal exposure [15,16].
Urbanization and anthropogenic pressures cause a deterioration in water resources and
associated increased health risks [17–19]. Some studies have also been conducted in Italy,
mainly evaluating heavy metals and nitrates [2,20–22].

Health risk assessments have become a mere comparison with selected reference
values used to represent or characterize actual health risks [23], a practice now widespread
in this research area [9,11,13] due to application for administrative and regulatory purposes
as needed [24]. In Italy, the observance of concentrations in groundwater bodies takes
place through a comparison between the measured concentrations of individual substances
and the regulatory limits. This practice does not allow the possible cases of risk for
the population to be highlighted even in the absence of exceeding the regulatory limits;
moreover, the sum of effects connected to multiple substances is not considered [24,25].
Risk assessment helps the correct and most sustainable remediation method for heavy
metal pollution to be chosen, such as adsorption methods [26]. For NO3 pollution, these
assessments can contribute to defining a regional protocol for the prevention and mitigation
of diffuse pollution [27]. For these reasons, it is essential to know the concentrations existing
in the groundwater, understand and identify their origin but also evaluate the effects on
human health when the concentrations are consumed over an extended period of time,
given that they can potentially increase cancer risk.

The Poirino Plateau (northwestern Italy) presents high contamination of the shallow
aquifer due to intense agricultural practices and industrial activities; the latter have mainly
existed in the second half of the 20th century, with repeated exceedances of regulatory
limits [28]. This sector constitutes a rural area where the aqueduct network does not reach
a high number of isolated homes. In these contexts, deep wells used for drinking water
purposes are often mixed with polluted shallow aquifers. Moreover, many people exploit
numerous shallow wells for personal purposes, such as personal hygiene, domestic uses
and market gardens. Nitrogen pollution shows variable concentrations in spatial and
temporal distribution [29], typical of areas with a high degree of pollution [30].

The aims of this study were to (1) assess groundwater contamination by heavy met-
als and nitrates in the Poirino Plateau, (2) assess the noncarcinogenic and carcinogenic
health risk for oral and dermal exposure in different receptor groups, (3) compare the
non-carcinogenic and carcinogenic risk results with the regulatory limits and, therefore,
determine whether the actual regulatory limits are able to detect all potential situations
of risk for the population. This study aims to increase knowledge on this topic, laying the
basis for groundwater resource management that is sustainable for human health.

2. Materials and Methods
2.1. Study Area
2.1.1. Geological and Hydrogeological Setting

This study area is located in the central sector of the Piedmont region, with an area
of 55 km2. This sector is divided into 4 municipalities (Chieri, Riva di Chieri, Poirino and
Villanova d’Asti) with approximately 11,000 inhabitants. The area, located on the Poirino
Plateau, is bordered by hills to the north, east and south [31].

As regards the geological setting, the Piedmont Po Plain consists of (I) Pre-Pliocene ma-
rine deposits (Eocene–Miocene), (II) Pliocene marine clays deposits (Pliocene), (III) Pliocene
marine deposits (Pliocene), (IV) Villafranchian transitional deposits (Late Pliocene–Early
Pleistocene), (V) Middle Pleistocene fluvial deposits and (VI) Holocene fluvial deposits.
The latter two host a shallow, unconfined aquifer [31]. In particular, the Poirino Plateau
was analyzed in several previous studies [32,33].

Six hydrogeological complexes can be summarized (Figure 1) according to the per-
meability and grain size features of the geological formations [31,34,35]. The complexes
are briefly described below from bottom to top. Silty–clayey sediments (conglomerates of
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the Cassano Spinola, marls of St. Agata Fossili and Gessoso–Solfifera Formations) repre-
sent the pre-Pliocene marine complex (Eocene–Miocene). The Pliocene marine complex
(Lower–Middle Pliocene) consists of Lugagnano clays and Asti sands. The Lugagnano clays,
represented by sandy-marly clays, constitute an aquiclude under the overlying Asti Sands.
The Asti sands are represented by permeable sandy deposits. This complex corresponds to
a multilayered aquifer system due to the overlapping permeable and impermeable sedi-
ment levels. The overlying Villafranchian Transitional Complex (Middle Pliocene–Lower
Pleistocene) is represented by silty–clayey levels with alternating sandy and gravelly levels.
The Villafranchian complex reaches its maximum thickness (approximately 200 m) in the
central portion of the Poirino Plateau, hosting a multilayered aquifers with the thickness
increasing from east to west. Based on its features, such as the reduced distribution of
permeable deposits, this complex represents the less exploited area on the Poirino Plateau.
The alluvial complex (Middle Pleistocene–Holocene) is represented by terraced fluvial
deposits consist of silty, sandy and gravelly deposits with maximum thicknesses of 30 m.
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Figure 1. Map of the study area in the Piedmont Region (NW Italy), hydrogeological complexes and
piezometric surface of the shallow aquifer in the Poirino Plateau (summer 2016) (modified from [31]).

The Middle Pleistocene–Holocene alluvial complex represents the shallow unconfined
aquifer complex. The Villafranchian Transitional hydrogeological complex and the Pliocene
Marine hydrogeological complex, that include confined and semiconfined aquifers, repre-
sent the deep aquifer complex. The main groundwater flow direction of the shallow aquifer
complex on the Poirino Plateau is mainly flowing from east to west. In the present study
area, the groundwater flow direction of the shallow aquifer complex is essentially from
north to south (Figure 1). The water depth from the surface is between 1 and 10 m and
mainly <5 m [31].

2.1.2. Hydrochemical and Land Use Setting

Regarding the hydrochemical features, the shallow aquifer complex of the Poirino
Plateau shows calcium, magnesium sulphate and/or chloride facies and calcium and/or
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magnesium bicarbonate facies, whereas the deep aquifer complex is characterized by more
carbonatitic components [36]. The EC (electrical conductivity) of the shallow aquifer com-
plex also reached values of 2000 µS/cm; meanwhile, in the deep aquifer complex, values
below 600 µS/cm were commonly observed. The groundwater of the Pliocene Marine com-
plex is not affected by anthropogenic pollutants; in contrast, a high degree of nitrate diffuse
pollution in the shallow aquifer complex in several previous studies was identified linked
to intense agricultural activities [28,36,37]. Exceedances of regulatory limits were observed
for Cr(VI) in the 1980s, with wastewater from noncontrolled activities [38]. Recently, the
Regional Environmental Agency has detected repeated and discontinuous exceedances of
regulatory limits for Cr(VI) [39].

The deep aquifer complex, that is intercepted with wells of depths exceeding 100 m
(used for irrigation, industrial activities and drinking water), is often interconnected with
the shallow aquifer. The wells capturing the shallow aquifer complex usually have depths
of less than 30 m and are exploited mainly for irrigation activities and, secondarily, for
domestic uses and personal purposes. Therefore, contaminants present in the shallow
aquifer can contact humans via different pathways. In the present study area, irrigated
arable areas are prevalent. The main industrial areas are located close to urban centers.

The industrial activities existing in the second half of the 20th century were mainly
the metalworking industry. In this area, there are two important road and railway lines,
both with a W–E orientation (Figure 2).
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2.2. Sampling and Analytical Procedures

A sampling campaign was performed in July 2022 to collect groundwater samples from
the shallow aquifer, which corresponds to the central area of the Poirino Plateau. A total
of 18 monitoring wells were collected (Figure 2). For each sampling point, polyethylene
bottles (250–500 mL) for chemical–physical analysis of the main ions and heavy metals
were used to collect two samples. Samples were collected using bottles and directly filled
whilst awaiting water parameter stabilization. Bottles were filled until reaching the sealing
disc, avoiding the presence of air inside the bottle, then stored in a refrigerator. During the
sampling activities, the water table depth was measured while the parameters of electrical
conductivity (EC), pH and total dissolved solids (TDS) were measured with a Hanna
waterproof tester HI98130 measurer, and measurements were subsequently repeated in the
laboratory (resolution and accuracy of EC: 0.01 µS/cm, 2% F. S. (full scale); pH: 0.01 and
0.05; TDS: 0.01 g/L, 2% F.S.).

Hydrochemical analyses were performed in the laboratory of the Earth Sciences De-
partment, University of Turin, while the ICP–MS analysis was performed in the Chemistry
Department. For the lab analyses, the pH levels were measured with a Hanna Instrument
H2211 pH/ORP meter calibrated with pH standards of 4.00, 7.00 and 10.00; the EC was
measured with a Mettler Toledo Five Easy that was previously calibrated with a standard
solution of KCl at 1462 µm and 25 ◦C. Both instruments were equipped with automatic
temperature compensation abilities. Metrohm 665 Dosimat using 0.1 N HCl as the titrating
solution and a 100 mL sample was used for the determination of alkalinity (HCO3 and
CO3

2) with the acid–base titration method. Methyl orange was used as the color indicator.
Ion chromatography for the anions and cations (F, Cl, NO2, Br, NO3, SO4, Na, NH4, K, Mg,
Ca) was used; in particular, chemical suppression ion chromatography was used for anions.
The Metrohm IC883 and Metrohm 863 Autosampler systems equipped with Metrosep
A-Supp4 250 and Metrosep C4 250 separation columns were used for anions and cations,
respectively. The main ions were used for analytical quality control based on anion-cation
charge balance with errors < 5%.

For the dispersed metal analysis, an aliquot of 50 mL was filtered on a 0.20 µm filter
to remove coarse particulate matter. In order to obtain a pH < 2, the resulting water was
acidified with HNO3 (HP quality). The analysis was performed using an ICP Agilent 7500
to measure the quantity of Al, Ba, Cd, Co, Cu, Mn, Ni, Pb and Zn. The determination of
Cr(VI) was carried out according to the EPA 218.7 method, which involves the use of ion
chromatography associated with post-column derivatization with 1,5-diphenylcarbazide
and a UV-Vis detector.

The chemical analyses conducted made it possible to characterize the shallow aquifer.
In particular, the classification diagrams (i.e., Piper [41], Cl/Na, NO3/Cl ratio and Cl)
were created. For the mixing diagram with the NO3/Cl ratio and Cl, the fields were taken
from [42].

2.3. HPI Index

To define the degree of water contamination, the heavy metal pollution index (HPI) is
frequently utilized [2,16]. This pollution index, which was defined by [43], represents the
influence of heavy metals on groundwater quality. This index, that establishes a weightage
(Wi) between 0 and 1, is inversely proportional to the standard permissible value (Si) [44,45].

The HPI is defined in Equations (1) and (2) as follows:

HPI =
∑n

i=1 WiQi
∑n

i=1 Wi
(1)

where Wi correspond to the unit weight of the ith parameter; n is the number of heavy
metals considered and Qi is the sub–index of the Ith parameter. Qi is defined as follows:
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Qi =
n

∑
i=1

|Mi − Ii|
Si − Ii

× 100 (2)

where Si represents the highest permissible value for the ith parameter in relation to the
water quality standard; Ii corresponds to the ideal value or permissible limit for the ith
parameter; and Mi represents the considered metal value for the ith sample. Wi is set
to 1/Si [46]. In accordance with the HPI results, the pollution degree was composed
of three classes as follows: low (HPI < 50), medium (HPI 50–100) and high (HPI > 100)
contamination [47].

2.4. Human Health Risk Assessment

The noncarcinogenic and carcinogenic health risk levels in relation to the consumption
of contaminated groundwater were determined though a health risk assessment. In this
study, the populations were grouped into three groups: children, adults and workers
(the latter having a lower exposure frequency than adults). The human health risk was
evaluated for oral and dermal exposure.

The heavy metals Cr(VI), Cd and Pb are classified as carcinogenic pollutants by the
International Agency for Research on Cancer (IARC), whereas the heavy metals Al, Ba,
Co, Cu, Mn, Ni, Pb, Zn and NO3 and F ions are classified as noncarcinogenic [48]. In this
research, carcinogenic risk assessments to evaluate Cr(VI), Cd and Pb impacts and the
noncarcinogenic risk assessments to define Al, Ba, Cd, Co, Cr(VI), Cu, Mn, Ni, Pb, Zn and
NO3, NH4 and F were applied.

2.4.1. Noncarcinogenic Health Risk Assessment

Noncarcinogenic health risk assessments are adopted to quantify chronic daily intake
(CDI) and hazard quotient (HQ). The chronic daily intake (CDI) of the substances was
defined using Equations (3) and (4) [49,50]:

CDI oral =
Ci × IR × EF × ED

BW × AT
(3)

CDI dermal =
Ci × SA × Kp × ET × EF × ED × CF

BW × AT
(4)

where Ci is the ion concentration (µg/L); IR corresponds to the ingestion rate (2 L per day for
adults/workers, 1 L per day for children); SA represents the skin surface area (18,000 cm2

for adults/workers, 7000 cm2 for children); Kp represents the permeability coefficient
(1 × 10−3 cm/h); ET represents the daily exposure time (0.4 h/day); EF represents the
exposure frequency (350 days year for children and adults, 250 days year for workers); ED
represents the exposure duration (24 years for adults/workers, 6 years for children); CF
represents the conversion factor (2 × 10−3 L/cm3); BW represents the average body weight
of the consumers (70 kg for adults/workers, 15 kg for children); and AT represents the
average time of the exposure (8760 days for adults/workers, 2190 days for children).

The assessment of noncarcinogenic health risks requires the hazard quotient (HQ)
calculation, for both oral and dermal exposure, using Equation (5). HQ results higher than
1.0 indicate the existence of noncarcinogenic risk [50].

HQ =
CDI
R f D

(5)

where RfD represents the reference dose (mg/kg per day) equal to 1/0.5 for Al, 0.2/0.1
for Ba, 5 × 10−4/2.5 × 10−4 for Cd, 3 × 10−4/1.5 × 10−4 for Co, 3 × 10−3/1.5 × 10−3

for Cr(VI), 0.04/0.02 for Cu, 0.06/0.03 for F, 0.14/0.07 for Mn, 0.02/0.01 for Ni, 0.48/0.24
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for NH4, 0.5/0.25 for NO3, 0.0035/0.0017 for Pb, and 0.3/0.15 for Zn (oral and dermal
exposure) [4].

The sum of the calculated HQ for each substance represents the overall potential for
noncarcinogenic effects of several substances and is expressed as the hazard index (HI). No
chronic risks are assumed to occur when HI is lower than one (HI < 1.0) and possible chronic
risk linked by groundwater ingestion could appear if HI is higher than one (HI ≥ 1.0) [49].
The total noncarcinogenic risks linked to exposure to inadequate drinking groundwater
correspond to the sum of the oral hazard index and dermal hazard index [13,51].

2.4.2. Carcinogenic Health Risk Assessment

The carcinogenic health risk index (R) is adopted to evaluate the potential carcinogenic
health risk of contaminated groundwater using Equation (6):

R = CDI × SF (6)

where SF is the slope coefficient. A potential carcinogenic health risk occurs when the
calculated value is greater than 1 × 10−6 for a single compound and 1 × 10−5 for the sum
of compounds [24]. The SF for Cr(VI) corresponds to 0.5 mg/kg per day [52].

The chosen methods for the HPI index and human health risk assessment corre-
spond to the most applied methods in similar studies and were therefore also selected for
this study.

2.5. Comparison of Human Health Risk Assessment and Threshold Values

The threshold values imposed by the Italian legislation [24,25] and the exceeding
of the thresholds by the concentrations detected are highlighted in Table 1. In order to
highlight the potential situations of risk for the population in the case of exceeding and not
exceeding the regulatory limits, three maps were created (HQ NO3, HI, R Cr(VI)). NO3 and
Cr(VI) were chosen because they were the compounds with the greatest contribution to the
noncarcinogenic and carcinogenic health risks, respectively.
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Table 1. Chemical–physical data of 18 samples, regulatory limits and HPI. Values above the regulatory limits in italics.

ID Locality
pH EC

(µS/cm)
HCO3
(mg/L)

SO4
(mg/L)

NO3
(mg/L)

Cl
(mg/L)

F
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

K
(mg/L)

NH4
(mg/L)

Na
(mg/L)

Al
(µg/L)

Cr(VI)
(µg/L)

Mn
(µg/L)

Co
(µg/L)

Ni
(µg/L)

Cu
(µg/L)

Zn
(µg/L)

Cd
(µg/L)

Ba
(µg/L)

Pb
(µg/L) HPI

6–9 2500 / 250 50 250 1.5 / / / 0.5 200 200 5 50 50 20 1000 3000 5 / 10

1 Riva di
Chieri 8.2 587 224 9.3 19.6 14.1 4.2 84 19.2 3.1 <0.01 17.77 38.40 3.4 <0.05 <0.04 <1.5 <2.5 11 <0.06 43.0 <0.2 22.97

2 Riva di
Chieri 8.1 597 224 28.6 29.7 18.8 <0.01 86 26.6 34.0 <0.01 30.72 <4 5.2 <0.05 1.7 <1.5 <2.5 <10 <0.06 26.0 <0.2 34.99

3 Poirino 7.7 976 150 62.1 51.7 133.7 <0.01 125 33.6 0.9 0.25 13.47 <4 <0.05 <0.05 <0.04 0.8 <2.5 13 <0.06 35.0 <0.2 0.34

4 Riva di
Chieri 7.9 824 185 38.7 79.0 57.9 3.7 145 20.6 0.4 <0.01 24.79 <4 2.2 1.60 2.0 4.1 <2.5 701 <0.06 36.0 <0.2 16.73

5 Chieri 7.4 1247 312 379.0 1.1 20.5 0.2 253 52.4 13.2 <0.01 10.03 10.50 <0.05 5.50 <0.04 1.3 <2.5 <10 <0.06 21.0 <0.2 0.96

6 Chieri 8.0 711 233 82.2 34.0 36.9 0.3 103 26.6 42.5 <0.01 46.85 <4 2.1 <0.05 1.7 1.3 <2.5 <10 <0.06 44.0 <0.2 14.74

7 Chieri 7.9 483 220 24.6 12.5 16.1 2.1 87 27.5 0.6 <0.01 6.82 <4 30.5 <0.05 1.6 <1.5 <2.5 <10 <0.06 15.0 <0.2 204.69

8 Riva di
Chieri 7.9 600 143 33.2 70.5 37.8 <0.01 101 21 0.3 0.15 13.93 <4 4.6 <0.05 1.7 0.6 2.6 <10 <0.06 18.2 <0.2 31.22

9 Poirino 7.9 777 219 45.6 60.6 16.7 <0.01 81 19.3 0.4 <0.01 8.12 <4 10.4 <0.05 1.9 0.2 <2.5 <10 <0.06 17.8 <0.2 69.93

10 Riva di
Chieri 8.1 322 139 4.8 15.4 10.4 <0.01 61 15.1 0.2 <0.01 7.91 <4 14.2 <0.05 1.7 0.7 <2.5 <10 <0.06 3.0 <0.2 95.66

11 Chieri 7.9 427 191 19.3 6.3 19.6 2.4 96 24.1 0.5 <0.01 6.76 <4 39.0 <0.05 1.7 <1.5 <2.5 <10 <0.06 1.7 <0.2 261.71

12 Villanova
d’Asti 8.0 442 163 7.1 29.6 24.7 <0.01 92 16.2 0.3 <0.01 11.45 <4 14.2 <0.05 1.6 <1.5 <2.5 <10 <0.06 15.0 <0.2 95.36

13 Villanova
d’Asti 8.0 403 138 16.0 9.5 22.7 <0.01 77 13.3 0.3 1.25 12.20 <4 12.1 <0.05 1.6 <1.5 <2.5 <10 <0.06 10.6 <0.2 81.27

14 Villanova
d’Asti 7.8 819 141 61.1 25.7 71.4 <0.01 135 28.1 1.1 <0.01 32.01 <4 <0.05 <0.05 <0.04 <1.5 <2.5 622 <0.06 31.0 <0.2 0.01

15 Villanova
d’Asti 7.9 470 142 33.7 15.9 33.4 <0.01 112 16.7 0.2 0.80 17.07 <4 0.7 <0.05 <0.04 <1.5 <2.5 <10 <0.06 39.0 <0.2 4.70

16 Riva di
Chieri 7.8 538 320 9.5 6.8 21.3 0.3 68 24.0 0.8 <0.01 15.58 <4 12.3 <0.05 1.7 <1.5 <2.5 10 <0.06 13.6 <0.2 82.62

17 Villanova
d’Asti 8.2 352 203 8.7 0.3 0.8 <0.01 58 4.8 1.1 0.10 16.57 <4 1.9 <0.05 1.7 <1.5 <2.5 <10 <0.06 4.7 <0.2 12.86

18 Chieri 8.4 422 234 18.2 <0.05 5.2 <0.01 66 8.1 1.0 0.45 20.62 <4 2.0 1.30 1.6 <1.5 4.5 <10 <0.06 8.3 <0.2 13.62
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3. Results and Discussion
3.1. Physicochemical Characterization and HPI Results

The results of the chemical–physical analyses are reported in Table 1. The hydrochem-
ical results permitted us to highlight differences in the mineralization conditions of the
monitoring wells. The electrical conductivity shows a wide range of variation, between
322 and 1247 µS/cm, while pH levels show alkaline values between 7.40 and 8.35. Both
show a heterogeneous spatial distribution, i.e., without spatial trends but appearing as
punctual anomalies.

In the Piper diagram (Figure 3), a large number of sample points plot within the
calcium–bicarbonate facies, while only three samples plot within the calcium–chloride–
sulfate facies. These three samples (nos. 3, 5 and 14) correspond to the samples with the
highest electrical conductivity samples. The cation triangle shows low variability between
samples, with a Ca/Mg ratio in favor of Ca. Reverse situation in the anion triangle with a
ratio in favor of HCO3 and an influence of Cl.
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Figure 3. Piper diagram of the monitoring wells. Numbers correspond to identification number
of samples.

The ions show a large range of variation. HCO3 shows a range of variation between
138 and 320 mg/L, with higher values in the northwestern sector, and Ca and Mg have
values between 58 and 253 mg/L and between 5 and 52 mg/L, respectively. NO3 and Cl
had ranges of variation between 0.05 and 79 and between 0.8 and 134 mg/L, respectively;
however, these two ions showed similar spatial distributions. Na and SO4 showed values
between 7 and 47 mg/L and between 5 and 379 mg/L, respectively. F was detected only
in the northwestern and central sectors of the current study area with maximum values
of 4.2 mg/L. NH4 was detected in two-thirds of the samples with a maximum value of
0.4 mg/L. NO2 was always lower than the detection limits. The heterogeneous spatial
distribution is highlighted for all ions described herein.

The order of metal abundance concentrations in the overall groundwater samples of
the current study area was as follows: Zn > Ba > Cr(VI) > Al > Co > Ni > Mn > Cu, whereas
the concentrations of Cd and Pb were below the detection limits. Zn was detected only
in one-third of samples with concentrations below 15 µg/L, except for two samples in
the eastern sector (nos. 4–7), with values up to 701 µg/L. As concerns the other metals,
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these were detected only in a few samples. Their maximum concentrations were as follows:
Ba 44 µg/L, Cr(VI) 39 µg/L, Al 38.4 µg/L, Co 2 µg/L, Ni 4.1 µg/L, Mn 5.5 µg/L, and
Cu 4.5 µg/L. Additionally, the metals show a heterogeneous spatial distribution. The
northwestern sector is often characterized by higher concentrations than other sectors for
various metals, F and NH4.

The molar ratio diagram of Cl/Na (Figure 4a) highlights a good correlation, showing
a ratio of approximately 1, with only one sample with a ratio in favor of Cl (sample no. 3).
The mixing diagram with the NO3/Cl ratio and Cl (Figure 4b) suggests an anthropogenic
origin of NO3 and Cl, related to sewage and manure inputs.
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were taken from [42].

Regarding the hydrochemical data, the heterogeneous spatial distribution with punc-
tual anomalies of various ions, the absence of spatial trends, the contemporary presence
of high and low concentrations of NO3 close to each other, the presence of high metal
concentrations, the proportionality between EC and metals and the evidence of other
hydrochemical diagrams suggest a relevant anthropogenic origin for NO3 and metals, orig-
inating from agricultural practices and the metalworking industry. Their concentrations
are influenced by the characteristics of the aquifer, conditioning the oxidation–reduction
processes. The HPI values ranged from 0.01 to 261.71 with an average value of 58.0 (Table S1
of the Supplementary Materials). Eleven samples belonged to the low category (nos. 1, 2,
3, 4, 5, 6, 8, 14, 15, 17, and 18), five belonged to the medium category (nos. 9, 10, 12, 13,
and 16), and two belonged to the high category (nos. 7 and 11). The high HPI values were
attributed essentially to Cr(VI). These values demonstrate that products of human activity
impact the shallow aquifer in terms of heavy metal contamination, identifying a relevant
degree of pollution in the present study area.
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3.2. Human Health Risk Assessment
3.2.1. Noncarcinogenic Risk Assessment

Noncarcinogenic risk (HQ) estimates for Al, Ba, Cd, Co, Cr(VI), Cu, Mn, Ni, Pb, Zn
and NO3, NH4 and F are described below. The HQ for the individual samples are reported
in Table S2 of the Supplementary Materials. Cd and Pb were not detected and, therefore,
were excluded from the assessment.

The order of HQ (mean values) for the oral pathway was NO3 > F > Co > Cr(VI) >
Fe > Zn > Ba> NH4 > Ni > Cu > Mn > Al (Figure 5a). For the oral pathway of individual
substances (HQ oral), 11 samples had HQ values greater than 1 in the children’s group.
For the adults’ group, only five samples have HQ values higher than 1; meanwhile, for the
workers’ group, no samples reached the unit. Exceedances of unity are related to NO3 and
F (Figure 6a), while individual metals were less than 1 in all groups (Figure 6b).
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The order of HQ (mean values) for the dermal pathway was Cr(VI) > F > NO3 > Co >
Ni > Ba > Fe > Zn > Mn > NH4 > Cu > Al (Figure 5b). For the dermal pathway of individual
substances (HQ dermal), no samples reach the unit in all groups. The highest value of oral
HQ (4.52) was obtained in the children’s group for F influence, while the highest dermal
HQ (0.22) was obtained for Cr(VI) influence, for sample nos. 1 and 11, respectively.

Considering the sum of the heavy metals for the oral pathway exclusively, two samples
(nos. 7 and 11) show a higher value of 1. In percentage terms, the sum of heavy metals
shows a rate of total risk ranging between 2 and 100% and is on average equal to 38%. For
the dermal pathway, no sample reaches the unit; however, in percentage terms, the sum of
heavy metals shows a rate on the total risk ranging between 9 and 100% and on average
equal to 60%.

For the oral pathway of the sum of substances (HI oral), 12 samples had HI values
greater than 1 in the children’s group. For the adults’ group, 6 samples have HI values
higher than 1; meanwhile, for the workers’ group, only 1 sample reached the unit (Figure 6c).
For the dermal pathway of the sum of substances (HI dermal), no samples reached the unit
in all groups.

The highest value of oral HI (7.74) was obtained in the children’s group in sample
no. 4, while the highest dermal HI (0.24) was observed in sample no. 11. The HQ and HI
are much higher for oral exposure than for dermal exposure for all the substances and their
sum. Total HI corresponding to the sum of HI oral and HI dermal (HI oral + dermal) shows
an enormous similarity to oral HI in relation to the low influence of dermal HI on the total
HI, on average equal to 4% (Figure 5c,d).

Therefore, the order of vulnerable receptors to toxic substances in the study area was
found in the order of children > adults > workers for the individual substances and their
sum in the oral, dermal and oral + dermal exposures. As a result, all three receptor groups
may develop noncarcinogenic disorders in relation to the high values of HI emerged,
mainly related to the ingestion of groundwater enriched with NO3 and F and secondarily
to heavy metals.
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3.2.2. Carcinogenic Risk Assessment

R for the individual samples are reported in Table S3 of the Supplementary Materials.
Human carcinogenic risk can be linked to heavy metals such as Cr(VI), Cd and Pb. In
particular, the probability of developing health disorders may increase with prolonged
exposure. As previously reported, Cd and Pb were not detected, and therefore, only Cr(VI)
was considered. Cr(VI) was detected in all samples except nos. 3, 5 and 14.

For the oral pathway of Cr(VI) (R oral), all 15 samples had R values greater than
1 × 10−6 in the children’s, adults’ and workers’ groups (Figure 6d), while for the dermal
pathway (R dermal), all 15 samples had R values less than 1 × 10−6 in the children’s,
adults’ and workers’ groups. Total R corresponding to the cumulative of oral and dermal R
(R oral + dermal) shows an irrelevant contribution from dermal exposure.

As a result, all three receptor groups may develop cancer diseases in relation to the
high values of R that emerged, related to the ingestion of groundwater enriched with Cr(VI).

3.3. Comparison of Human Health Risk Assessment and Threshold Value Results

For the potential situations of risk for the population in the case of exceeding and not
exceeding the regulatory limits were evaluated. Three maps were created for HQ NO3,
R Cr(VI) and HI (Figures 7–9) regarding the oral exposure of children to show the most
precautionary situation. Due to the negligible dermal exposure, this was excluded from
this comparison. As previously reported, NO3 and Cr(VI) were chosen as they were the
compounds with the greatest contribution to the noncarcinogenic and carcinogenic health
risks, respectively.
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Regarding the noncarcinogenic risk for NO3 ingestion (Figure 7), only four samples
showed concentrations above the regulatory limits until to reaching 70.5 mg/L (nos. 3, 4,
8, 9). For these samples, HQ is above the unit and, therefore, noncarcinogenic risk exists.
In the opposite condition, 10 samples show concentrations below the regulatory limits
and HQ below the unit. For these samples, noncarcinogenic risk is negligible. However,
four samples are in the transition condition corresponding with concentrations below the
regulatory limits but HQ above the unit. Therefore, the health risk can be considered
unacceptable for eight samples; meanwhile, with the use of regulatory limits, only four
samples were identified.

Regarding the carcinogenic risk for Cr(VI) ingestion (Figure 8), eight samples showed
concentrations above the regulatory limits until reaching 39 µg/L. For these samples, R
is above 1 × 10−6, and therefore, carcinogenic risk exists. In the opposite condition, three
samples show concentrations below the regulatory limits (also below the detection limit)
and R below the unit. For these samples, the carcinogenic risk is negligible. However,
seven samples are in the transition condition previously described. Therefore, the health
risk can be considered unacceptable for 15 samples; meanwhile, with the use of regulatory
limits, only 8 samples were identified as unacceptable.

Regarding the noncarcinogenic risk for the cumulative of noncarcinogenic substances
(Figure 9), 12 samples show concentrations above the regulatory limits, with exceedances
for NO3, F and Cr(VI). In the opposite condition, four samples show concentrations below
the regulatory limits and HI below the unit. However, four samples are in the transition
conditions corresponding with concentrations below the regulatory limits but HI above
the unit (nos. 6, 14) and concentrations above the regulatory limits but HI below the unit
(nos. 13, 16). The exceeding of regulatory limits in the transition condition are in reference to
Cr(VI) while the exceeding of units for the HI are in reference to NO3. Therefore, 12 samples
were identified as unacceptable according to the regulatory limits and with the health risk
assessment, 2 samples were added for a total of 14 samples to be identified as unacceptable.

Therefore, different conditions between the three health risk assessments exist. In
particular, all four potential classes were detected (Figure 10).
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Figure 10. Subdivision of samples according to the comparison between the health risk results
and regulatory limits compliance in the different four classes for children’s oral exposure. Classes:
(1) < r.l., no h.r.; (2) < r.l., h.r.; (3) > r.l., no h.r.; (4) > r.l., h.r.. (r.l.: regulatory limits, h.r.: health risk).

4. Conclusions

Health risk assessments were applied to evaluate whether a condition of potential non-
carcinogenic or carcinogenic risk exists even without exceeding the regulatory thresholds
in relation to the high level of contamination of the shallow aquifer in the Poirino Plateau.
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Chemical data confirm the anthropogenic origin of the heavy metals and NO3 contam-
ination, originating from agricultural practices and the metalworking industry, exacerbated
by the characteristics of the aquifer as low transmissivity that conditions the oxidation–
reduction processes. A relevant degree of pollution by heavy metals with the HPI index
is confirmed.

Regarding the noncarcinogenic risk, the toxicity is primarily related to the ingestion
of groundwater enriched with NO3 and F and secondarily to heavy metals, while for
dermal exposure, the toxicity is mainly related to Cr(VI). The noncarcinogenic and carcino-
genic risks estimated are much higher for oral exposure than for dermal exposure for the
substances and their sum. The vulnerable receptors to investigated substances for the non-
carcinogenic and carcinogenic risk were found in the order of children > adults > workers,
both for oral and dermal exposures, with the presence of risk in all groups. The carcinogenic
risk for oral exposure is present in the samples where Cr(VI) is above the detection limit
and for each receptor group. Twelve samples showed concentrations above the regulatory
limits with exceedances for NO3, F and Cr(VI).

The comparison between the results of the human health risk assessment and in re-
spect of threshold values confirms the existence of a transition condition corresponding
to concentrations below the regulatory limits and above the noncarcinogenic or carcino-
genic limits. These cases are situations that are not detected from the regulatory limits
but represent a potential risk for human health. This situation reveals that for both the
individual substances (HQ NO3 and R Cr(VI)) and also for cumulative noncarcinogenic risk
(HI), the current regulatory limits are not able to identify all the potential risk situations for
the population.

According to these new findings, risk is present even if the regulatory thresholds
are not exceeded. The usefulness of applying local characterizations of human health to
simple comparisons with regulatory limits was confirmed. For a better assessment of the
extent of the risk, it is advisable, not only for this study, to identify the possible sources of
contamination, characterize temporal data through repeated sampling campaigns and to
extend the analysis to other substances of recent interest and significant impact on human
health, e.g., chlorinated solvents that are often associated with Cr(VI) contamination.

This research represents a successful application of an assessment of human health
risk, which is useful for hydrogeologists working in comparable settings and for local au-
thorities to increase the effectiveness of environmental protection, as well as for sustainable
groundwater resource management.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16010222/s1. Table S1: statistical analysis of chemical-physical
parameters; Table S2: non-carcinogenic risk (HQ) for the individual samples and parameters; Table S3:
carcinogenic risk (R) for the individual samples.
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