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Highlights

Multi-source diffuse pollution seriously threatens water quality in the Milan area
Shallow and deep aquifers susceptibility to PCE+TCE and Cr(VI) pollution is mapped
The effect of hydrogeological and land use factors is quantified at a regional scale

The influence of aquitard heterogeneities and multi-aquifer wells is investigated

Abstract

In the densely urbanised Milan Metropolitan area (northern Italy), the long history of anthropogenic
activities still exerts a significant pressure on groundwater resource. One of the most serious threats to
the water quality of urban aquifers is attributed to diffuse contamination, which is caused by a series of
unknown small sources (i.e., multiple point sources) distributed over large areas. In the study area and
in many industrialised regions of the world, tetrachloroethylene [PCE], trichloroethylene [TCE] and
hexavalent chromium [Cr(V1)] represent the common example of long-standing and persistent pollution
in groundwater. In the Milan Metropolitan area, high levels of PCE+TCE and Cr(VI) were detected in
the shallow aquifer as well as in the deep aquifer.

To assess and map the shallow and deep aquifers susceptibility to PCE+TCE and Cr(V1) contamination
at a regional scale, the Weights of Evidence modelling technique has been applied. This method has
been used to objectively evaluate the spatial correlation between the high presence of these pollutants
in each aquifer and hydrogeological and land use factors that can potentially influence the
contamination. Moreover, the results allowed us to quantify on a large scale the effect that preferential
flowpaths, due to both thickness variation in the aquitard and the areal density of multi aquifer wells,

have in reducing the protection of the underlying deep aquifer. The end-products of the study constitute



a key tool to be used by water-resource managers and decision-makers for the improvement of
groundwater management and protection strategies.
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1 Introduction

More than half of the world’s population lives in urban areas and it is estimated that most of the
population increase in the next decades will find accommodation in urban areas (UNPD, 2018). Urban
growth significantly affects the availability of groundwater resource through increasing demand for safe
drinking water supplies (WWAP, 2012). Additionally, the progressive extension of urbanised areas
leads to the development of point, non-point and multiple-point sources of contamination that can
seriously deteriorate groundwater quality. One of the most common solutions to provide safe drinking
water consists in pumping groundwater from a more protected deep aquifer. Nevertheless, the intensive
exploitation of deep aquifers can contribute to increase their susceptibility by creating preferential flow
paths from the contaminated shallow aquifer to the deepest ones (Johnson et al., 2011; Eberts et al.,
2013).

Currently, among the different categories of contamination sources (i.e., point sources, non-point
sources, multiple-point sources), multiple-point sources represent one of the most serious threats to the
quality of urban groundwater as they are responsible for diffuse contamination. Over time, plumes may
mix with each other and end into a diffuse pattern of pollution linked to unidentifiable multiple-point
sources, which, in most cases, started decades ago (Cortés et al., 2011). These multiple-point sources
are difficult to detect since they are distributed over large areas and release a small contaminant mass
(Alberti et al., 2018). Therefore, groundwater diffuse contamination cannot be remediated by adopting
the traditional remediation techniques and this reinforces the urgent need to invest economically in
finding new and alternative solutions.

In addressing this environmental issue, the cooperation between water resources managers and the
scientific community can play a major role in developing scientifically-based actions to prevent the
formation of new diffuse contaminated areas and support safe and cost-efficient management of the
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existing ones. To set up and test new approaches to enhance groundwater protection, the Milan
Metropolitan area (northern Italy) can be adopted as a pilot case study. In the Milan Metropolitan area,
both shallow and deep aquifers are characterised by the presence of chlorinated solvents (i.e.,
tetrachloroethylene [PCE], trichloroethylene [TCE]) and hexavalent chromium [Cr(V1)] that represent
an example of long-standing and widespread pollution common in many parts of Italy and the world
(Izbicki et al., 2008; Rivett et al., 2012; Nijenhuis et al., 2013; Tiwari et al., 2019).

Both chlorinated solvents and Cr(V1) contamination in groundwater have been detected since the 1960s,
mainly due to the rapid growth of industrial and commercial activities at the end of World War 11
(Giovanardi, 1979; Cavallaro et al., 1985; Segre, 1987; Provincia di Milano, 1992; Berbenni et al.,
1993). Although these sources of contamination have been progressively dismantled and/or reclaimed,
both PCE+TCE and Cr(V1) still occur as solutes in groundwater in both shallow and deep aquifers
showing concentration levels above the drinking water limit over large areas (i.e., as diffuse
contamination; Pedretti et al., 2013; Azzellino et al., 2019, Colombo et al., 2019). The occurrence of
these contaminants in both aquifers is also facilitated by the fact that human infrastructures can interfer
with the hydrogeological system and alter the mutual interaction between the aquifers (e.g., multi-
aquifer wells, underground pipes) causing a potential cross-contamination between the aquifers (Santi
et al., 2006).

An extremely useful tool to derive key information for water protection is represented by groundwater
vulnerability maps. As described by several authors (e.g., Focazio et al., 2002; Stumpp et al., 2016;
Wachniew et al., 2016), the approaches used to determine aquifer vulnerability can be categorised in
subjective (e.g., DRASTIC, Aller et al., 1987; GOD, Foster, 1987; SINTACS, Civita et al., 1994) and
objective methods (e.g., Logistic Regression, Tesoriero and Voss, 1997; Winkel et al., 2008;
Conditional probability (i.e., Bayesian), Arthur et al., 2007; Non-linear regression models, Nolan and
Hitt, 2006; Fuzzy logic, Artificial Neural Network, Gemitzi et al., 2006; process-based methods, Eberts
et al., 2012; Beaujean et al., 2014). For the subjective methods, the importance of each parameter in
controlling groundwater vulnerability depends on the judgement and expertise of the hydrogeologist.
Conversely, the objective methods include statistical approaches for the evaluation of the relationship
between the predictor factors and groundwater contamination. In this case, the role of each factor in
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influencing groundwater vulnerability is independent of expert-opinion and the final product is more
scientifically defensible.

Among the various groundwater vulnerability assessment approaches, we selected the Weights of
Evidence technique (WofE; Bonham-Carter, 1994) as the most appropriate to cope with the
groundwater diffuse pollution problem at a regional scale. The WofE approach has been widely used
both in geosciences including mineral exploration (Agterberg et al. 1993; Raines and Mihalasky, 2002)
and landslide hazard zonation (Lee et al., 2002; Poli and Sterlacchini, 2007) and in many other fields,
such as archaeology (Duke and Steele, 2010), ecology (Romero-Calcerrada and Luque, 2006) and
epidemiology (Lynen et al., 2007). Applications in groundwater vulnerability assessment have mainly
focused on the quality deterioration of the unconfined shallow aquifer due to non-point sources
contamination at a regional scale (e.g., Arthur et al., 2007; Uhan et al., 2011; Stevenazzi et al., 2015).
As in most groundwater vulnerability analyses, these works investigate the effect that hydrogeological
factors have on the fate and transport of the contaminant into the aquifers (i.e., groundwater flow
velocity, groundwater table depth, hydraulic conductivity of the vadose zone). In addition, these studies
take into account factors potentially responsible for contaminant release from the surface (e.g.,
contaminant loads).

In absence of a standardised and unanimously accepted definition of the concept of groundwater
vulnerability in hydrogeology (Liggett and Talwar, 2009; Wachniew et al., 2016), we prefer to adopt
the term “susceptibility” as a synonym for “vulnerability” to indicate the sensitivity of an aquifer to

being adversely affected by a contaminant load coming from the surface (Foster et al., 2013)

In this study, we investigate: i) the combination of natural and anthropogenic factors influencing
PCE+TCE and Cr(VI) contamination in groundwater and ii) the impact that the most “exposed” shallow
aquifer could have on groundwater deterioration in the less “exposed” deep aquifer. The study takes
advantage of the European Community guidelines that uses a dedicated monitoring network based on
water safety plan actions to ensure the availability of a great amount of hydrochemical data.

The main objective of this study is to explore some key issues for managing diffuse contamination in

groundwater resources over large areas, such as: a) determining the role that potential sources of



contamination can have on groundwater quality, considering that sources can be different in type and
size depending on the aquifer of interest (unconfined, confined); b) identifying the areas that are more
susceptible to the presence of groundwater diffuse contamination; and c) deriving quantitative

information to guide the measures for aquifer protection from contamination at a regional scale.

2 Study area

The study area is located in the Lombardy Region within the Po Plain in northern Italy and covers an
area of about 2000 km?, corresponding to the Metropolitan area of Milan (Fig. 1), where residential and
commercial buildings, as well as industrial and agricultural activities are present. The elevation ranges
between 80 and 250 m a.s.l.. The area is bounded by the Prealps foothills along the north and by the
Adda and Ticino rivers to the east and west, respectively. The hydrographic system of the Po Plain
includes the Ticino and Adda rivers, flowing from Lake Maggiore and Lake Como, respectively, to the
Po River. Olona, Seveso and Lambro rivers flow within the investigated area. Moreover, the study area
is characterised by a complex irrigation waterway network: the Villoresi canal flows from the east to
the west, from the Ticino River towards the Adda River, and the Muzza canal flows in the eastern sector,
as a branch of the Adda River. The Naviglio Grande-Naviglio Pavese waterways flow in the western
sector of the study area, from the Ticino River to the city of Milan (Naviglio Grande) and from Milan
towards the Ticino River. These canals feed a fully gravity-driven irrigation network by means of

secondary and tertiary waterways.
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Fig. 1 —a) Location of the study area (in grey); b) Study area and hydrographic system (main rivers, main canals

and lakes).

The Po Plain aquifer system consists of four main aquifers, called Aquifers Groups (Regione Lombardia
and ENI Divisione Agip, 2001; Gorla, 2001a; Gorla 2001b): A, B, C and D, from the top to the bottom
of the sequence, respectively (Fig. 2). The deepest aquifer, Aquifer Group D, is not considered in this
study. The shallow unconfined aquifer (Aquifer Group A) is characterised by a coarse lithology, mainly
gravel with a sandy matrix of high-energy fluvial environments, with origins generally from north to
south, dated as Middle-to-Late Pleistocene. This aquifer is 20-40 m thick and overlays a clayey-silty
aquitard, which has a highly variable thickness, and partially confines the underlying aquifer in the
southern sector of the plain. The underlying semi-confined aquifer (Aquifer Group B) is 40-60 m thick
and consists of sands and sandy gravels of high-energy fluvial environments, with origins generally
from north to south, dated as Middle Pleistocene. The semi-confined aquifer overlays clay and silt layers
and locally conglomeratic units. This layers of fine sediments have a thickness ranging between 5 and
50 m, increasing from north to south and represents an aquitard or aquiclude between Aquifer Groups
B and C. The deep confined aquifer (Aquifer Group C) consists of sandy lenses within clay and silt

units representing the Early Pleistocene from marine to continental transition facies.
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Fig. 2 — a) Piezometric levels of the shallow aquifer (m a.s.l.) and location of the lowland springs (“fontanili”); b)
North-south hydrogeological section. In the northern sector of the study area, Aquifer Groups A and B constitute
a unique unconfined aquifer (A+B). Proceeding toward south, the unconfined shallow Aquifer Group A is
gradually separated from the underlying semi-confined Aquifer Group B by an aquitard. Aquifer Group C

represents the confined deep aquifer.

The groundwater flow is generally oriented north-south (Fig. 2a) and is influenced by the main rivers,
acting prevalently as gaining streams (Alberti et al., 2016b). The groundwater table depth decreases
from north to south, ranging between values higher than 70 m to less than 2 m below ground level
(b.g.l.). Moving between the higher and the lower plain, a 20 km-wide belt is characterised by the
presence of lowland springs (“fontanili”’) due to the decrease in both grain size, transitioning from
coarse sandy gravel to medium-fine sand, and in transmissivity (Fig. 2b, De Luca et al., 2014).

Domestic, commercial, industrial and agricultural activities of this densely populated area show a clear
impact both on availability and quality of groundwater resources (Sacchi et al., 2013; Alberti et al.,
2016a; De Caro et al., 2017). In particular, the study area is one of the most urbanised and industrialised
areas in Europe affected by chlorinated-hydrocarbon contamination (i.e., PCE, TCE) and Cr(VI)
contamination (Provincia di Milano, 2002; Beretta and Bianchi, 2004; Pedretti et al., 2013; Gorla et al.,
2016; Azzellino et al., 2019). Gruppo CAP, a public company owned by local authorities, manages the
integrated water service in around 200 municipalities of the Milan Metropolitan area, with a customer

base of about 2.5 million inhabitants. As part of the managing activities of the groundwater resource,
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Gruppo CAP monitors the hydrochemical characteristics of groundwater on a monthly basis. The

hydrochemical dataset covers the period 2003-2016 and includes 96,827 records with 107 attributes of

chemical analyses from drinking water well samplings. The database includes water well coordinates,

sampling date, and a code indicating the Aquifer Group to which each record belongs.

Data collected in 2016 are used in this study. The average concentrations of PCE+TCE and Cr(VI) are

calculated for each well screened in the shallow or deep aquifers. Figure 3a and b show the distribution

of PCE+TCE and Cr(VI) in the shallow aquifer. Figure 3c and d show the distribution of the

contaminants in the deep aquifer. This indicates a situation of groundwater diffuse contamination where

contaminants are present over large sectors of the study area.
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Fig. 3 — a) Groundwater average concentration of PCE+TCE in the 2016 shallow aquifer (Groups A and B); b)
Groundwater average concentration of Cr(VI) in the 2016 shallow aquifer (Groups A and B); ¢) Groundwater
average concentration of PCE+TCE in the 2016 deep aquifer (Group C); d) Groundwater average concentration

of Cr(VI) in the 2016 deep aquifer (Group C).

3 Methods and materials

3.1  Weights of Evidence theory and analysis procedure

The Weights of Evidence (WofE) technique is defined as a data-driven Bayesian method in a log-linear
form that can be used to generate predictive models based on the combination of multiple spatial data
and on the concepts of prior and posterior probability (Bonham-Carter, 1994; Raines, 1999).

In this study, the WofE technique has been applied to assess and map both shallow and deep aquifer
susceptibility to PCE+TCE and Cr(VI) contamination. The power of this technique is that it can be used
to quantify the role and the importance of specific factors (evidential themes) in conditioning the
occurrence of high pollutant concentrations (training points) in groundwater.

The WofE method has been executed using the Arc Spatial Data Modeler (ArcSDM; Sawatzky et al.,
2009) extension within the ESRI ArcGIS 10.0 software (ESRI, 2010) following the procedure described
below:

1) Creation of a large database. In order to apply the WofE technique, it is necessary to collect a
large number of spatial data concerning factors (e.g., contaminant load, groundwater table
depth) potentially affecting groundwater quality and the distribution of PCE+TCE and Cr(VI)
concentrations in shallow and deep aquifers;

2) Statistical analysis on concentration data of each contaminant. This analysis is done to identify:
i) training points (TPs) used to both generate and calibrate the final model, and ii) control points
(CPs), adopted only during the validation procedure;

3) Calculation of the prior probability. The study area is subdivided in unit areas (i.e., cells) of
the same extensions. The prior probability represents the probability that a cell contains a TP

without considering any existing evidential theme (Bonham-Carter, 1994);



4)

5)

6)

Generalisation of evidential themes. Each evidential theme is generalised into classes, each one
representing a different range of values. For each single class, positive W* and negative W~
weights, and contrast and confidence values are calculated. The difference between W* and W~
defines the contrast, an overall measure of the degree of the spatial correlation among TPs and
each class of the evidential theme: a positive contrast identifies a direct correlation between the
class and the TPs, a negative contrast defines an inverse correlation, whereas a contrast value
close to zero means low or no correlation. The confidence is given by the ratio between the
contrast and its standard deviation and provides a useful measure of the significance of the
contrast and, thus, of the respective class (Raines, 1999). In order for a class to be considered
statistically significant, it must be characterised by a confidence value higher than the test value,
which is established at the beginning of the analysis and reflects a specific level of significance.
In this study, a test value of 1.645, almost corresponding to a 95% level of significance, was
adopted to assess the susceptibility of both shallow and deep aquifers to PCE+TCE and Cr(VI)
contaminations. Each evidential theme is repeatedly reclassified in order to obtain the
maximum number of statistically significant classes. The reclassification procedure was carried
out by adopting the same technique proposed and described by Sorichetta et al. (2012);
Evaluation of the physical significance of the evidential themes. To perform the susceptibility
analysis with the WofE technique, it is necessary that the evidential themes, selected as input,
show a statistically as well as a physically significant correlation with the occurrence of high
pollutant concentrations. This means that the relationship found between the contamination and
a specific class of the considered evidential theme must prove to be consistent with the
hydrogeological processes that influence groundwater pollution;

Generation of the predictive probability models and their conversion to susceptibility maps. At
the end of the analysis, four predictive models are generated, resulting from the combination of
statistically and physically significant evidential themes. Each output shows the distribution of
the posterior probability values corresponding to the relative probability that a cell within the
study area contains a TP based on the evidence provided by the evidential themes. The posterior
probability can be expressed as:
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where n indicates each single class used to categorise each evidential theme, k is either + or —
depending on whether the prediction spatial class, B, is either present or absent, and 0{D} is
the odd form of the probability that a cell within the study area contains an occurrence.

The concept of relative probability indicates that areas of higher posterior probability are more
likely to contain a TP than areas of lower posterior probability (Bonham-Carter, 1994; Raines,
1999). Each predictive model is reclassified using the geometrical interval method, which
ensures that each class contains approximately the same number of different posterior
probability values (Sorichetta et al., 2011). The reclassified susceptibility map consists of five
classes, with the degree of susceptibility increasing from 1 to 5. This number is selected based
on the general criteria used to identify vulnerability classes (Sorichetta et al., 2011) and on visual
analytic techniques (Cowan, 2001). The reclassified susceptibility map can be used to identify
areas with a high degree of susceptibility and, thus, with a high posterior probability value,
where contamination is more likely to occur as a function of the presence of specific classes of
each evidential theme;

Calibration and validation of the posterior probability and susceptibility maps. The accuracy
and reliability of the final maps are analysed using the following procedures: i) the area-under-
the-curve (AUC) technique (Chung and Fabbri, 1999), ii) the frequency of training set, and iii)
the average concentration of PCE+TCE and Cr(VI) in all the wells located within each
susceptibility class.

The AUC technique describes the accuracy of the posterior probability map in correctly
classifying the occurrence of the TPs. The AUC value is given by the area under the curve
within the diagram generated by plotting, on the X-axis, the cumulative percentage of
susceptible areas and, on the Y-axis, the cumulative percentage of training points. According
to Pourghasemi et al. (2013), the relationship between AUC value and degree of accuracy can
be classified as follows: 0.9-1, excellent; 0.8-0.9, very good; 0.7-0.8, good; 0.6-0.7, average;
and 0.5-0.6, poor.
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The performance of each reclassified susceptibility map is examined by considering its global
performance in classifying the occurrences through: i) the frequency of TPs and ii) the average
concentration of the pollutants in each susceptibility class (Sorichetta et al., 2011). These two
methodologies are based on the use of all the wells, both TPs and CPs. The frequency of TPs
is expressed as the ratio between the number of TPs in a susceptibility class and the total number
of wells in the same susceptibility class. The average concentration is derived from the ratio
between the sum of concentration values measured in wells located in a susceptibility class and
the total number of concentration data collected within the same susceptibility class. Both the
frequency of TPs and the average concentration are expected to monotonically increase as the
degree of susceptibility increases (from class 1 to 5). The reliability of each map is verified by
considering both the angular coefficient of the regression line and its regression coefficient

within each histogram.

3.2  Conceptual model

Due to the total absence of the aquitard between Aquifer Groups A and B in the northern part of the
study area and to the considerable variability of its thickness, in this study, Aquifer Groups A and B
were considered as a unique aquifer, representing the shallow aquifer. Whereas, the underlying Aquifer
Group C identifies the deep aquifer. Shallow and deep aquifers were analysed independently according
to the adopted conceptual model. To assess groundwater susceptibility, the WofE technique required
the use of a factor to be considered as a potential source of contamination. Potential sources of
PCE+TCE and Cr(VI) in groundwater include industrial and commercial activities such as automotive,
refineries, chemical and steel plants, tire production, and wet and dry cleaning activities.

Observing the scenario shown in Figure 4, we considered industrial spillage as the main cause of
contaminant release into the shallow aquifer (i.e., direct source), together with commercial and artisanal
settlements related to chlorinated solvents and Cr(V1) use.

Considering the deep aquifer, we hypothesised that waters enriched in PCE+TCE and Cr(VI) within the

shallow aquifer can aggravate the qualitative status of the deep aquifer. This means that the upper
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aquifer can represent a secondary (i.e., indirect) source responsible for the contamination of the
underlying deep aquifer. Together with polluted waters in the shallow aquifer, local heterogeneities in
the aquitard and wells exploiting both aquifers (i.e., multi-aquifer wells) can have a relevant role in
favouring the vertical migration of the contaminants, thus compromising the quality of the deep aquifer
(Johnson et al., 2011; Filippini, 2017). Heterogeneities of the aquitard can include sectors with reduced
thickness of fine sediments or zones where the layer is mainly comprised of a silty-sandy matrix (i.e.,
more permeable than a clay matrix), so that, locally, the vertical groundwater flow through the aquitard
is favoured with respect to the horizontal groundwater flow. Multi-aquifer wells are designed to exploit
aquifers separated by impermeable layers to minimise the perturbation of the natural hydrogeological
system. However, this perturbation can cause preferential vertical flows along the borehole walls,
inducing a connection between the upper and lower aquifers.

To complete the framework of the conceptual model, we assumed that Cr(VI) prevalently remains in
its oxidized form. The historical presence and persistence of this Cr form in the study area (Giovanardi,
1979; Provincia di Milano, 1992) indicates that aquifers conditions tend to favour the maintenance of
this Cr form. However, it cannot be excluded that local conditions with ferrous iron minerals, reduced
sulphur, and soil organic matter can create less oxidized phase (Palmer and Puls, 1994), in some specific
small areas. The same historical evidence is valid for PCE+TCE, that are the most relevant and
persistent chlorinated solvents in the study area (Giovanardi, 1979; Provincia di Milano, 1992). Also,
in this case the natural attenuation of these compounds cannot be completely excluded. Anyway, the
use of the sum PCE+TCE (instead of the concentration of the single compound) allows to indirectly
take into account part of the degradation chain (from PCE to TCE) that does not affect the value of the

sum of the two compounds.
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Fig. 4 — Conceptual hydrogeological model.

3.3  Training points and control points

In this study, the mean pollutant concentration detected during the year 2016 was assigned to each well.
As a first step, a statistical analysis was performed examining the frequency distribution of both
PCE+TCE and Cr(VI) concentrations in each single aquifer (Table 1). The aim of this analysis was to
define the median value, generally selected as the concentration threshold value in the WofE method
(Masetti et al., 2009). This value allowed to distinguish two populations, as required by the WofE
technique: wells considered as TPs, for the implementation of the models, and wells identified as CPs,
for the calibration and validation phase.

Considering the PCE+TCE concentration data, the median value of 1.0 pg/l was used as threshold in
the deep aquifer to identify 107 wells, with concentrations higher than or equal to 1.0 pg/l, as TPs, and
148 wells, with concentrations lower than 1.0 pg/l, as CPs. Although a median value of 3.2 ug/l was
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obtained in the shallow aquifer, the concentration value of 4.0 pg/l was identified as the most
appropriate value to use as a threshold. In this case, the use of cumulative probability plots (Sinclair,
1974, Panno et al., 2006; Masetti et al., 2009) allowed to distinguish two different populations within
the dataset by considering the inflection point (i.e., 4.0 pg/l) of the cumulative curve as threshold value.
Thus, 154 wells, with concentrations higher than or equal to the threshold value, were used as TPs,
while 224 wells, with concentrations lower than the threshold value, were considered as CPs.

Taking into account the occurrence of Cr(VI1) in groundwater, the median concentration value (2.5 pg/l)
was adopted as the threshold for the analyses performed both on the shallow and the deep aquifer. In
this case, due to the high presence of wells characterised by a Cr(VI) concentration of 2.5 pg/l (218 out
of a total of 380 wells in the shallow aquifer and 174 out of a total of 253 wells in the deep aquifer), it
was found more appropriate to consider only wells above the threshold value as TPs. In this way, it was
possible to define a significant number of both TPs and CPs, in order to perform the WofE analysis.
Therefore, in the shallow aquifer, 126 wells resulted as TPs and the remaining 254 were used as CPs,

whereas, in the deep aquifer, 54 wells were identified as TPs and the remaining 199 were considered as

CPs.
L Drinking water
Shallow Deep | Drinkingwater | ;i rinking
. . Statistics limit (D. Lgs. L
Contamigant | aduifer aquifer 152/06) Water Directive -
98/83/EC)
1.0 1.0 Min
775 59.4 Max
PCE+TCE 5.5 3.3 Mean
10 g/l 10 g/l
(no/L) 3.2 1.0 Median
4.8 5.4 Skewness
7.5 7.4 Std. Dev.
0.5 0.5 Min
45.0 27.2 Max
Cr(VI)
3.9 31 Mean 5 ugll 50 pg/l
(ng/L) .
25 55 Median (Total Chromium)
4.8 5.7 Skewness
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4.3 2.7 Std. Dev.

Table 1 — Statistics of PCE+TCE and Cr(VI) contamination, expressed in ug/L, measured in the shallow and deep

aquifers and referred to the 2016 monitoring campaigns.

3.4  Evidential themes

Based on the conceptual hydrogeological model, seven evidential themes are considered as factors
influencing groundwater susceptibility to PCE+TCE and Cr(V1) contamination in the study area in both
the shallow and deep aquifers. These variables, representing both natural and anthropogenic factors
(Table 2, Supplementary Material 1), were derived from multiple sources of information. These
variables were selected to capture the pathway and the main regional-scale processes that characterise
the contamination pattern (Stevenazzi et al., 2017). For the shallow aquifer, this includes potential
release from the surface (primary source) and eventual protection of the aquifer, represented by local
discontinuous aquitard levels within the aquifer (degree of confinement), vertical spreading (hydraulic
conductivity of the vadose zone) to the saturated zone (groundwater table depth), and transport and
dilution in the aquifer (groundwater flow velocity). For the deep aquifer, this includes pollutant
distribution in the shallow aquifer (secondary source), potential leakages from the shallow to the deep
aquifer through multi-aquifer wells (areal density of multi-aquifer wells), and level of protection of the
deep aquifer, represented by the thickness of the aquitard between the shallow and the deep aquifer.
The importance of each variable in influencing groundwater susceptibility can change for each
contaminant depending on the location of the real sources related to it and to the abilities of the specific
contaminant to be transported as a solute in groundwater (considering the concentrations that are not so
high to allow the formation of DNAPL for chlorinated solvents). Moreover, the importance of each
variable can differ according to its local spatial relation with the other variables.

The groundwater table depth map of the shallow aquifer was created by calculating the difference
between the topographic surface and the groundwater piezometric level; the latter generated by kriging
interpolation with trend analysis of the piezometric measurements (Goovaerts, 1997). In the study area,
the groundwater table depth ranges from 0 to 70 m b.g.l.. High values occur in the north sector and

gradually decrease moving to the south sector. As shown in literature (e.g., Arthur et al., 2007; Mendoza
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and Barmen, 2006; Shrestha et al., 2016), a near-surface groundwater table decreases the vertical
distance through which the contaminant must travel before reaching groundwater.

The hydraulic conductivity of the vadose zone map was obtained by interpolating some experimental
data from borehole tests together with values derived from well stratigraphy records through the
equivalent vertical permeability method (Anderson and Woessner, 1992), considering the thickness of
the layers in the vadose zone. Within the study area, the hydraulic conductivity of the vadose zone
ranges from 3.2x101%to 0.12 m/s and represents the equivalent vertical saturated hydraulic conductivity
through the vadose zone. Generally, areas characterised by a high hydraulic conductivity of the vadose
zone contribute to facilitate the vertical migration of the contaminant towards the saturated zone.

The groundwater flow velocity map was determined using the hydraulic conductivity data obtained
from pumping tests together with the local hydraulic gradient. In the study area, the groundwater flow
velocity ranges from 8.9x10°° to 2.1x107° m/s. Previous studies (e.g., Uhan et al., 2011; Sorichetta et
al., 2012; Stevenazzi et al., 2015) showed that zones with high groundwater flow velocity are more
likely to be associated with contaminated areas. This suggests that the transport of the contaminant over
large areas prevails over dilution process.

The map representing the degree of confinement was generated by dividing the study area into three
classes of “low”, “medium” and “high” degree. Each class reflects the presence of a fine sediment layer
that determines the gradual transition from the unconfined shallow aquifer (Groups A and B) to the
semi-confined shallow aquifer (Group B). In the study area, the degree of confinement increases from
north to south, in agreement with the characteristics of the hydrogeological structure of the subsoil. The
presence of low permeability levels can serve as an effective barrier to prevent the vertical transport of
contaminated waters coming from the surface in the lower part of the shallow aquifer. At the same time,
it reduces the transmissivity of the upper part of the shallow aquifer making the process of contaminant
dilution less efficient.

The map showing the extent of potential sources zones (PSZ) of chlorinated compounds and Cr(V1)
in 2015, expressed as percentage, was derived considering the class “industrial, artisanal and

commercial settlements” within the regional land use inventory (ERSAF, 2018) and using the same
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procedure described in Pollicino et al., 2019. We use this variable for PCE+TCE and Cr(V1) because it
includes in one single group all the potential sources related to both contaminants, even if the single
source could be related to only one of the two contaminants. No more detailed data are available to
separate the potential sources of PCE+TCE from the ones related to Cr(\VI) only.

The map of the thickness of the aquitard that separates the shallow aquifer from the deep aquifer was
obtained through the spatial interpolation of data representing the thickness of the aquitard derived from
500 well logs. This aquitard separates Aquifer Group B from the underlying Aquifer Group C. In the
study area, the aquitard thickness ranges from 0 to 50 m. In areas where the thickness of the aquitard is
reduced, the deep aquifer is less protected and, thus, more exposed to the propagation of the contaminant
coming from the overlying aquifer.

Contaminant concentrations in the shallow aquifer (Aquifer Group A+B) measured during the 2016-
monitoring campaign were used to generate the maps of contaminant distribution of PCE+TCE and
Cr(VI1). The maps were obtained through the interpolation of concentration data using the inverse
distance weighted method.

The map representing potential leakages from the shallow aquifer system (Aquifer Group A+B) to
the deep one (Aquifer Group C) was generated considering that the high presence of wells screened in
both aquifers can contribute to the deterioration of the water quality in the deep aquifer, favouring the
movement of the pollutant towards the deeper strata. As a first step, wells screened in both aquifers
(multi-aquifer wells) were selected in the database. A semicircular buffer of 5 km2 was created around
(i.e., upgradient) each multi-aquifer well. The total number of multi-aquifer wells located within the
buffer was defined and then assigned to the multi-aquifer well at the centre of the semicircle. Then, a
categorical map consisting of 11 classes was obtained by interpolating the values through the inverse
distance weighted method. In this map, each class reflects the areal density of multi-aquifer wells

expressed as the total number of wells exploiting both shallow and deep aquifers per 5 kmz2.
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Evidential theme Type Minimum Maximum
Groundwater table depth (m b.g.l.) | Numerical 0 70
5 hydraulic conductivity of the Numerical 3951010 0.12
5 vadose zone (m/s)
(o
é Groundwater flow velocity (m/s) | Numerical 8.9x10°° 2.1x10°°
o
Eu‘i Degree of confinement Categorical - -
Potential sources zone (%) Numerical 0 100
Thickness of the aqwtar_d between Numerical 0 50
shallow and deep aquifers (m)
E’ PCE+TCE concgntratlon in the Numerical 1 74
‘5 shallow aquifer (ug/l)
O
< ——
o Cr(VI) concent'ratlon in the Numerical 1 43
3 shallow aquifer (pg/l)
Number of multi-aquifer wells per Numerical 0 11
5 km?

Table 2 — Evidential themes used in the WofE analysis on shallow and deep aquifer susceptibility to PCE+TCE

and Cr(VI) contamination.

4 Results

4.1  Contrasts of the generalised evidential themes

Although the analysis on contrasts has been performed adopting a 95% level of significance, some of
the investigated evidential themes have shown to have no significance from a statistical point of view.
In order to consider the contribution of these statistically insignificant evidential themes, it was
necessary, in these cases, to decrease the level of significance to 90%. In the assessment of shallow
aquifer susceptibility, all the evidential themes were found to be statistically significant at a 95% level
of significance, except for the factors representing the hydraulic conductivity of the vadose zone (in the
case of PCE+TCE contamination) and the groundwater flow velocity (in the case of Cr(VI)
contamination). In the assessment of deep aquifer susceptibility, all the evidential themes proved to be
statistically significant at a 95% level of significance, except for the factor concerning the thickness of

the aquitard in the case of PCE+TCE contamination.
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The individual role of each evidential theme in influencing groundwater contamination was evaluated
by considering, for each evidential theme, the contrast of each statistically significant class. Considering
the evidential themes that control the susceptibility of the shallow aquifer to PCE+TCE and Cr(VI)
contamination, histograms show a direct correlation between high concentrations of both contaminants

and (Fig. 5):

high values of groundwater flow velocity;

high values of hydraulic conductivity of the vadose zone;

low values of groundwater table depth (roughly less than 30 m b.g.l.);

a medium or medium-high degree of confinement;
- high presence of “potential sources zone” (>5%).
The results derived from the analysis on evidential themes that can influence the susceptibility of the
deep aquifer indicate a direct relationship between high concentrations of both pollutants and (Fig. 6):
- low thickness of the aquitard separating shallow and deep aquifers (roughly less than 30 m);
- areas where the shallow aquifer contains high PCE+TCE (>17 pg/l) and Cr(VI1) (>5 pg/l)
concentrations;
- presence of wells screened in both shallow and deep aquifers (equal or more than two multi-

aquifer wells in 5 km2),
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Fig. 5 — Contrasts of each statistically significant class of each evidential theme. Histograms represent the contrasts
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contamination.
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Fig. 6 — Contrasts of each statistically significant class of each evidential theme. Histograms represent the contrasts
of the evidential themes that control deep aquifer susceptibility to PCE+TCE (a—c) and Cr(VI) (d—f)

contamination.

4.2 Susceptibility maps and their reliability

In order for an evidential theme to be used as input to generate the predictive models it is necessary that
it shows both statistical and physical significance. In this study, all the investigated evidential themes
were found to be statistically significant and their relationship with the pollution proved to be defensible
and justifiable from a physical (i.e., hydrogeological) point of view. Only the degree of confinement

variable provided a counterintuitive result that will be analysed in the discussion section.
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Despite this, all the evidential themes were considered and combined to generate the posterior

probability maps subsequently converted into susceptibility maps (Fig. 7).

PCE+TCE

Shallow aquifer

Deep aquifer

Susceptibility classes

e s

Fig. 7 — Reclassified susceptibility maps. Maps (a) and (b) represent the shallow aquifer susceptibility to
PCE+TCE and Cr(VI) contamination, respectively. Maps (c) and (d) represent the deep aquifer susceptibility to
PCE+TCE and Cr(VI) contamination, respectively. In each map the degree of susceptibility increases from class

1 (green) to 5 (red).

Before analysing the reliability of the reclassified susceptibility maps, the accuracy of each posterior
probability map was evaluated by using the AUC technique. The AUC analysis performed on
PCE+TCE posterior probability maps provided AUC values equal to 74.5% for the shallow aquifer case
and 64.8% for the deep aquifer case. Whereas, the AUC technique applied on Cr(VI) posterior
probability maps showed AUC values equal to 69.0% for the shallow aquifer case and 71.6 % for the

deep aquifer case.
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All the histograms of the average concentration method show that, despite some anomalies, the average
PCE+TCE and Cr(VI1) concentration increases according to the degree of susceptibility, as expected.
Histogram (a) in Figure 8 reveals an anomaly related to class 3, which shows an average PCE+TCE
concentration value lower than that of class 2. A further anomaly has been found within histogram (b)
in Figure 8 and is represented by class 4, characterised by an average Cr(VI) concentration value higher
than that of class 5. All the histograms derived from the average concentration provided regression
coefficient values higher than or equal to 0.85, except for the histogram derived from the validation of
the deep aquifer susceptibility map to PCE+TCE pollution (Fig. 8a), which shows a regression
coefficient equal to 0.66.

Focusing on the frequency of TPs in each susceptibility class, all the histograms highlight that, although
some anomalies have been identified, the frequency of TPs increases from susceptibility class 1 to 5.
Histogram (c) in Figure 8 shows an anomaly related to class 3, characterised by a frequency of TPs
higher than that of class 4, whereas histogram (d) in Figure 8 reveals an anomaly represented by class
4, characterised by a frequency of TPs higher than that of class 5. Examining the regression coefficient
within each histogram, they have provided values higher than or equal to 0.82, except for the histogram
obtained from the validation of the shallow aquifer susceptibility map to Cr(VI) contamination (Fig.

8d), which shows a regression coefficient equal to 0.67.
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Fig. 8 — Validation procedures applied on the reclassified susceptibility maps: (a—b) average concentration

method; (c—d) frequency of training points (TPs) method.

5 Discussion

In environmental and decision-making contexts, the delineation of both potential source zones and
highly susceptible areas at a regional scale can provide an essential contribution to achieve a sustainable
management of urban groundwater. This information becomes even more important when it reveals a
decrease in the protection (i.e., an increase in the susceptibility) of the deep aquifer, normally recognised
as a long-term safe source of drinking water. The development of shallow and deep aquifers
susceptibility maps at regional scale can offer an efficient support for the identification of areas where
a more detailed investigation is required. The good performance of the maps in correctly representing
the distribution of the degree of susceptibility within the study area has been highlighted by the
satisfactory results derived from the AUC and the validations techniques, especially for maps
representing the shallow aquifer susceptibility to PCE+TCE contamination (Fig. 7a) and the deep

aquifer susceptibility to Cr(\VI) contamination (Fig. 7d).
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The analysis on contrast values performed with the WofE method revealed the existence of the same
relationship between the investigated evidential themes and the occurrence of high concentrations levels
of both PCE+TCE and Cr(VI) in both the shallow and deep aquifer. Except for the degree of
confinement variable, the correlation found between each individual evidential theme and PCE+TCE
and Cr(VI) contamination proved to be in line with the expected results and were compared with the
outcomes obtained in other groundwater vulnerability studies to non-point sources of contamination
(e.g., Arthur et al., 2007) or multiple-point sources of contamination (e.g., Mair and El-Kadi, 2013;
Rajput et al., 2020). For PCE+TCE contamination, this outcome is also related to the fact that areas
with diffuse PCE+TCE contamination are characterized by concentrations higher than the drinking
water limit but far from forming a separate phase. Thus, this means that, under this condition, PCE+TCE
moving in groundwater behaves as a solute.

For the shallow aquifer, we observed that areas with high groundwater flow velocity, high hydraulic
conductivity of the vadose zone and low groundwater table depth contribute to enhance the migration
and transport of PCE+TCE and Cr(V1) in groundwater. More specifically, contrast values revealed that
areas with groundwater table depth lower than 28-31 m and groundwater flow velocity higher than
1.3x10°°-1.4x10°® m/s could create ideal conditions for the occurrence of high concentrations of both
contaminants. Although the study carried out by Rajput et al. (2020) highlighted a weak influence of
both groundwater table depth and vadose zone on the distribution of chromium concentrations, in this
study, these variables proved to have a significant impact on Cr(VI) mobilisation within the area of
interest. Considering PCE+TCE contamination, groundwater flow velocity provided contrast values
higher than the other evidential themes, suggesting a stronger influence of this variable in controlling
the transport of the contaminant into the aquifer. The positive relationship found between the
contamination due to chlorinated compounds and groundwater flow velocity had already been observed
in Pollicino et al. (2019), in which aquifer susceptibility to diffuse PCE contamination had been
assessed at a municipal scale.

As showed in other works (e.g., Moran et al., 2007; Rivett et al., 2012; Mair and El-Kadi, 2013), the
direct relationship obtained between chlorinated solvents and Cr(VI) contamination and the high

presence of PSZ (i.e., direct sources) has confirmed the severe pressure that human activities impose
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on groundwater resources. Contrast values indicated that areas characterised by an areal density of
industrial and commercial activities higher than 6% may negatively affect the quality of groundwater
bodies. The assessment of the role of specific variables on the susceptibility of the deep aquifer has
reinforced the importance of recognising the shallow aquifer as a secondary (i.e., indirect) source
responsible for the contamination of the underlying deep aquifer by decreasing its degree of protection.
In both deep aquifer susceptibility maps (Fig. 7c,d), the distribution of the degree of susceptibility
within the study area seems to be important in controlling the occurrence of PCE+TCE and Cr(VI) in
the shallow aquifer.

The infiltration of polluted water from the upper to the underlying aquifer can be enhanced by both the
presence of thickness reduction in the aquitard separating the two aquifers and inappropriate design of
multi-aquifer wells. The histograms in Figure 6 showed that areas with a thickness of the aquitard lower
than 30 m and more than 2 multi-aquifer wells per 5 km? may create preferential conditions for
contaminant transport in the deep aquifer. Although it is critical to be evaluated on a large scale, we
cannot exclude the potential effect due to the historical accumulation of DNAPL source zones on
aquitard top and their subsequent migration through preferential flowpaths within the aquitard (White
et al., 2008).

The degree of confinement seems to be significant in identifying susceptible and not susceptible areas
in the shallow aquifer susceptibility maps (Fig. 7a,b). In contrast with what we expected, the most
critical areas correspond to those with a medium (for PCE+TCE) or medium-high (for CrVI1) degree of
confinement. On the one hand the results could be influenced by the different action that this variable
can have on the two different part of the shallow aquifer in terms of susceptibility, as reported in Section
3.4. On the other hand, the result could be related to the long history of industrial and commercial
activities, which were relevant from the 1960s in the area corresponding to the one with a medium
degree of confinement. Although these activities were dismantled decades ago, they have been acted as
potential sources of contamination for years, but the lack of information on these activities does not
allow to use them in this analysis. In the map representing the shallow aquifer susceptibility to Cr(\V1)

contamination (Fig. 7b), the most critical areas also affect the entire southern sector of the study area.
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This could be a result of the combined effect associated with the presence of historical sources located

upstream and the high mobility of the contaminants in groundwater flow generally oriented north-south.

6

Conclusions

On the basis of this study, it is possible to conclude that:

the WofE method has proved to be effective and reliable to assess the quality deterioration of
both shallow and deep aquifers due to diffuse contamination at a regional scale;

the susceptibility of the shallow aquifer to the presence of diffuse contamination is controlled
by the combination of high groundwater flow velocity, high hydraulic conductivity of the
vadose zone and low groundwater table depth;

the shallow aquifer can be considered as a secondary source responsible for the deterioration
of deep aquifer quality;

the WofE method allowed to quantify the impact exerted by the morphological heterogeneities
in the aquitard between shallow and deep aquifers and the inappropriate design of multi-aquifer
wells in facilitating the mobilisation of contaminated waters from the upper to the underlying
aquifer though preferential flowpaths;

historical anthropogenic activities, even though they are no longer active, can still negatively
affect groundwater quality even today;

results provide key information, which can be easily understood by stakeholders and decision
makers and represent an extremely useful support for the improvement of environmental
planning and groundwater management and protection strategies. Strategies could include: a)
the progressive decomissioning of multi-aquifer wells, b) the relocation of wells in the deep
aquifer that are located close to zones with low thickness of aquitard, ¢) more rigorous control
on industrial and commercial activities in highly susceptible areas, d) site specific
investigations in selected susceptible areas to check the eventual presence of residual DNAPL

phases on the aquitard separating shallow and deep aquifers.
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