hydrology

Article

A Multidisciplinary Approach to Evaluate the Effectiveness of
Natural Attenuation at a Contaminated Site

Andrea Zanini 1'*©0, Marco Ghirardi 2 and Renata Emiliani

check for

updates
Citation: Zanini, A.; Ghirardi, M.;
Emiliani, R. A Multidisciplinary
Approach to Evaluate the
Effectiveness of Natural Attenuation
at a Contaminated Site. Hydrology
2021, 8,101. https://doi.org/
10.3390/hydrology8030101

Academic Editor: Ioannis

Panagopoulos

Received: 8 June 2021
Accepted: 5 July 2021
Published: 7 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

Department of Engineering and Architecture, University of Parma, 43124 Parma, Italy

2 Department of Public Works and Seismic, Comune di Parma, 43121 Parma, Italy;
m.ghirardi@comune.parma.it

Agenzia Prevenzione Ambiente Energia Emilia-Romagna, Servizio Territoriale di Ravenna,
48121 Ravenna, Italy; remiliani@arpae.it

*  Correspondence: andrea.zanini@unipr.it

Abstract: This study evaluates the natural attenuation of chlorinated hydrocarbons as remediation
action in a contaminated site downtown the city of Parma (Italy). To achieve this goal, a combi-
nation of new investigation methods (bio-molecular analysis, compound specific isotope analysis,
phytoscreening) has been proposed. The approach (named circular multi step) allows to: fully
understand the phenomena that occur at the study site, design new investigation activities, and
manage best practices. Consequently, each step of the approach improves the conceptual and nu-
merical models with new knowledge. The activities carried out at the study site allowed to detect
a contamination of perchloroethylene in a large part of the city of Parma and, of main importance,
underneath a kindergarten. The results of the study did not show significant natural attenuation of
chlorinated hydrocarbons and that the detected contamination could refer to the same unknown
contaminant source. Furthermore, the innovative phytoscreening technique was applied to assess
the presence of chlorinated hydrocarbons at the ground level. The plume spread was estimated
through numerical modeling starting from potential contaminant sources. This study enhances the
knowledge of groundwater flow and contamination in Parma and allows authorities to design new

investigation/reclamation activities through management actions.

Keywords: groundwater; pollution; chlorinated hydrocarbons; groundwater modeling

1. Introduction

At the end of the last century, industries located in urban areas gradually concluded
their activities and production or were relocated outside the city boundaries. These activi-
ties, as a result of improper processing of dangerous substances or originated by production
processes, may have generated a soil and groundwater pollution [1]. The mitigation of
groundwater pollution in urban areas is a complex, long-term, and very expensive process.
Even with considerable investments, the reclamation may not provide a relevant improve-
ment in groundwater quality. A further difficulty in reclamation processes is the movement
of contaminant across the aquifer. Sources of contamination located in downtown cities
could affect the quality of groundwater of the downgradient suburbs (contamination goes
beyond sites and administrative borders).

The approach of the Groundwater Framework Directive of the European Union
(Directive 2006/118/EC) is to identify, to assess, and manage pollution in groundwater
bodies. For this reason, EU, within the INTERREG programme [2], funded several projects
during the last 15 years. This work is part of the AMIIGA CE32 (Integrated Approach to
Management of Groundwater Quality in Functional Urban Area) project; for more details,
see [1].

During the last decades, the industrial use of chlorinated hydrocarbons (CHC) has
been various and multiform: industrial solvent (dry cleaning and metal stain remover),
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extracting solvent, in production process for plastic, rubber, paper, varnish, and has caused
an extensive contamination in many cities in Europe (see for instance [3,4]). CHCs and
their transformation products are very frequently detected in groundwater.

In dense urbanized area is very difficult to apply common remediation actions such
as: removal of the pollutant source, physical containment of the source [5,6], hydraulic
barriers [7-9], and pump and treat technologies [10,11]. A possible remediation action, for
contamination from CHCs in groundwater in highly urbanized territory, is the Monitored
Natural Attenuation (MNA) [12]. Biological degradation, abiotic degradation, sorption,
dispersion into ground adjacent to the contaminant plume, and volatilization to soil gas
above the groundwater are natural processes that can attenuate the concentrations of
CHCs in groundwater. MNA refers to the monitoring of physical, chemical, and biological
processes [13] occurring in nature over time to demonstrate that these processes reduce the
mass, concentration, flow, or toxicity of CHCs in groundwater, to remediation objectives
within an acceptable time frame [12,14].

In this paper, an innovative multidisciplinary approach has been applied to evaluate
the MNA of CHCs at the pilot site of Parma (Italy). A wide contamination of CHCs has
been detected downtown the city of Parma in a dense urbanized area. Considering that the
observed concentrations are below 23 pg/L, the pollutant source is unknown and the dense
urbanization, a classical remediation action [5-11], is not recommended. The investigation
actions and the obtained results at the Parma pilot site are presented.

The paper is organized as follow: a description of the proposed approach and of the
investigated site are shown in Section 2, then in Section 3 the results are presented, and
finally in Section 4 the results are discussed.

2. Materials and Methods
2.1. Integrated Multi Step Circular Approach

The multi-step circular approach shown in Figure 1 was applied in the present work
to evaluate the feasibility of the MNA for CHCs as reclamation action. Figure 1 shows
four main steps with different actions (a., b., c., ... ) to be performed and green lines with
arrows indicating the path to follow. The first step is the site characterization that consists
in collecting the already available data regarding geology, hydrology, contamination, and
potential sources. In order to achieve this goal, existing data (not in digital format) owned
by Local and Regional Authorities has been examined and organized into a geographical
information system (GIS) database. The data consisted in reports of: reclamation actions
closed or ongoing, borehole logs collected for geological purposes, results of sampling
campaigns carried out to monitor the quality of groundwater. The GIS allows an easy com-
prehension of the information and a fast visualization on thematic maps. After the analysis
of existing data, new investigation actions, such as boreholes, monitoring wells (MWs), and
hydraulic tests are designed. The results of the first step are: the implementation of a new
monitoring network and the development of a preliminary conceptual model of the site.

Then, moving to the second step (following the green arrow on left of Figure 1) thanks
to the new monitoring network, new data are collected to fully understand the degree of
contamination and to evaluate the bacteria that are acting at the study site. To reach this
goal, several innovative analyses could be carried out such as biological molecular tools
(BMTs), compound specific isotope analysis (CSIA), and phytoscreening. The new data
improve the site characterization and consequently the conceptual model. For this reason,
it may be necessary to design additional investigation actions and go back to step 1 (follow
the green arrow on right of Figure 1).

In order to evaluate the biodegradation, biological molecular tools (BMTs) can be
applied [15-18]. BMTs are used to identify and characterize the bacteria that play an
important role in the biodegradation of the contaminants in groundwater. In particular,
they evaluate the capability of indigenous microbial consortia to bio-degrade [19-23] CHCs
at the study sites [13]. The researchers of the Technical University of Liberec (that was an
AMIIGA project partner) developed the guidelines of the BMTs [24] and performed the
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analyses for all partners. The community bacteria that exist at the monitoring wells have
been investigated; in particular, the study focused on organohalide respiring bacteria. In
addition, nitrifying and denitrifying bacteria, sulphate-reducing bacteria, iron oxidizing
and reducing bacteria, and BTEX (benzene, toluene, ethylbenzene and xylene) degraders
were investigated in order to have a complete view of the investigated site.

“a. collection of existing data

| b. design of investigation activities
c. conceptual model

| d. implementation of a monitoring network

1. Site Characterization

"a. monitoring of water quality

b. monitoring of hydraulic heads

< ¢. bio molecular analysis

d. compound specific isotope analysis
e. phytoscreening

2. Site Analysis

"a. implementation of a GW flow model
- b. calibration of a transient GW flow model
c. implementation of a GW transport model

3. Numerical modeling

"a. evaluation of the natural attenuation
b. design of new investigation activities
c. design of management best practices

4. Results

|

Figure 1. Approach. Multi step circular approach applied in the present work. GW means groundwater.

CSIA has two-fold: (1) it can provide evidence of contaminant’s degradation in
groundwater, i.e., if biodegradation is occurring, by measuring change in the ratio of stable
isotopes in the contaminant [25-31]; (2) it quantifies the isotopic composition of a specified
contaminant and can help in distinguishing sources of organic compounds. In fact, the
isotopic signatures of chemicals show differences between manufacturers [27-29,32,33].
Recently, Palau et al. (2014), Alberti et al. (2017), and Marchesi et al. (2018) [34-36]
showed successful applications of CSIA. The guidelines of CSIA [24] and the analyses
for all partners were carried out by the researchers of Politecnico di Milano (that was an
AMIIGA project partner).

Phytoscreening [37-39] technique is based on the ability of the root system of numer-
ous tree species to absorb the chlorinated volatile organic compounds (VOC), and especially
of perchloroethylene (PCE), trichlorethylene (TCE), and aromatic hydrocarbons (BTEX)
present in the subsoil. Trees can be considered a living pump; the VOCs that are present in
the aquifer or in interstitial gases can be absorbed by the root system of trees, transferred to
the sap and transported to the trunk, branches, and leaves. The information they provide
may allow the carrying out of assessments both for a possible risk assessment and for the
identification of the actual values at the points of exposure of the different receptors. The
selection of the trees to be sampled must be carried out among species that do not produce
plant resins containing volatile terpenes; monoterpenes, such as pinene from conifers,
produce problems with instrumentation. The trees that have shown a greater suitability for
phytoscreening purposes are those belonging to broad-leaved trees. Populus (poplar) and
Salix (willow) but also Quercus pubescens (downy oak), Platanus acerifolia (plane tree),
Tilia platyphyllos (linden), Juglans regia (walnut) are suitable specimens. The analytical
methods applied to evaluate the collected samples are the same used for the analysis of
soils for the identification of VOCs. The first analysis phase involves the extraction of the
sample in methanol; while in the second phase, a characteristic volume of vapor is collected
from the sampler and analyzed in the gas chromatograph. The sampling of the organic
matrix of the tree, was carried out using an incremental auger (Pressler’s gimlet, ¢ = 0.5 cm,
length 10-12 cm); the trees were drilled at 1 m from ground level, selecting the sector of
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the trunk according to the preferential flow direction of the contaminated groundwater.
The samples were analyzed in the laboratory by a purge and trap process [40] followed by
a gas chromatography-mass spectrometry [41] with detection limit of 0.0005 ppm. After
collecting the tree micro-cores, it was possible to verify in situ the presence of contami-
nation in the trees through a semi-quantitative method, colorimetric vials were used to
collect the gases at the holes (in vivo sampling) due to the removal of the micro-cores. This
sampling technique was developed by ARTA Abruzzo [42] to evaluate the concentrations
of contaminants in their gaseous phase in situ.

Once the first two steps reach the convergence, i.e., the expert on the basis of the
available budget evaluates that data are enough to develop a reliable conceptual model,
a numerical model of the studied aquifer can be developed (third step of Figure 1). The
groundwater flow model allows to estimate the mean groundwater flow direction and rate.
Moreover, starting the particle tracking from the contaminated monitoring wells backward
in time (backtracking), it is possible to delimit the most potential source area [43—45].
The results of the numerical model can imply a revision and/or an improvement of the
conceptual one and consequently the need of other investigation actions (go back to step 1
or 2, green arrow on left).

In the fourth step (Figure 1), the existing and new data are considered to evaluate the
natural attenuation as potential remediation action; moreover, the collected data allow to
identify the need of new investigation activities, to design reclamation activities and or
management actions that may imply to go back to previous steps.

2.2. Study Area

This work takes origin in early 2000 after a reclamation procedure of an old gas station
located downtown the city of Parma. Parma is located in northern Italy, in the Emilia-
Romagna Region between the Apennine Mountains and the Po Valley (Figure 2). The area
is surrounded by Enza River to the east, Taro River to the west, Po River to the north,
and Apennine Mountains to the south. Parma covers a flat area of about 260 km? with
an average altitude of approximately 57 m above sea level. Parma and Baganza Rivers
flow across the study area (Figure 2). The study area (Figure 3) is located in the territory
of the Municipality of Parma: it is densely urbanized, with a concentration of residential
buildings, trading, and services. A contamination of CHCs has been found in the shallow
aquifer close to MWs P5 and P24 (see Figure 3).

2.3. Hydrogeology

The Quaternary sedimentary deposits (Figure 4) present ribbon-like and lens-like
structures that lengthen following the stream that laid them down and that are mostly
made of heterogeneous clastic sediments, from gravelly to clayey (with sudden spatial
variations). Locally, the hydro-stratigraphic system is composed of aquifer reservoirs,
juxtapose and overlapping, and partially or totally isolated by barriers of permeability
made of sedimentary, clayey bodies see Figure 4 for a sketch view. The studied aquifer is
the shallow confined one in which groundwater flows from south to north (see Figure 2).
The shallow groundwater is recharged upgradient of the urbanized area (Figure 4) where: i.
the shallow aquifer crops out; ii. the rivers are hydraulically connected to the groundwater;
iii. the nearby relieves (Apennines) laterally feed the alluvial aquifer [46—49]. lacumin et al.
(2009) and Zanini et al. (2019) [50,51] have confirmed this hypothesis through analyses on
stable isotope §'80 and §*H collecting samples at rivers, MWs, and precipitation among
the study area. The observed §'80 and §?H values indicate that rivers and groundwater
from the Apennines feed the shallow aquifers within the Parma plain.
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Figure 2. Study Area. Regional and local groundwater numerical model, hydraulic heads (autumn
2015) in m a.s.l.

The first significant groundwater level, in the study area, is generally located around
10 m depth (direction N-NE). The investigated aquifer is used for agriculture upgradient
the city of Parma. It is important to notice that the aquifer that is used as the water supply
for drinking purposes is below 36 m deep the ground level and separated by the shallow
one through several meters of clay.

During the AMIIGA project, 7 new monitoring wells (P14-P20) were drilled, up to
25 m from the ground level and screened at different depths in the same shallow aquifer
(upgradient and downgradient—SW-NE direction—the study area). During the realization
of the monitoring wells, borehole logs have been collected in order to improve the local
stratigraphy. The local (Figure 5) stratigraphic representation, based on existing and new
boreholes, shows the following sequence: 2-3 m of backfill, 10-15 m of clay, silty clay,
silty sand, and 10-20 m of sandy gravel. Some well tests have been performed at the new
monitoring wells to evaluate the hydraulic properties of the aquifer (about 10~ m/s) and
of the lower confinement (range: 10~7-10~8 m/s). In addition, pumping tests performed
on P13 [52] and in an upgradient area [53] confirmed the same order of magnitude of the
hydraulic conductivity. The estimated values are summarized in Figure 5. The new MWs
have been added to the monitoring network of the shallow aquifer.
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Figure 5. Geological cross section AA’ depicted in Figure 3, k are hydraulic conductivities values (m/s) estimated through

pumping or well tests.

In order to evaluate the seasonal variability of the groundwater level, 14 monitoring
campaigns were carried out from July 2017 to October 2019 (crosses in Figure 6). In addition,
automatic level probes with datalogger were installed at P13, P19, and P24 (see Figure 6).
It is clear that the three monitoring points have the same trend, they increase during the
spring, reach a peak in early summer, and then they decrease to a minimum value in
autumn. It is interesting to remark that the three time series are synchronous; they reach
the maximum and minimum peaks at the same time. This analysis confirms the confined
nature of the aquifer. In fact, considering that P13 is about 2 km upgradient P19 and about
6 km P24, an unconfined aquifer would not respond so quickly to natural fluctuations. It is
important to notice that the minimum reached at the monitoring well P24 in 2017, due to a
couple of years of drought, is about 4 m below the minimum reached in 2018.

In Figure 6, the hydraulic head level at the river station of Baganza River is also
depicted, see Figure 3 for the location. The river variability, in the investigated period, is
about 1 m. Comparing the hydraulic head monitored at the river and the ones monitored
at groundwater monitoring points, it is clear that the river has no effects on the ground-
water system at the study site scale. Moreover, P19 is just 200 m far from the Baganza
River and no appreciable influences, during the monitoring period, was observed on the
groundwater level.
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Figure 6. Groundwater level observed at three monitoring wells through automatic probes and

hydraulic level observed at the river station of Baganza River (see Figure 3). The crosses indicate the
manual measurements.

3. Results and Discussion
3.1. Contamination

The first information about groundwater pollution date back to 2002 and was detected
close to the monitoring wells P5 and P24. The chemical analyses showed PCE concentration
values in groundwater higher than the Italian law limits (1.1 ug/L), even in upgradient
monitoring wells such as P20. During the investigated period, the PCE concentration
values at monitoring wells increased up to 23 pg/L.

During 2013, a detailed historical analysis (that covers about 25 years) of the commer-
cial activities, which potentially used PCE close to the old gas station has been carried out.
Moreover, existing concentrations data at monitoring points were collected in a database.

From September 2017 to March 2019, seven sampling campaigns were carried out on
the new monitoring network for a total of 62 samples. During the sampling, nitrate, nitrite,
TCE, PCE, 1,1-Dichloroethylene (1,1-DCE), 1,2-Dichloroethylene (1,2-DCE), vinyl chloride,
ethylene, trichloromethane, ethanediol, and trichloroacetate were investigated. Moreover,
some physical parameters such as temperature, Ph, redox, conductivity, and dissolved
oxygen were collected in each monitoring wells before the sampling.

Nitrite was always close or below the detection and nitrate was always below 50 mg/L
(Italian law limits) in all monitoring wells in all sampling campaigns, for further details,
see [51]. Ethylene, ethanediol, and trichloroacetate were always below the detection limits.
Trichloromethane presents very low values on almost all the MWs. It was detected above
the law limits just at P1 and P14 during the winter sampling campaigns but with values
below 0.7 ng/L. TCE was always below law limits. 1,1-DCE was not detected, or it was
below the law limits in all monitoring campaigns except the one of December 2017. In
this campaign 1,1-DCE was above the law limits in almost all the MWs. 1,2-DCE was not
detected, or it was below the law limits in all monitoring campaigns. Vinyl chloride was
detected only at P16 during the second sampling campaign and at P5 during the fourth
sapling campaign, but with very low values (<0.024 pg/L). PCE was the main pollutant
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observed at the monitoring network; for this reason, in Figures 7 and 8 are respectively
shown the PCE observed concentrations in map view and versus time.

It is important to notice that no contamination has been found in MWs P19 and P13,
located upgradient P18, during the sampling campaigns. P1 and P16 showed values always
below the law limit. P3 was the main polluted MW and unfortunately, it is located in
the yard of a kindergarten. Consequently, the regional environmental authority (ARPAE)
carried out several additional investigations. In particular, an innovative phytoscreening
analysis on trees close to the most polluted area, aimed at indirectly confirming the non-
transport by volatilization from the underneath contaminated aquifer to the surface, has
been applied.

December 2017 February 2018 September 2018
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Figure 7. PCE concentrations. Observed at the monitoring wells during five monitoring campaigns.
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Figure 8. PCE concentrations. Observed at monitoring wells during the sampling campaigns. The groundwater level was

observed at P24.

Figure 8 shows the concentrations observed at monitoring wells versus time. It is
clear that concentrations show a seasonal variation with high values in late winter and low
values in late summer. The maximum observed concentration (23 ng/L) was detected at
P3 during the last sampling campaign.

3.2. Evaluation of Biodegradation

With the aim at characterizing the biodegradation, bio-molecular analyses were carried
out during two sampling campaigns (December 2017 and May 2018) on 6 MWs: P5, P6, P14,
P15, P16, and P19. The results of the analyses showed that denitrifying bacteria, sulfate-
reducing bacteria, and BTEX degraders were reliably detected [51]. The denitrification and
BTEX degrading processes are ongoing.

Focusing on chlorinated hydrocarbons: bvcA, vcrA, Dehalococcoides sp. (DHC-
RT), Dehalobacter sp. (Dre) are indicators of bacteria related to dehalogenation: where
markers bvcA and vcrA are responsible for the detection of enzymes participating in vinyl
chloride biodegradation. The marker bvcA was not detected in any MW for both sampling
campaigns. Markers verA, DHC-RT, and Dre are shown in Figure 9 through a simplified
view: Ct values, computed from molecular genetic analysis, are shown in term of 5 classes:
<15, 15-25, 25-36, 3640, 40, which mean: very high abundance, high abundance, middle
quantity, low quantity, and not detected bio molecular markers, for additional information
see [54,55]. Regarding the sampling campaign of December 2017, no markers were found
in P6, verA was detected only in P5 and P19 with middle quantity. Low-middle quantity of
DHC-RT were detected at P5, P14, P15, and P19. Dre markers were identified in P5, P14,
P15, P16, and P19. These results allow to state that in December 2017 only slightly active
organohalide respiration was detected but no VC reductases was found.
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Figure 9. Results of BMT analyses. Sampling campaigns of December 2017 and May 2018. The y-axis shows the quantity of

bio-molecular markers detected at each monitoring well from not detected to very high abundance.

Regarding the sampling campaign of May 2018, all organohalide-respiring bacteria
were decreased or disappeared at all. No CHCs degradation markers have been found
except Dre in low quantity at P16. These results indicate an absence of ongoing dehalo-
genation process.

In order to improve the knowledge on the contamination, CSIA analyses on PCE
513C have been carried out on nine monitoring wells: P3, P5, P6, P14, P15, P16, P17, P18,
and P19 during the sampling campaign of December 2017 and May 2018. In December
2017, P16, P17, and P19 and in May 2018, P14, P16, P17, P18, and P19 had a too low PCE
concentration value to evaluate 5!3C. Figure 10 shows the 5!3C values vs. the observed
concentration of PCE for both sampling campaigns. It is possible to notice that, except P18,
all the MWs present §'3C values between —27 and —25. Looking at Figure 10, it seems that
the monitoring wells P3, P5, P6, P14, and P15 have similar 513C values, while P18 shows a
different §'3C signature. Unfortunately, the low PCE concentration values did not provide
any significant result. Further investigations are required.

PCE Concentration (pg/L)

1 10 100
-22 Pls. " M | M PR

1 e @® December 2017
~231 ® May 2018
—24

25 P4 s
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Figure 10. Results of CSIA analyses. Sampling campaigns of December 2017 and May 2018.
3.3. Groundwater Flow Model

Starting from the conceptual hydrogeological model described in Section 2.3, at first, a
regional groundwater model [51] was developed, see Figure 1, with the aim at evaluating
flow directions, fluxes, and boundary conditions for a local groundwater flow and transport
model. Then, a local model, focused on the study area, was built, see Figure 1. The local
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model has two layers (see Figure 5): the first consists in the top confinement (clay-silt
layer); the second is the investigated aquifer (sand-gravel). The bottom of the second
layer consists in the continuous clay layer confinement that has been considered as no
flow boundary. The geometry was built according to new borehole logs (Figure 4) and
existing cross sections [46]. The modeled area is 6.1 km in the south-north direction and
1.5 km in the east-west direction and covers a surface of about 9 km?. The local flow model
was discretized through a finite difference grid that consist of 610 rows, 150 columns, and
2 layers. Each cell, in the plan view, is square with dimension 10 m x 10 m. The flow
simulations were performed by means of MODFLOW 2005 [56]. The regional model [51]
allowed to define the boundary conditions of the local model as: assigned hydraulic head
at south (upgradient) and north (downgradient) and no flow boundary, at east and west.

Considering the available data, an unsteady state simulation has been performed from
16 December 2017 to 18 November 2018, with stress periods with a length of 7 days each.
Upgradient and downgradient boundary conditions are assigned considering hydraulic
head measurements carried out at monitoring wells P13 and P1.

Considering that, the investigated aquifer is covered by few meters of clay, the meteoric
recharge was not considered. Significant withdrawals, due to irrigation, are observed
upgradient the city of Parma; the adopted boundary conditions kept into account the
influence of the irrigation on the groundwater levels. Other withdrawals (such as private
wells) were assumed negligible with respect to the mean groundwater flow rate.

Boundary conditions (BCs) are of main importance in groundwater modeling. The
selection of boundary conditions is the most critical and difficult aspect of the charac-
terization of a groundwater system for conceptual analysis or numerical simulation [57].
Improper boundary conditions cause a non acceptable match between the model response
to the hydraulic stresses and the behavior of the natural system. The correct choice allows
to properly estimating, in each computation node, the hydraulic heads, velocities, and
consequently the fluxes. Moreover, the knowledge of the velocities is crucial in transport
modeling. In fact, both advection and dispersion processes depend on flow velocity.

Once the model was set up, the calibration of the hydraulic conductivity process
started from the knowledge of few hydraulic tests available on the study area [51,52] and
from well test performed on monitoring wells. The parameter estimation process was
carried out through the software PEST [58] and evaluated by means of mean absolute error
(MAE) and root mean square error (RMSE) [59,60]:

— 1 N i . — Iy 2
MAE = N;‘H,»—Hi . RMSE = NZ(Hl-—Hi)

where N ¢ is the number of observations, H; is the computed hydraulic head level at the
monitoring point i, and H; is the observed hydraulic head level.

Considering 102 observations, MAE and RMSE result respectively 29 and 43 cm.
RMSE is less than 3% of the maximum variability in hydraulic heads data; a value below
10% indicate that the model calibration is acceptable [59]. In this case, both the regional [51]
and local model are in unsteady state and are able to well reproduce the observed hydraulic
heads at monitoring wells. This suggests the proper choice of the BCs.

The estimated hydraulic conductivities (1.8-7.1 x 10> m/s) are consistent with the
alluvial nature of the aquifer and are in the same order of magnitude of the pumping and
well tests performed [52].

3.4. Groundwater Transport Model

A particle tracking backward in time, using MODPATH [61], starting from monitoring
wells, has been performed. The backtracking allows to identify the particle path and to
delimit potential source areas. Then, the potential sources have been identified superim-
posing the list of small business companies that are/or were located in the study area
and managed CHCs (such as: car garages, laundries, mechanical constructions) [62] to
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backtracking results. Finally, a simplified transport model was implemented. The transport
model was built with MT3DMS [63] to evaluate the plume dimension of a potential source
of PCE. As example, a conservative non-reactive contaminant was assumed with a constant
injection (0.1 kg/d) at the potential source 222 (Figure 2) for ten years; then the plume
evolution was observed for other 20 years. The dispersivity coefficients (longitudinal
or, = 10 m, and transversal o = 1 m) were assumed from literature values [64]. In order
to evaluate the effect of advection and dispersion, it is possible to compute the Peclet
Number [65] as:

_ olL

- D

where |v| is the magnitude of the seepage velocity vector, L is a characteristic length
(commonly taken as the grid cell width), and D is the dispersion coefficient. In advection-
dominated problems, the Peclet number has a large value. Considering the longitudinal
direction, in this case Pe = 1, that means that the transport is influenced by both advection
and dispersion [6].

Figure 11 shows the plume evolution for 30 years with a time step of 5 years. It is clear
that there is an important dilution of the concentration and a slow movement of the plume
downgradient in addition to a longitudinal and transversal dispersion.

Pe
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Figure 11. Groundwater contaminant transport. Example of a transport simulation starting from a
hypothetical contaminant source.

The results of the transport models allow to formulate the hypothesis that PCE concen-
trations observed at P3, P4, P5, P6, and P21 are due to an old contaminant plume (considering
the plume development time) originating from a single unknown source. Moreover, the
results of the CSIA support this hypothesis; in fact, no significant differences were found in
the 813C signatures at the monitoring wells during the two sampling campaigns.
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3.5. Phytoscreening Results

At the kindergarten, six plants of species suitable for carrying out “in vivo” sampling
were identified, two upgradient and four downgradient the site [40—42]. The tree samples
can be compared with the site chemical data, deriving from the traditional activities of
characterization of the soil, subsoil, groundwater, and soil-gas matrices. No contamination
was found in the six samples, which means that there is no transport by volatilization of
the contamination from the aquifer up to the ground level of the kindergarten.

Thanks to all collected data, ARPAE evaluated the health risk to which people are
subject. Luckily, no risk for people has been assessed at the kindergarten.

3.6. Evaluation of MNA

BMT analyses showed that a light active organohalide respiration was detected in the
sampling round of December 2017; while in May 2018, all organohalide-respiring bacteria
were decreased or disappeared at all. In particular, no significant CHC degradation markers
have been found. CSIA analyses, due to the low observed concentrations, did not provide
additional results. In fact, the §!3C signature is very similar for all collected samples during
the two sampling campaigns. These results indicate an absence of ongoing dehalogenation
process and the need of a continuous monitoring of the concentrations.

Considering that the natural attenuation was not observed, the strength of the contam-
ination (below 10 ug/L in all MWs except P3, P5, and P6 that is between 10 to 23 pg/L),
the usage of the studied aquifer and the highly urbanized area, the periodical monitoring
of the concentrations at MWs is now the best option for the management of the aquifer.

4. Conclusions

The assessment of groundwater contamination at a medium-wide scale supported
the local authorities (Municipalities, Health and Environment Authorities, and Regional
Authorities) and stakeholders to evaluate the current situation and to design/manage
remediation activities considering that groundwater contamination moves between admin-
istrative borders. Thanks to the AMIIGA project (funded in the INTERREG framework),
the multi-step circular approach has been proposed and applied to investigate the shallow
aquifer in the city of Parma.

The multi-step approach allows to incorporate new data from one step to the next and
return to the previous one if the new knowledge suggests a different conceptualization of
the studied aquifer.

The investigations carried out during this work allowed to detect a light contamina-
tion of PCE in the shallow aquifer in a large part of the city of Parma. This new knowledge
resulted in being very important, because in the center of the studied area, there is a kinder-
garten. All the collected data were considered to improve the existing hydrogeological
model and then to convert it into a numerical one. At first, the flow model allowed to eval-
uate the groundwater flow direction, seasonality and quantify the fluxes of the investigated
aquifer. Then, the transport model allowed to evaluate the spread of the plume starting
from a hypothetical contaminant source. Bio molecular analysis showed an absence of
natural attenuation of CHCs, while compound specific isotope analysis showed that all the
collected samples might refer to the same unknown contaminant source.

The identified contamination of PCE compels local authorities to perform periodical
monitoring campaigns, with the aim at reaching several goals: detection of sources and the
responsible of the contamination (at this time unknown); evaluation of the effect on health
of the increase of contamination at local scale (as carried out for kindergarten); assessment
of the plume spread in order to plan the urban development of the town.

Results obtained in this work demonstrated the usefulness of the multistep approach
in the site investigation. The outcomes are intended to be an initial contribution for a
more exhaustive investigation about distribution of contamination patterns and source
location in the shallow groundwater in Parma. The knowledge of the extent of the problem
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is an essential key-factor for authorities and allows to list new investigation/reclamation
activities through management actions [66] and to collect the proper budget.

Author Contributions: Conceptualization, A.Z. and M.G.; methodology, A.Z. and M.G.; validation,
A.Z,M.G. and R.E; investigation, A.Z., M.G. and R.E.; data curation, A.Z.; writing—original draft
preparation, A.Z., M.G. and R.E.; writing—review and editing, A.Z.; visualization, A.Z.; project
administration, M.G.; funding acquisition, M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Interreg Central Europe, grant number CE32, within the
AMIIIGA (Integrated Approach to Management of Groundwater Quality in Functional Urban Areas)
Project, https:/ /www.interreg-central.eu/Content.Node/ AMIIGA .html, accessed on 6 July 2021.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Giacomo Zaccanti (ARPAE, Direzione Tecnica Bologna) for his support
on phytoscreening.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  AMIIGA. Integrated Approach to Management of Groundwater Quality in Functional Urban Areas. Available online: https:
/ /www.interreg-central.eu/Content.Node / AMIIGA html (accessed on 8 June 2021).

2. Interreg Europe. Available online: https://www.interregeurope.eu/ (accessed on 21 June 2021).

3. Vasin, S.; Carle, A.; Lang, U.; Kirchholtes, H.J. A groundwater management plan for Stuttgart. Sci. Total Environ. 2016, 563,
704-712. [CrossRef]

4. Azzellino, A.; Colombo, L.; Lombi, S.; Marchesi, V,; Piana, A.; Andrea, M.; Alberti, L. Groundwater diffuse pollution in functional
urban areas: The need to define anthropogenic diffuse pollution background levels. Sci. Total Environ. 2019, 656, 1207-1222.
[CrossRef]

5. Pedretti, D.; Masetti, M.; Beretta, G.P. Stochastic analysis of the efficiency of coupled hydraulic-physical barriers to contain solute
plumes in highly heterogeneous aquifers. J. Hydrol. 2017, 553, 805-815. [CrossRef]

6.  Domenico, P.A.; Schwartz, EW. Physical and Chemical Hydrogeology, 2nd ed.; Wiley: New York, NY, USA, 1997; ISBN 978-0-471-
59762-9.

7. Bayer, P; Finkel, M,; Teutsch, G. Combining Pump-and-Treat and Physical Barriers for Contaminant Plume Control. Ground Water
2004, 42, 856-867. [CrossRef] [PubMed]

8.  Bayer, P; Finkel, M.; Teutsch, G. Cost-optimal contaminant plume management with a combination of pump-and-treat and
physical barrier systems. Ground Water Monit. Remediat. 2005, 25, 96-106. [CrossRef]

9.  Chelli, A,; Zanini, A.; Petrella, E.; Feo, A.; Celico, F. A multidisciplinary procedure to evaluate and optimize the efficacy of
hydraulic barriers in contaminated sites: A case study in Northern Italy. Environ. Earth Sci. 2018, 77, 246. [CrossRef]

10. Tatti, F; Papini, M.P.; Torretta, V.; Mancini, G.; Boni, M.R.; Viotti, P. Experimental and numerical evaluation of Groundwater
Circulation Wells as a remediation technology for persistent, low permeability contaminant source zones. J. Contam. Hydrol. 2019,
222, 89-100. [CrossRef]

11.  Antelmi, M.; Renoldj, F; Alberti, L. Analytical and Numerical Methods for a Preliminary Assessment of the Remediation Time of
Pump and Treat Systems. Water 2020, 12, 2850. [CrossRef]

12.  Beck, P; Mann, B. A Technical Guide for Demonstrating Monitored Natural Attenuation of Petroleum Hydrocarbons in
Groundwater. In CRC CARE Technical Report No. 15; CRC for Contamination Assesment and Remediation of the Environment:
Adelaide, Australia, 2010; ISBN 978-1-921431-25-8.

13. Hellal, J.; Joulian, C.; Urien, C.; Ferreira, S.; Denonfoux, J.; Hermon, L.; Vuilleumier, S.; Imfeld, G. Chlorinated ethene biodegrada-
tion and associated bacterial taxa in multi-polluted groundwater: Insights from biomolecular markers and stable isotope analysis.
Sci. Total Environ. 2021, 763, 142950. [CrossRef]

14. Kawabe, Y.; Komai, T. A Case Study of Natural Attenuation of Chlorinated Solvents under Unstable Groundwater Conditions in
Takahata, Japan. Bull. Environ. Contam. Toxicol. 2019, 102, 280-286. [CrossRef]

15. Naidu, R;; Nandy, S.; Megharaj, M.; Kumar, R.P.; Chadalavada, S.; Chen, Z.; Bowman, M. Monitored natural attenuation of a
long-term petroleum hydrocarbon contaminated sites: A case study. Biodegradation 2012, 23, 881-895. [CrossRef]

16. Yergeau, E.; Sanschagrin, S.; Beaumier, D.; Greer, C.W. Metagenomic Analysis of the Bioremediation of Diesel-Contaminated
Canadian High Arctic Soils. PLoS ONE 2012, 7, €30058. [CrossRef]

17.  Bucci, A,; Petrella, E.; Celico, F; Naclerio, G. Use of molecular approaches in hydrogeological studies: The case of carbonate

aquifers in southern Italy. Hydrogeol. ]. 2017, 25, 1017-1031. [CrossRef]


https://www.interreg-central.eu/Content.Node/AMIIGA.html
https://www.interreg-central.eu/Content.Node/AMIIGA.html
https://www.interreg-central.eu/Content.Node/AMIIGA.html
https://www.interregeurope.eu/
http://doi.org/10.1016/j.scitotenv.2015.10.078
http://doi.org/10.1016/j.scitotenv.2018.11.416
http://doi.org/10.1016/j.jhydrol.2017.08.051
http://doi.org/10.1111/j.1745-6584.2004.t01-4-.x
http://www.ncbi.nlm.nih.gov/pubmed/15584299
http://doi.org/10.1111/j.1745-6592.2005.0022.x
http://doi.org/10.1007/s12665-018-7420-8
http://doi.org/10.1016/j.jconhyd.2019.03.001
http://doi.org/10.3390/w12102850
http://doi.org/10.1016/j.scitotenv.2020.142950
http://doi.org/10.1007/s00128-019-02546-9
http://doi.org/10.1007/s10532-012-9580-7
http://doi.org/10.1371/journal.pone.0030058
http://doi.org/10.1007/s10040-017-1562-8

Hydrology 2021, 8, 101 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

Rizzo, P; Bucci, A.; Sanangelantoni, A.M.; lacumin, P.; Celico, F. Coupled Microbiological-Isotopic Approach for Studying
Hydrodynamics in Deep Reservoirs: The Case of the Val d’Agri Oilfield (Southern Italy). Water 2020, 12, 1483. [CrossRef]
Mattes, T.E.; Alexander, A.; Coleman, N.V. Aerobic biodegradation of the chloroethenes: Pathways, enzymes, ecology, and
evolution. FEMS Microbiol. Rev. 2010, 34, 445-475. [CrossRef] [PubMed]

Dolinova, I.; Czinnerova, M.; Dvofak, L.; Stejskal, V.; Sevcd, A.; Cernik, M. Dynamics of organohalide-respiring bacteria and their
genes following in-situ chemical oxidation of chlorinated ethenes and biostimulation. Chemosphere 2016, 157, 276-285. [CrossRef]
Némecek, J.; Dolinova, 1.; Machackova, J.; épének, R; Sevcd, A.; Lederer, T.; Cernik, M. Stratification of chlorinated ethenes
natural attenuation in an alluvial aquifer assessed by hydrochemical and biomolecular tools. Chemosphere 2017, 184, 1157-1167.
[CrossRef] [PubMed]

Loffler, EE.; Ritalahti, K.M.; Zinder, S.H. Dehalococcoides and Reductive Dechlorination of Chlorinated Solvents. In Bioaugmenta-
tion for Groundwater Remediation; Springer: New York, NY, USA, 2013; pp. 39-88.

Rizzo, P.; Malerba, M.; Bucci, A.; Sanangelantoni, A.M.; Remelli, S.; Celico, F. Potential Enhancement of the In-Situ Bioremediation
of Contaminated Sites through the Isolation and Screening of Bacterial Strains in Natural Hydrocarbon Springs. Water 2020,
12,2090. [CrossRef]

AMIIGA. Final Version of the Guidelines-WP T1. Available online: https://www.interreg-central.eu/Content.Node/D.T1.4.3
-final-version-guidelines---ENG-1.pdf (accessed on 20 April 2021).

Meckenstock, R.U.; Morasch, B.; Warthmann, R.; Schink, B.; Annweiler, E.; Michaelis, W.; Richnow, H.H. 13C/12C isotope
fractionation of aromatic hydrocarbons during microbial degradation. Environ. Microbiol. 1999, 1, 409—414. [CrossRef]

Lollar, B.S; Slater, G.; Ahad, J.; Sleep, B.; Spivack, J.; Brennan, M.; MacKenzie, P. Contrasting carbon isotope fractionation during
biodegradation of trichloroethylene and toluene: Implications for intrinsic bioremediation. Org. Geochem. 1999, 30, 813-820.
[CrossRef]

Drenzek, N.J.; Tarr, C.H.; Eglinton, T.I.; Heraty, L.J.; Sturchio, N.; Shiner, V.]J.; Reddy, C.M. Stable chlorine and carbon isotopic
compositions of selected semi-volatile organochlorine compounds. Org. Geochem. 2002, 33, 437—444. [CrossRef]

Yanik, PJ.; O’'Donnell, T.H.; Macko, S.A.; Qian, Y.; Kennicutt, M.C. Source apportionment of polychlorinated biphenyls using
compound specific isotope analysis. Org. Geochem. 2003, 34, 239-251. [CrossRef]

Shouakar-Stash, O.; Frape, S.K.; Drimmie, R.J. Stable hydrogen, carbon and chlorine isotope measurements of selected chlorinated
organic solvents. . Contam. Hydrol. 2003, 60, 211-228. [CrossRef]

Hunkeler, D.; Van Breukelen, B.M.; Elsner, M. Modeling Chlorine Isotope Trends during Sequential Transformation of Chlorinated
Ethenes. Environ. Sci. Technol. 2009, 43, 6750-6756. [CrossRef]

Carpani, G.; Marchesi, M.; Pietrini, I.; Alberti, L.; Zaninetta, L.; Shouakar-Stash, O.; de Ferra, F. 1,2-DCA Natural Attenuation
Evaluation in Groundwater: Insight by Dual Isotope 1*C/3”Cl and Molecular Analysis Approach. Water 2021, 13, 728. [CrossRef]
Dempster, H.S.; Lollar, B.S.; Feenstra, S. Tracing Organic Contaminants in Groundwater: A New Methodology Using Compound-
Specific Isotopic Analysis. Environ. Sci. Technol. 1997, 31, 3193-3197. [CrossRef]

Smallwood, B.; Philp, R.P; Burgoyne, T.; Allen, J. The Use of Stable Isotopes to Differentiate Specific Source Markers for MTBE.
Environ. Forensics 2001, 2, 215-221. [CrossRef]

Palau, J.; Marchesi, M.; Chambon, J.C.; Aravena, R.; Canals, A Binning, PJ.; Bjerg, PL.; Otero, N.; Soler, A.; Gil, A.S. Multi-isotope
(carbon and chlorine) analysis for fingerprinting and site characterization at a fractured bedrock aquifer contaminated by
chlorinated ethenes. Sci. Total Environ. 2014, 475, 61-70. [CrossRef]

Alberti, L.; Marchesi, M.; Trefiletti, P.; Aravena, R. Compound-Specific Isotope Analysis (CSIA) Application for Source Apportion-
ment and Natural Attenuation Assessment of Chlorinated Benzenes. Water 2017, 9, 872. [CrossRef]

Marchesi, M.; Alberti, L.; Shouakar-Stash, O.; Pietrini, I.; de Ferra, F; Carpani, G.; Aravena, R.; Franzetti, A.; Stella, T. 37Cl-
compound specific isotope analysis and assessment of functional genes for monitoring monochlorobenzene (MCB) biodegradation
under aerobic conditions. Sci. Total Environ. 2018, 619, 784-793. [CrossRef]

Sorek, A.; Atzmon, N.; Dahan, O.; Gerstl, Z.; Kushisin, L.; Laor, Y.; Mingelgrin, U.; Nasser, A.; Ronen, D.; Tsechansky, L.; et al.
“Phytoscreening”: The Use of Trees for Discovering Subsurface Contamination by VOCs. Environ. Sci. Technol. 2008, 42, 536-542.
[CrossRef]

Wilson, J.L.; Samaranayake, V.A.; Limmer, M.A.; Burken, J.G. Phytoforensics: Trees as bioindicators of potential indoor exposure
via vapor intrusion. PLoS ONE 2018, 13, e0193247. [CrossRef]

Limmer, M.A ; Balouet, ].-C.; Karg, EF,; Vroblesky, N.A.; Burken, ].G. Phytoscreening for Chlorinated Solvents Using Rapid in Vitro
SPME Sampling: Application to Urban Plume in Verl, Germany. Environ. Sci. Technol. 2011, 45, 8276-8282. [CrossRef] [PubMed]
U.S. Environmental Protection Agency. “Method 5035A (SW-846): Closed-System Purge-and-Trap and Extraction for Volatile Organics
in Soil and Waste Samples”, Draft Revision 1; U.S. Environmental Protection Agency: Washington, DC, USA, 2002.

U.S. Environmental Protection Agency. “Method 8260D (SW-846): Volatile Organic Compounds by Gas Chromatography/Mass
Spectrometry (GC/MS)”, Revision 3; U.S. Environmental Protection Agency: Washington, DC, USA, 2006.

Luchetti, L.; Diligenti, A. Protocollo Tecnico per Le Attivitaa Di Phytoscreening; ARTA Abruzzo: Teramo, Italy, 2018.

Jarsjo, J.; Bayer-Raich, M.; Ptak, T. Monitoring groundwater contamination and delineating source zones at industrial sites:
Uncertainty analyses using integral pumping tests. J. Contam. Hydrol. 2005, 79, 107-134. [CrossRef] [PubMed]

Alberti, L.; Lombi, S.; Zanini, A. Identifying sources of chlorinated aliphatic hydrocarbons in a residential area in Italy using the
integral pumping test method. Hydrogeol. J. 2011, 19, 1253-1267. [CrossRef]


http://doi.org/10.3390/w12051483
http://doi.org/10.1111/j.1574-6976.2010.00210.x
http://www.ncbi.nlm.nih.gov/pubmed/20146755
http://doi.org/10.1016/j.chemosphere.2016.05.030
http://doi.org/10.1016/j.chemosphere.2017.06.100
http://www.ncbi.nlm.nih.gov/pubmed/28672697
http://doi.org/10.3390/w12082090
https://www.interreg-central.eu/Content.Node/D.T1.4.3-final-version-guidelines---ENG-1.pdf
https://www.interreg-central.eu/Content.Node/D.T1.4.3-final-version-guidelines---ENG-1.pdf
http://doi.org/10.1046/j.1462-2920.1999.00050.x
http://doi.org/10.1016/S0146-6380(99)00064-9
http://doi.org/10.1016/S0146-6380(02)00004-9
http://doi.org/10.1016/S0146-6380(02)00163-8
http://doi.org/10.1016/S0169-7722(02)00085-2
http://doi.org/10.1021/es900579z
http://doi.org/10.3390/w13050728
http://doi.org/10.1021/es9701873
http://doi.org/10.1006/enfo.2000.0023
http://doi.org/10.1016/j.scitotenv.2013.12.059
http://doi.org/10.3390/w9110872
http://doi.org/10.1016/j.scitotenv.2017.11.150
http://doi.org/10.1021/es072014b
http://doi.org/10.1371/journal.pone.0193247
http://doi.org/10.1021/es201704v
http://www.ncbi.nlm.nih.gov/pubmed/21848303
http://doi.org/10.1016/j.jconhyd.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16085336
http://doi.org/10.1007/s10040-011-0742-1

Hydrology 2021, 8, 101 17 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.
66.

Gzyl, G.; Zanini, A.; Fraczek, R.; Kura, K. Contaminant source and release history identification in groundwater: A multi-step
approach. J. Contam. Hydrol. 2014, 157, 59-72. [CrossRef] [PubMed]

Servizio Geologico, Sismico e dei Suoli Regione, Emilia-Romagna. Riserve Idriche Sotterranee Della Regione Emilia-Romagna;
Archivio Cartografico: Bologna, Italy, 1998; p. 120.

Regione, E.-R. Nuova Carta Regionale Della Vulnerabilita—Aspetti Metodologici. Direzione Generale Ambiente e Difesa del Suolo e
della Costa della Regione Emilia Romagna. 2002. Available online: https://bur.regione.emilia-romagna.it/dettaglio-inserzione?
i=76087b3afdd84d7ca014bd49424e62e0 (accessed on 8 June 2021).

Di Dio, G.M.; Lasagna, S.; Martini, A.; Zanzucchi, G. Note Illustrative Della Carta Geologica d’Italia 1:50.000 Foglio 199-Parma Sud;
S.EL.CA.: Firenze, Italy, 2005.

Teatini, P.; Ferronato, M.; Gambolati, G.; Gonella, M. Groundwater pumping and land subsidence in the Emilia-Romagna
coastland, Italy: Modeling the past occurrence and the future trend. Water Resour. Res. 2006, 42. [CrossRef]

Tacumin, P; Venturelli, G.; Selmo, E. Isotopic features of rivers and groundwater of the Parma Province (Northern Italy) and their
relationships with precipitation. J. Geochem. Explor. 2009, 102, 56-62. [CrossRef]

Zanini, A.; Petrella, E.; Sanangelantoni, A.M.; Angelo, L.; Ventosi, B.; Viani, L.; Rizzo, P.; Remelli, S.; Bartoli, M.; Bolpagni, R.; et al.
Groundwater characterization from an ecological and human perspective: An interdisciplinary approach in the Functional Urban
Area of Parma, Italy. Rend. Lincei Sci. Fis. Nat. 2019, 30, 93-108. [CrossRef]

Marco, D.; Andrea, Z.; Fausto, C. Oscillatory Pumping Test to Estimate Aquifer Hydraulic Parameters in a Bayesian Geostatistical
Framework. Math. Geol. 2017, 50, 169-186. [CrossRef]

D’Oria, M.; Zanini, A. Characterization of Hydraulic Heterogeneity of Alluvial Aquifer Using Natural Stimuli: A Field Experience
of Northern Italy. Water 2019, 11, 176. [CrossRef]

Fraga, D.; Meulia, T.; Fenster, S. Real-Time PCR. In Current Protocols Essential Laboratory Techniques; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2008; pp. 10.3.1-10.3.40.

Pabinger, S.; Rodiger, S.; Kriegner, A.; Vierlinger, K.; Weinhdusel, A. A survey of tools for the analysis of quantitative PCR (qPCR)
data. Biomol. Detect. Quantif. 2014, 1, 23-33. [CrossRef]

Harbaugh, A.-W. MODFLOW-2005, the U.S. Geological Survey Modular Ground-Water Model—The Ground-Water Flow Process; U.S.
Geological Survey Techniques and Methods: 6-A16; U.S. Geological Survey: Reston, VA, USA, 2005.

De Filippis, G.; Foglia, L.; Giudici, M.; Mehl, S.; Margiotta, S.; Negri, S.L. Effects of different boundary conditions on the
simulation of groundwater flow in a multi-layered coastal aquifer system (Taranto Gulf, southern Italy). Hydrogeol. J. 2017, 25,
2123-2138. [CrossRef]

Doherty, J. PEST, Model-Independent Parameter Estimation—User Manual, 5th ed.; Watermark Numerical Computing: Brisbane,
Australia, 2010.

Anderson, M.P.; Woessner, W.W. Applied Groundwater Modeling: Simulation of Flow and Advective Transport; Academic Press: San
Diego, CA, USA, 1992; ISBN 0-12-059485-4.

ASTM-Standard D5880 Standard Guide for Subsurface Flow and Transport Modeling; American Society of Testing Material Standards:
West Conshohocken, PA, USA, 2006.

Pollock, D.W. User Guide for MODPATH Version 7—A Particle-Tracking Model for MODFLOW: U.S. Geological Survey Open-File
Report 2016-1086; U.S. Geological Survey: Reston, VA, USA, 2016.

Comune di Parma. Piazzale Santa Croce—Ricostruzione Storica; Comune di Parma: Parma, Italy, 2013.

Zheng, C.; Wang, PP. MT3DMS: A Modular Three-Dimensional Multispecies Transport Model for Simulation of Advection, Dispersion,
and Chemical Reactions of Contaminants in Groundwater Systems; Contract Report No. SERDP-99-1; U.S. Army Engineer Research
and Development Center: Vicksburg, MS, USA, 1999.

Bear, J.; Verruijt, A. Modeling Groundwater Flow and Pollution; Springer: Dordrecht, The Netherland, 1987; ISBN 9781556080142.
Bear, J. Dynamics of Fluids in Porous Media; American Elsevier Pub. Co.: New York, NY, USA, 1972; ISBN 044400114X.

Towards Clean Groundwater: From Strategy to Action. Available online: https://www.interreg-central.eu/Content.Node/
Management-Strategy-Final.pdf (accessed on 8 June 2021).


http://doi.org/10.1016/j.jconhyd.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24365394
https://bur.regione.emilia-romagna.it/dettaglio-inserzione?i=76087b3afdd84d7ca014bd49424e62e0
https://bur.regione.emilia-romagna.it/dettaglio-inserzione?i=76087b3afdd84d7ca014bd49424e62e0
http://doi.org/10.1029/2005WR004242
http://doi.org/10.1016/j.gexplo.2009.02.004
http://doi.org/10.1007/s12210-018-0748-x
http://doi.org/10.1007/s11004-017-9717-7
http://doi.org/10.3390/w11010176
http://doi.org/10.1016/j.bdq.2014.08.002
http://doi.org/10.1007/s10040-017-1589-x
https://www.interreg-central.eu/Content.Node/Management-Strategy-Final.pdf
https://www.interreg-central.eu/Content.Node/Management-Strategy-Final.pdf

	Introduction 
	Materials and Methods 
	Integrated Multi Step Circular Approach 
	Study Area 
	Hydrogeology 

	Results and Discussion 
	Contamination 
	Evaluation of Biodegradation 
	Groundwater Flow Model 
	Groundwater Transport Model 
	Phytoscreening Results 
	Evaluation of MNA 

	Conclusions 
	References

