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• 3D hydrogeochemical model governs all
phases of remediation strategy over time.

• Multi-source model reveals decontami-
nation mechanisms due to remediation
actions.

• Groundwater circulation wells and a sys-
tem of electron donor boost bioremedia-
tion.

• Multi-temporal imaging unmasks hy-
draulic influences and biological pro-
cesses.

• Time trend volumeof chlorinated solvent
plume quantifies the technique efficacy.
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Knowledge of the geology and hydrogeology of the polluted site emblematize a key requirement for environ-
mental remediation, through assembling and synthesizing findings from various sources of physical evidence.
In an increasingly virtual era, digital and geo-referenced metadata may serve as tools for collecting, merging,
matching, and understanding multi-source information. The main goal of this paper is to emphasize the signifi-
cance of a 3D hydrogeochemical model to the portrayal and the understanding of contamination dynamics and
decontamination mechanisms at a highly contaminated industrial site. Some remediation measures are active
on-site, due to the evidence-based presence of chlorinated solvents in groundwater. These are attributable to a
slow-release source of pollutants in the saturated zone associated with very low permeability sediments. There-
fore, in this research, a new technique for the remediation of secondary sources of dense non-aqueous phase liq-
uid (DNAPL) contamination was investigated for the first time on a full-scale application. The combination of
groundwater circulation wells (IEG-GCW®) and a continuous electron donor production device was set up to
boost in situ bioremediation (ISB). Amulti-phase approachwas followed handling and releasing data during var-
ious remediation stages, from site characterization via pilot testing to full-scale remediation, thus allowing users
to monitor, analyze, and manipulate information in 3D space-time. Multi-source and multi-temporal scenarios
reveal the impact of ongoing hydraulic dynamics and depict the decontamination mechanisms in response to
the interventions implemented over time, by quantifying the overall performance of the adopted strategies in
terms of removal of secondary sources of pollution still active at the site.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

1.1. An overview of chlorinated solvent contamination scenarios

In industrial activities requiring material cleaning or routine ordi-
nary maintenance of mechanical components, chlorinated solvents
have been extensively employed since the 1950s (Ebrahimbabaie and
Pichtel, 2021; Filippini et al., 2018). Themost common and used chlori-
nated solvents are certainly tetrachloroethylene (PCE) and trichloroeth-
ylene (TCE) (Walaszek et al., 2021). These substances represent the
category of pollutants most frequently detected in groundwater con-
tamination phenomena because of their extensive application and
their peculiar chemical-physical properties, such that they are often
found in groundwater in the form of an ‘anthropogenic’ background
(Azzellino et al., 2019). They are liquids that are essentially water-
immiscible due to their limited solubility. Organohalogen compounds
are also significantly denser than water. For this reason, when they are
not fully dissolved, they behave as a so-called DNAPL (Dense Non-
Aqueous Phase Liquid), a non-aqueous liquid phase that is denser
than water (Ebrahimbabaie and Pichtel, 2021). The latter constitutes a
separate phase from the water and tends to stratify below the water
table due to its higher density. DNAPLs infiltrate the subsurface as a sep-
arate phase following primary contamination events and migrate
downwards, by gravity, to saturated portions of the soil (Engelmann
et al., 2019). A fraction of the contaminant (defined as the residual frac-
tion) remains trapped in its pathway in the porosity of the soil, retained
by forces of physical nature (essentially for capillarity) strictly depen-
dent on the particle size of the crossed medium (Nsir et al., 2018). In
the subsurface, DNAPL redistributes to its particular conformation, also
known as DNAPL architecture (Carey et al., 2014; Mackay et al., 1985;
Newell et al., 2006). In the definition of conceptual models of chlori-
nated solvent pollution, this redistribution represents the big unknown.
Once redistributed, DNAPL persists in an ‘immobile’ form in the subsur-
face for a time that relies primarily on the site's peculiarities (Day-Lewis
et al., 2017). This DNAPL thus behaves as a persistent source of pollution
by releasing components steadily and slowly through the unsaturated
part and into the subsurface saturated portion (Koch and Nowak,
2015). The understanding of DNAPL behavior in contamination events
and the identification of the best approaches to remediation has been
consolidated after more than 30 years of research and field experience
(Brooks et al., 2021; Brusseau and Guo, 2014; Colombano et al., 2021;
Douglas et al., 2017). Starting from very simplified preliminary models
(Mackay et al., 1985), the current definition of a ‘life cycle’ (Carey
et al., 2014) of a chlorinated solvent contamination source, character-
ized by specific stages of so-called aging, has been achieved. This follows
via five aging stages that beginwith the primary event of contamination
and terminate with complete separate phase depletion (DNAPL). The
aquifer contamination persists due to so-called back diffusion and de-
sorption phenomena from low permeability layers (Yang et al., 2018).
As a whole, depending on the amount of solvents spilled and the
hydrogeological characteristics of the site, these phases could extend
from many decades to many hundreds of years (Carey et al., 2014;
Heron et al., 2016; Newell et al., 2006). The aging stage then defines
the relative distribution of residual solvent mass among environmental
matrices (Yang et al., 2018). Identifying the aging status of a given site is
essential both to select the most appropriate remediation intervention
and to understand and interpret the dynamics of contamination and
their dependence on the remediation actions that are implemented
over the years (Kueper et al., 2014).

1.2. The biological reductive dechlorination process

Moreover, some chlorinated solvents are subject to natural biodeg-
radation phenomena (biological reductive dechlorination, BRD) that
usually, in contaminated sites, are limited by the lack of electron donors
(Aulenta et al., 2007a). BRD of chlorinated solvents occurs under
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optimal redox conditions, through the progressive replacement of chlo-
rine atomspresent on themoleculewith hydrogen atomsunder anaerobic
conditions (Aulenta et al., 2007b). Consequently, the higher chlorinated
molecules (PCE and TCE) gradually lose their chlorine atoms, generating
productswith a lower degree of chlorination, such as 1,2-dichloroethylene
(1,2-DCE) and vinyl chloride (VC), until the formation of simple and non-
toxic aliphatic hydrocarbons such as ethane and ethylene (Aulenta et al.,
2007a; Aulenta et al., 2007b; Ebrahimbabaie and Pichtel, 2021; Walaszek
et al., 2021). BRD technology usually consists of groundwater injection of
readily fermentable substrates that can supply electron donors and thus
stimulate the potentially present biological reducing activity (Borden
et al., 2019; Davis andMiller, 2018; Lee et al., 2007). Some studies observe
an accumulation of toxic compounds with a low chlorination grade
(i.e., 1,2-DCE and VC) due to a lack of electron donors (essential elements
for biodegradation) (Mayer-Blackwell et al., 2017; Sleep et al., 2005; Yu
et al., 2018). Also, lower chlorinated compounds can be recalcitrant to bio-
degradation due to lack of appropriate microorganisms (anaerobic
dechlorinators), unfavorable redox conditions, thermo-kinetic limitations,
and a decrease in the number of chlorine substituents during the sequen-
tial process of BRD (Stroo andWard, 2010; Tiehmand Schmidt, 2011). It is
important to reiterate how this conceptual framework, which identifies
the dynamics and transformations of sources of DNAPL contamination,
has been consolidated only in recent years and, consequently, has paved
the way for the development of remediation technologies and strategies
that were previously not known or considered impractical.

1.3. The Groundwater Circulation Well (IEG-GCW®) technology

This is the background for innovative remediation technologies such as
Groundwater CirculationWells (IEG-GCW®). A vertical pressure gradient
between two or more hydraulically separated sections of a well may be
developed by IEG-GCW®s, inducing the formation of circulation cells in
the aquifer (Dinkel et al., 2020; Herrling et al., 1991a, 1991b; Johnson
and Simon, 2007; Xia et al., 2019; Zhu et al., 2020). In practice, groundwa-
ter is extracted through a fenestrated fragment of amulti-fenestratedwell,
moves through a treatment unit, and is then reinjected through a different
fenestrated segment directly into the aquifer body (Herrling et al., 1991a,
1991b). The vertical component of the flow triggered by recirculation
effectively intercepts portions of the aquifer potentially impacted by the
accumulation of contaminants and not reachable with traditional
pumping systems (Tatti et al., 2019). The recirculation pattern is adapted
based on the chemical/physical characteristics of the pollutants and the
lithostratigraphic peculiarities of the site, favoring the flow through the
zones with lower permeability, the mobilization of adsorbed contami-
nants, and significantly improving the aquifer's remediation capacity
(Pierro et al., 2017). Recirculation with the IEG-GCW® system induces a
drastic acceleration of contaminant mobilization processes compared to
a conventional Pump&Treat (P&T), significantly increasing the amount of
mass removed per unit of time (Petrangeli Papini et al., 2016). Besides
that, the process does not produce wastewater, but the treated water is
recirculated within the same aquifer. The patented treatment device
considered in this research consists of a poly-3-hydroxybutyrate (PHB)
containing reactor for the persistent output of electron donors and a
zero-valent iron-containing reactor (Matturro et al., 2018; Petrangeli
Papini et al., 2016; Pierro et al., 2017). Zero-valent iron (ZVI/Fe) is a
well-known reactivematerial commonly used to dechlorinate chlorinated
solvents with abiotic reduction (Ebrahimbabaie and Pichtel, 2021; Liu
et al., 2006; Tseng et al., 2011). This groundbreaking technology aspires
to enhance biological reductive dechlorination in situ by combining
groundwater circulation wells with a continuous electron donor produc-
tion process (Petrangeli Papini et al., 2016).

1.4. Multi-source data fusion supporting the remediation strategy

The aforementioned concepts reveal that the symbiosis of all the in-
formation usually accessible at polluted sites, the assembly and
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synthesis of contributions frommultiple lines of chemical-physical evi-
dence (Orozco et al., 2021) are crucial prerequisites for environmental
remediation (Ciampi et al., 2019a; Cormier and Suter, 2008; Kueper
et al., 2014). In this sense, this research pursues the centralization and
the overlapping of knowledge inherent to the geological,
hydrochemical, and engineering realities into a single digital Conceptual
Site Model (Ciampi et al., 2019b). Hence, the perspective to predispose
actions with remediation technologies unequivocally adapted and ad-
justed to the site-specific peculiarities and to the real features of the
contaminant, which is inserted in the unique hydrogeological architec-
ture, might be unlocked (Ciampi et al., 2021). The above can boost each
discipline's contribution to the growth of a single progressiveworkflow.
The fusion of all the components involved in environmental remedia-
tion and of multiple forms of geomodeling into a geo-referenced frame-
work may serve as a tool for handling, combining, linking, and
interpreting multi-source data (Breunig et al., 2020; Ciampi et al.,
2019a). The goal of this researchwould be to demonstrate the contribu-
tion of a 3Dhydrogeochemical clone to the refinement of the conceptual
site model, to the lecture of contamination/decontamination dynamics,
and the interpretation of the effects arising from the adoption of recla-
mation techniques at a highly contaminated industrial site. Such is the
case of an engineering factory located in an industrial district in the Po
Valley and characterized by a complex geological architecture. Until
1987, the plant, which is still operational, housed washing machines
using chlorinated solvents for degreasingmechanical parts. Some strat-
egies to characterize and remediate the site have been undertaken over
time in the industrial plant, due to the evidence-based presence of chlo-
rinated solvents in groundwater. High-resolution hydrochemical char-
acterization identified a large mass of pollutants in correspondence
with fine material lenses, representing a slow-release source of pollut-
ants in the saturated zone with very low permeability (Ciampi et al.,
2019b). For the first time on a full scale, IEG-GCW®s coupled with in
situ bioremediation (ISB) (Matturro et al., 2018; Pierro et al., 2017)
are being applied and evaluated. Such a novel dual technologymay con-
stitute a powerful option for integrating, accelerating, and enhancing
the pollutant removal efforts of the remediation activities already on-
site, by targeting directly the secondary sources of active contamination.
In this challenging and cross-disciplinary scenario, 3D hydrochemical
models could potentially depict and quantify the effect of the applied re-
mediation approach (Ouyang et al., 2017) on the abatement of pollut-
ants and the mitigation of secondary contamination sources still active
at the site. Multi-source and multi-phase pictures reveal the impact of
ongoing hydraulic dynamics and depict the decontamination mecha-
nisms in relation to the application and modification of remediation ac-
tions over time, quantifying the performance of the adopted strategies.

2. Materials and methods

2.1. History of site characterization and remediation

Some actions aimed at characterizing and remediating the site have
been undertaken over time (from 2001 to 2017) in the industrial plant,
following the proven occurrence of chlorinated aliphatic compounds in
the groundwater. Characterization and in-depth investigations had as
purpose to furnish technical knowledge for the identification and man-
agement of the appropriate remediation methods to gradually reduce
the ascertained forms of contamination (Dai et al., 2018; Langwaldt
and Puhakka, 2000). A preliminary investigation in 2001 suggested de-
signing a piezometric monitoring network and a system of pumping
wells within the site and a hydraulic barrier on the northwest perimeter
of the plant. Supplemental surveys in 2012 supported the installation of
multi-level piezometers (IEG-MLWS®) (following the example of
Puigserver et al., 2020), the planning of a distributed control system
(DCS) (Arlotti et al., 2012), and the pilot-scale setup of the groundwater
circulation well (IEG-GCW®) at the recognized secondary contamina-
tion source (Ciampi et al., 2019b; Petrangeli Papini et al., 2016; Pierro
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et al., 2017). Cluster (CL) and multi-cluster (MCL) piezometers, which
are equipped with 2 and 5 filtered sections, respectively, for vertical
sampling, were installed during the same period (similarly to the case
of Moeck et al., 2017). Supplemental studies dating back to 2017 were
planned to locate two additional IEG-GCW®s and further MLWSs in
the center of the plant, around thebuilding that housed industrialwash-
ing machines, which constituted the primary sources of contamination.
Four remediation steps are distinguishable based on the undertaken
actions. The first phase, which lasted until 2013, entails groundwater
extraction through traditional pumping and barrier wells and
hydrochemical monitoring of the piezometric network. The second re-
mediation step deals with the first GCW implementation at the pilot
scale (GCW1) in 2014. Full-scale strategy deployment follows in 2019,
through the realization of two further GCWs (GCW2 and GCW3). The
last remediation phase, corresponding to 2020, foresees the
remodulation and reduction of the flow rates of the pumping wells in-
side the plant.

2.2. The hydrogeochemical geodatabase

Information obtained from both characterization and monitoring
plans was stored in a geodatabase (Ciampi et al., 2019a). The latter is a
digital archive of structured and geo-referenced data, containing knowl-
edge related to the different scientific spheres, which were gathered
from surveys and field investigations covering a surface of 120,000 m2.
Relational and four-dimensional (4D) databases (Ciampi et al., 2021) en-
courage the joint management and fusion of multi-source data by opti-
mizing time-series analysis of parameters (Ciampi et al., 2019a). The
data management framework contains the geological features of the
study site, which were deduced from 56 drilled boreholes, reaching a
maximum depth of approximately 30 m. Also, the pumping rates of ex-
traction wells, the hydrochemical data, the construction sketches, and
configuration related to wells, piezometers (i.e., screened and blind por-
tions), and remediation plant are included in the geodatabase. The instal-
lation of numerous piezometers andwells over the years has encouraged
an increase in the number of groundwater monitoring points over time.
This rose from 53 points in 2013, through 68 in 2014, to 106 points in
the 2020 monitoring network. The different configuration of network
points has as goal to guarantee groundwater sampling at multiple depth
intervals. The definition, monitoring, and reconfiguration of the interven-
tion technique were optimized based on an examination of the vast
amount of chemical characterization analyses available on the entire
monitoring network since 2008.

2.3. The multitemporal modeling process

The interpolation and modeling activities carried out on the
geological-chemical data aspire to reconstruct the hydrogeological ar-
chitecture of the subsoil within the plant and to provide insight into
the quality status of groundwater (Ciampi et al., 2021). Interpolation
of piezometric measurements intends to delineate the groundwater
flow pattern. RockWorks 17was adopted for spatial analysis operations
(Ciampi et al., 2019a; Ciampi et al., 2019b). Inverse distance weighting
(IDW) was employed as the algorithm to interpolate geological and
hydrochemical variables in the domain of a 3D mesh consisting of
voxels (Barbosa et al., 2019; Trabelsi et al., 2013; Zhu et al., 2013). The
mesh of the 3D model covers the facility area and extends vertically
from 1.8 m to 33.4 m above sea level. The voxel grid discretization is
2.0 m in the X, Y directions and 0.2 m in the Z direction. The goal is to
demonstrate the consequences of IEG-GCW®-induced recirculation
and pumping activities on the dynamics andmechanisms of the decon-
tamination process. Integrative surveys cluster (CL andMCL) andMLWS
piezometers distributed around the IEG-GCW®s were designed to
strengthen the conceptual model of the plant area in which the inter-
ventions are embedded, by capturing a high-resolution characterization
of subsurface geological heterogeneity (Orozco et al., 2021) and vertical
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zonation of contamination (Steelman et al., 2020). The goal of this was,
on the one hand, to adapt the design of IEG-GCW® and DCS to site-
specific geological peculiarities and, on the other hand, to furnish the
necessary knowledge for assessing the performance of the undertaken
measures in terms of chlorinated solvent removal from groundwater.
To fully understand the evolution of groundwater pollution status and
to evaluate the impact of the adopted strategies, 3D solid models
depicting the concentration of index chemicals as a function of time
have been built from hydrochemical records. Contaminant concentra-
tions detected in the aquifer are portrayed as isosurfaces within the
georeferenced 3D space following the approach of Curtis et al. (2019)
and Ouyang et al. (2017). The isosurface represents the locus of points
in space where a given quantity has the same value (Litvinenko et al.,
2020). Through isosurfaces, it is possible to define and isolate a volume
of groundwater that is marked by a certain concentration of pollutants.
The isosurfaces were generated by interpolation of the concentration
values for the different groundwater sampling. Each isoconcentration
model expects to deliver a graphical representation and a quantitative
calculation of 1,2-dichloroethylene (1,2-DCE) and vinyl chloride (VC)
concentration levels detected over time in the piezometric network.
The contamination models cover a reference period that takes into ac-
count the monitoring campaigns carried out in 2013 (monitoring),
2014 (pilot test), 2019 (full-scale), and 2020 (pumping configuration
modification), corresponding to various stages of remediation. The
above aims at providing an evolving picture over time and the most
up-to-date snapshot of the distribution of solvent concentrations in
space, offering the opportunity to assess the impact of the applied reme-
diation strategy for the progressive mitigation of pollution sources still
active at the site. The computation of the volumes enclosed inside
each isosurface at a different concentration level was extrapolated by
post-processing operations on 3D solid models. From the hydrogeo-
chemical model, which superimposes the depiction of the contamination
condition on the geologic schemes, profileswere extrapolated close to the
primary pollution event and at the first IEG-GCW® installed at the site. A
study of the time trend volumes at different isoconcentration of chlori-
nated solvents and multi-temporal photography of hydrogeochemical
scenarioswas performed to supply new insights on the abatement capac-
ity of contaminants, in relation to the adoption of multiple remediation
actions, and the dynamics of decontamination at the site, directly influ-
enced by hydraulic processes that develop within such a specific geolog-
ical context. This multi-source, multi-data temporal imaging is intended
to unmask the dynamic geochemical and biological interactions that
grow and develop following the implementation of a novel intervention
strategy, and at the same time, to check and quantify the efficacy of the
adopted technique, by estimating the mass balance.

2.4. Geological framework and hydraulic context

The industrial plant is housed inside the geological background
marked by sediments of fluvial origin, conoid, and alluvial deposits of
the Po Plain, in northern Italy (Guerra et al., 2020). Over the years, on-
site investigations have revealed a very complex geological and
hydrogeological environment, characterized by a lenticular strati-
graphic system, which depicts a pronounced vertical and horizontal
heterogeneity of the lithology (Ciampi et al., 2019b). In general, the fol-
lowing levels can be recognized in the subsoil of the plant, in strati-
graphic succession from top to bottom:

• Backfill to a depth of 1–1.5 m;
• Silty clays and clayey silts, gray in color, relatively compact, oftenwith
peat, bricks, and plant residues, around 8.5 m thick on average;

• Clayey-sandy silts, sandy silts, and clayey silts, with rising downward
sandy fraction and varying thickness. This stratum is generally found
at a depth between 9 and 12 m;

• Silty sands and fine to medium sands, characterized by an average
thickness of 4 m and demarcated by good permeability values, often
4

in continuity with the underlying gravel layer, often isolated by a
low permeability lens, were found;

• A discontinuous layer of clayey silts, represented by fine-textured
soils that are interposed between the more permeable layers. This
layer consists of silts and clayey silts with very low to no permeability
and is located at depths between 16.5 m and 20.5 m;

• A stratum, with an average thickness of 4 m, marked by discrete per-
meability values and guaranteed lateral continuity (gravel and sand);

• An impermeable silty clayey horizon (clays) at a depth of about 25 m
from the ground surface, characterized by assured lateral continuity
(Ciampi et al., 2019b).

The subsurface lithostratigraphic structure between approxi-
mately 9 m and 20.5 m depth is distinguished by a pronounced lat-
eral discontinuity due to the presence of multiple soil lenses of
varying textures and permeability. Such lithological variations re-
flect on the modalities of the underground water circulation, which
results to be fractionated in aquifer levels with different permeabil-
ity, variously communicating among them (Maples et al., 2019).
The only aquifer with continuity is the one hosted in the layer of per-
meable gravels and sands, with a thickness of about 4 m and located
at a depth of about 20 m from the ground level. The presence of con-
sistent very low permeability layers, at both the surface and depth,
determines the confinement of this aquifer layer. Concerning the
groundwater dynamics, it is useful to examine how, on average, the
subjacency measured in the piezometers in the area under investiga-
tion is equal to 2 m from ground level. The subjacency values display
a certain variability in piezometers placed at short distances from
each other. The occurrence of piezometric anomalies and strong lat-
eral permeability differences are justified by the complexities of the
geological scenario, which is marked by substantial lateral variations
in the geometry of the sedimentary bodies and, thus, in the level of
the aquifer. The presence of active wells inside the factory, with
varying configurations, screened sections in different aquifers, and
operating patterns, is another disturbing factor that may clarify the
non-homogeneous variations in piezometric levels (Zume and
Tarhule, 2008). Certainly, the boundary hydraulic barrier, DCS sys-
tem, pumping wells, and IEG-GCW®s are the elements that exert
the greatest stress on the circulation of groundwater (Fig. 1).

The alternation of sandy or sandy-gravelly layers and clayey-silty
horizons results in the fragmentation of the water circulation into mul-
tiple levels. The construction of a large number of wells in the area may
have connected the aquifer levels where the low permeability layers
isolated them (Mayo, 2010; Wu et al., 2015). At the site scale, the
isopiezic map illustrates hydrological features. The prevailing direction
of the groundwater flow is oriented from the southern to the northern
quadrants. The result reveals the strong influence of the boundary hy-
draulic barrier and internal pumping wells on the groundwater level
since the piezometric survey was conducted with the barrier and
pumping wells in operation (Zume and Tarhule, 2008). In fact, at the
withdrawal points, the pumping wells cause a drawdown of the water
table and a pullback of groundwater to the site's NW side (Fig. 2).

However, certain factors that impact piezometry at the site-specific
level must be taken into consideration when examining piezometric
patterns. At the local level, depending on groundwater dynamics, the
existence of a fractured geological architecture, and pumping wells,
the flow vectors may divergemore or less from the prevailing direction,
which could alter the static dynamics of groundwater flow.

3. Results

3.1. Contamination scenarios and decontamination dynamics

Previous studies revealed that compounds with a high number of
chlorine atoms have undoubtedly been employed as industrial solvents



Fig. 1. 3D industrial plant geological model that reflects the complex architecture of the stratigraphic horizons. With the stratigraphic model, the position and construction drawings of
wells and piezometers present at the site are combined, showing the operative configuration.

P. Ciampi, C. Esposito, E. Bartsch et al. Science of the Total Environment 793 (2021) 148649
in the past. Uncontrolled spills of these substances led to primary
contamination events. Such compounds have been found at considerably
lower concentrations thanDCE andVC (Fig. 1 of SupplementaryMaterial),
demonstrating a significant biological dechlorination activity. Thus
DCE and VC constitute BRD's daughter products (Aulenta et al., 2002;
Aulenta et al., 2005; Ciampi et al., 2019b; Petrangeli Papini et al., 2016;
Fig. 2. Isopiezic chart of groundwater elevation measured in the monitoring n

5

Pierro et al., 2017). Monitoring data related to 1,2-DCE were used to
generate isoconcentration models, differentiated by contamination levels.
The 3D plumes depict the evolution of the groundwater pollution status
over time and are embedded within the stratigraphic framework of the
site. Themodels identify the portions of the plant affected by the presence
of the highest concentrations of 1,2-DCE around the DCS well, at the
etwork. Flow vectors reveal the direction of the local groundwater flow.
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peripheral wells of the hydraulic barrier, and below the building that
housed industrial washing machines, where the primary contamination
event occurred andwhere IEG-GCW®swere placed. Figs. 3 and 4 illustrate
the spatial distribution of contaminants in groundwater in 2013, 2014,
2019, and 2020.

Through the 3D models, the most critical areas can be easily identi-
fied, evaluating the trend of pollutant concentrations in the site in rela-
tion to the application of remediation actions over time.Multi-temporal
photographs present a general overview of the contamination distribu-
tion that is particularly inhomogeneous. However, such sketches recog-
nize some well-demarcated areas within the plant in which “active”
secondary sources of contamination should be present (Ciampi et al.,
2019b; Petrangeli Papini et al., 2016). The portions of the site impacted
by significant pollutant concentrations are located in correspondence
with the building situated in the center of the plant (the primary con-
tamination source), at the DCS well, and close to the boundary barrier
Fig. 3. Stratigraphic contacts, construction scheme of piezometers, and contamination plume at
Figures a, b, and c refer to isoconcentration isosurfaces of 600 μg/L, 6000 μg/L, and 60,000 μg/L, re
600 μg/L, 6000 μg/L, and 60,000 μg/L respectively measured in 2014.

6

wells. The temporal behaviors observed in most of the examined pie-
zometers exhibit initial higher contaminant concentrations with a pro-
gressive and continuous decrease reasonably attributable to the various
extraction and recirculation systems that have been gradually deployed
over the years (Fig. 1 of Supplementary Material). The volumetric
isoconcentration models of 1,2-DCE evidence, especially in the last
two years ofmonitoring, a contraction of the areas impacted by contam-
ination and a decrease, in absolute value, of the amount of dissolved
contaminants in groundwater. Moreover, the integrated models associ-
ate the significant presence of contaminants to the most shallow and
fine layers, characterized by a low permeability, which could act as sec-
ondary sources of contamination with a slow release of pollutants
(Petrangeli Papini et al., 2016; Pierro et al., 2017).While a substantial re-
duction in concentration is recorded by several monitoring piezome-
ters, even by several orders of magnitude compared to the initial
condition, in some sectors of the plant the concentrations still tend to
different concentrations of 1,2-DCE detected in themonitoring network in 2013 and 2014.
spectively detected in 2013. Figures d, e, and f are related to isoconcentration isosurfaces of
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stabilize around values that are still relevant and indicate the presence
of slow-release sources governed by back diffusion phenomena (Fig. 1
of Supplementary Material) (Tatti et al., 2019; Ciampi et al., 2019b).

To understand the site-specific decontamination dynamics, it is in-
teresting to focus on two distinct portions of the site. In the central
area of the plant, where IEG-GCW®s and some pumping wells are
installed (the primary source of contamination), plume models at dif-
ferent concentrations reveal the mobilization of contaminants induced
by the recirculating hydraulic systems. Local increases in trends of 1,2-
DCE and VC concentrations appear to follow the development of pilot
testing (2014), full-scale (2019), and change in pumping configuration
(2020) (Fig. 1 of Supplementary Material). Indeed, the confrontation
between the images rendered by the set of Fig. 3a, b and c (2013) and
that of Fig. 3d, e and f (2014) reveals an expansion of 1,2-DCE plume
volumes in the central sector of the plant in 2014, when the pilot test
was launched, with respect to 2013. Observation of photographs for
Fig. 4. Stratigraphic contacts, construction scheme of piezometers, and contamination plume at
Figures a, b, and c refer to isoconcentration isosurfaces of 600 μg/L, 6000 μg/L, and 60,000 μg/L, re
600 μg/L, 6000 μg/L, and 60,000 μg/L respectively measured in 2020.
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2019 (Fig. 4b) and 2020 (Fig. 4e) evinces the apparition of a 1,2-DCE
contamination plume with an isoconcentration of 6000 μg/L, absent in
2019, below the building that contained the industrial washing ma-
chines, in the last available monitoring campaign. This effect could be
related to the application of full-scale IEG-GCW®s combined with the
reduction in the pumping rate of some wells, which were potentially
exerting hydraulic disturbance on groundwater recirculation systems
in that area. This latter aspect suggests that interference of recirculation
cells induced by IEG-GCW®s with the drawdown cone resulting from
extractionmay play a key role in themobilization of residual-phase con-
taminants. All these statements are validated by the hydrogeochemical
section extracted from the multi-temporal solid models and located at
the source zone. Fig. 5 illustrates the evolving picture of contamination
status in the primary source area.

Installation of the first IEG-GCW® at the pilot scale in 2014 induces
pollutant mobilization and the 1,2-DCE dissolution in groundwater.
different concentrations of 1,2-DCE detected in themonitoring network in 2019 and 2020.
spectively detected in 2019. Figures d, e, and f are related to isoconcentration isosurfaces of
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Contaminant plume is reduced through the combined action of the IEG-
GCW®s and the pumping wells within the site. The modification of the
hydraulic configuration in 2020 results in the mobilization of aged con-
taminants, which are adsorbed to the fine matrix, at the recirculation
well. The mobilizing action on adsorbed pollutants that is triggered by
the 2020 reconfiguration can also be observed at MLWS5, detecting a
plume with a concentration of 600 μg/L. Here, the interacting recircula-
tion cells generated by different GCWs potentially lead to the mobiliza-
tion of secondary contaminant sources. The release of pollutants, which
are currently associated with fine-grained levels, is governed by the
back-diffusion phenomenon and is accelerated by the recirculation
well under conditions of low hydraulic disturbance.

In the NW sector of the site, where the DCS well and the perimeter
hydraulic barrier are installed, the data-driven model delineates an
area impacted by significant concentrations of contaminants not identi-
fied in previous studies. At the DCS system, the high concentrations of
1,2-DCE detected in the aquifer over time are consistent with the hy-
pothesis of the presence of chlorinated solvents adsorbed to the fine
solid matrix. This assumption is supported by evidence found at the
site under investigation in the suit of previous studies (Ciampi et al.,
2019b; Petrangeli Papini et al., 2016; Pierro et al., 2017), which identi-
fied secondary sources of residual-phase contamination. In the NW sec-
tor of the plant, boundary pumping wells may ensure the groundwater
recall (as evidenced by Fig. 2) and hydraulic confinement, by preventing
the migration of contaminants off-site.
Fig. 5. Hydrogeochemical sections relating to concentrations of 1,2-DCE det
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Time trends of plume volumes at different isoconcentrations of VC
provide interesting insights into the dynamics of contamination and de-
contamination in this geological scenario. Fig. 6 portrays groundwater
quality status in 2014 and 2019, two key moments that are marked by
the pilot-scale IEG-GCW® implementation and the remediation
upscaling, respectively.

Confronting the figures related to 2014 and 2019 leads to intriguing
hints on themobilizationmechanisms of secondary sources and the bio-
degradation processes in place. Fig. 6a and d unequivocally highlight the
growth of the VC plume volume at 500 μg/L over time. Such an effect is
most likely linked to an acceleration of contaminant desorption pro-
cesses and/or to BRD enhancement induced by the realization of all re-
circulation systems in the central portion of the site. Besides, in the same
area (the primary source of contamination), full-scale deployment en-
tails a sudden depletion of the highest isoconcentration isosurface in
the primary source area, which could be attributed to BRD and VC
biodegradation.

Processing operations conducted on the 3D solid models yielded es-
timates of the volumes enclosedwithin each isosurface at different chlo-
rinated solvent concentrations. Fig. 7a and b shows the time trends of
the volumes at different isoconcentration obtained from interpolation
of the monitoring data available for 1,2-DCE and VC. Analysis of Fig. 7a
and b provides compelling insights regarding the dynamics of pollution
and remediation of the site, depending on the actions undertaken over
time. Tiny quantities of pollutants were withdrawn and/or mobilized
ected in groundwater sampling wells around the primary source area.



Fig. 6. Stratigraphic contacts, construction scheme of piezometers, and contamination plume at different concentrations of VC detected in the monitoring network in 2014 and 2019.
Figures a, b, and c refer to isoconcentration isosurfaces of 500 μg/L, 5000 μg/L, and 50,000 μg/L, respectively detected in 2014. Figures d, e, and f are related to isoconcentration
isosurfaces of 500 μg/L, 5000 μg/L, and 50,000 μg/L respectively measured in 2019.

P. Ciampi, C. Esposito, E. Bartsch et al. Science of the Total Environment 793 (2021) 148649
although both pumping and boundary barrier wells were operating in
2013. Traditional extraction techniques notoriously have a limited influ-
ence on lower permeability layers where pollutants are adsorbed or in
the residual phase (Brusseau and Guo, 2014; Petrangeli Papini et al.,
2016; Tatti et al., 2019). On the other hand, since 2014, when the first
IEG-GCW®wasperformed on the pilot scale, a growing potential tomo-
bilize large amounts of pollutants from secondary sources of pollution
has been manifest. In more detail, from 2013 to 2014, the graphs re-
ported in Fig. 7a and b emphasize ascending trends reflecting the in-
crease in the number of monitoring points over time, leading to the
capture and discretization of real groundwater contamination with an
increased resolution with the same volume analyzed. To this effect can
be added the contribution resulting from the mobilization of contami-
nants adsorbed on the fine matrix, induced by the recirculation action
of the IEG-GCW® well implemented at the pilot scale. Analyzing the
data for 2014 (pilot test), 2019 (full-scale), and 2020 (change in
pumping configuration), a consistent drop in groundwater volumes
9

impacted by the presence of 1,2-DCE and VC appears, resulting in a re-
duction in the total mass of contaminant present at the site. Volumes
calculated for the 500 μg/L VC isosurface deviate from this general
trend, exhibiting a large increase in 2019 before decreasing again in
2020. This finding is associated with the enhanced dechlorinating activ-
ity resulting from the implementation of the full-scale intervention and
the stimulation of biological reductive dechlorination by the electron
donor (Matturro et al., 2018). This phenomenon could be more pro-
nounced for isosurface plumes at low concentrations because of the
augmented resolution detail of discretizing hydrochemical peculiarities,
leading to a consequent improved ability to capture and explain decon-
tamination mechanisms at the site scale. In contrast to what has been
observed at other sites recording VC accumulation (Mayer-Blackwell
et al., 2017; Sleep et al., 2005; Yu et al., 2018), the system compensates
for the lack of an electron donor by supporting BRD reactions. Indeed,
the last two years of monitoring evidenced a drastic drop in VC concen-
trations attributable to biological processes promoted by continuous



Fig. 7. Trend of plume volumes at different concentrations of 1,2-DCE (a) and VC (b) over time.
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electron provision (Matturro et al., 2018). Also, Fig. 7a and b illuminates
the effectiveness of adjusting the configuration of the remediation strat-
egy adopted in the last two monitored years, with the same number of
sampling points, in terms of its abatement capacity for dissolved
organohalogenated compounds in groundwater.

3.2. Performance of IEG-GCW® treatment

The full-scale intervention reveals a clear pollutant mobilization im-
pact generated by the recirculating system. The GCW2, designed for
full-scale intervention, operates through the extraction of groundwater
at the filter sections between 7 and 11 m (PNS1) and 15 and 19 m
(PNS2) and its re-injection into the lower filter section between 22
and 26 m (PNS8), leading to the creation of recirculation cells. VC and
1,2-DCE concentrations in water pumped from the transmissive part
(PNS2) approximate 70 μg/L, whereas chlorinated substance concentra-
tions in water recovered from the low-permeability layer (PNS1)
amount to about 4000 and 3000 μg/L for 1,2-DCE and VC, respectively.
The chlorinated solvent concentration in groundwater recovered from
the low permeability layer (PNS1) is much greater than that detected
at monitoring point PNS2 (Fig. 8).

The above denotes that low-permeability horizons behave as ad-
sorption and trapping zones for residual phase pollutants, classically un-
affected by conventional extraction systems. Comparison of masses
extracted per unit time from GCW1 (pilot test) and the entire pumping
well systemwithin the plant exemplifies the technology's performance
10
in removing target contaminants (Table 1 of Supplementary Material).
Under the same geologic setting and contaminant characteristics, a sin-
gle GCW removed 60% of 1,2-DCE and 27% of VC (per unit of time) in
comparison with the 13 pumping wells. The largest contribution, in
terms of removed mass, is provided by the pump located at a low per-
meability level (PNS2). Although the PNS2 pump flow rate is 3% of the
overall flow rate of the pumping wells, GCW1 removed 52% of 1,2-
DCE and 22% of VC (per unit of time) in comparison with 13 pumping
wells at the low permeability layer only. All these findings attest to
the success of the adopted intervention in removing chlorinated sol-
vents and mobilizing adsorbed pollutants in the residual phase, as
well as to the sustainability and performance of the technology when
compared with traditional physical extraction systems.

4. Discussion

In analogy to Curtis et al. (2019) and Trabelsi et al. (2013),
knowledge-based geodatabase and data-drivenmodeling catch geolog-
ical and hydrochemical conceptualization. Ourmassive hydrogeochem-
ical framework further advances the utility of fused data sources and
simplifies the process of data exchange to understand the relationships
between underlying processes (Kueper et al., 2014). Knowledge extrac-
tion from geospatial data follows the concepts of Breunig et al. (2020),
to bridge the gap between geo-computing with geospatial data man-
agement and to boostmulti-modality information interoperability, pos-
iting a solution that guides end-process strategies. Merging diverse data



Fig. 8.Design scheme and configuration of the recirculation cells developed byGCW2, developed for the full-scale intervention (a). Trend of VC and cis-DCE concentrations in groundwater
extracted from the low permeability zone (PNS1) (b) and the permeable zone (PNS2) (c).

P. Ciampi, C. Esposito, E. Bartsch et al. Science of the Total Environment 793 (2021) 148649
sources into the data-driven model is crucial for the comprehension of
the underlying mechanisms that affect the dynamics of contamination
and decontamination at the site as a function of multiple ongoing reme-
diation actions (Ciampi et al., 2021) and for quantifying the perfor-
mance of the adopted remediation technology (Ciampi et al., 2019a).
Suchmulti-source data renderingmodality hints at the potential impact
of hydraulic interference triggered by conventional extraction wells on
GCWs. Remodulating and reducing the flow rates of some active wells
within the influence radius of GCWs resonates in the mobilization of
secondary contamination sources and potentially plays a key role in en-
hancing the effectiveness and performance of recirculating wells. Ac-
cording to Miller and Elmore (2005), the presence of pumping wells
within the influence radius of GCW inevitably interferes with recircula-
tion cells. Thus, the cone of depression induced by conventional
pumping could be expected to distort the recirculation cells (Xia et al.,
2019). Case studies on the hydrodynamic interaction of GCWs and con-
ventional extraction wells are currently lacking. Hydrogeological nu-
merical flow, transport modeling, and particle tracking method may
explain both the interaction of GCWs with conventional extraction
wells and the potential synergistic effect in pollutant mobilization in-
duced by overlapping radii of influence of multiple recirculation wells
(Johnson and Simon, 2007; Miller and Elmore, 2005; Zhu et al., 2020).
Our hydrogeochemical model directs near real-time treatment recon-
figuration and assesses the performance of innovative technology im-
plemented for the first time on a large scale. The digital memory
11
(Breunig et al., 2020) poses a platform for data sharing, data extraction
and delivers a comprehensive and clear picture of environmental issues,
following the evolution of contamination dynamics and remediation ef-
forts (Ciampi et al., 2019a). This representation and calculation modal-
ity supports the hypothesis, largely demonstrated during the
experiments conducted in the past, that the residual mass of contami-
nants is now associated with the zones of lower permeability (Ciampi
et al., 2019b; Pierro et al., 2017; Petrangeli Papini et al., 2016), due to
the significant heterogeneity of the saturated zone and the chemical
and physical characteristics of the compounds leached into the subsoil
(DNAPLs). Owing to slow molecular diffusion phenomena, low perme-
ability lenses have become loaded with pollutants over time (Tatti
et al., 2019). Once the contaminant has been exhausted in themore per-
meable portions, the lower permeability zones now release the contam-
inant by back-diffusion, a slow but continuous phenomenon that
justifies the presence of such significant residual concentrations both
in themonitoring piezometers and in the extraction systems controlling
the groundwater. Also, Ciampi et al. (2019b) show that low-grade chlo-
rinated products (i.e., 1,2-DCE and VC) are significantly prevalent than
higher-grade chlorinated compounds (i.e., PCE and TCE). From 2008 to
2020, the average concentrations of PCE and TCE detected in groundwa-
ter vary between 0 and a few hundred μg/L. On the other hand, average
values of DCE and VC concentrations over the same monitoring period
range from several thousand to tens of thousands of μg/L (Fig. 1 of Sup-
plementary Material). Cross-referencing this information with
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microbiological characterization studies (Petrangeli Papini et al., 2016;
Pierro et al., 2017) and with results of previous experiments of micro-
cosm tests (Aulenta et al., 2007a), it is also possible to state that in
these low-permeability zones, natural biological phenomena of reduc-
tive dechlorination have almost quantitatively transformed the initially
spilled solvents into 1,2-DCE and VC. The findings of the microcosm
study by Aulenta et al. (2005), Petrangeli Papini et al. (2016), and
Pierro et al. (2017) demonstrate the potential to enhance complete de-
chlorination through the appropriate addition of an electron donor and/
or through bioaugmentation. The above studies reveal that the lack of
electron donors limits reductive dechlorination.Microbiological charac-
terizations conducted by Matturro et al. (2018) and Pierro et al. (2017)
prove that the slow release of electron donors modifies the groundwa-
ter microbiome with significant stimulation of autochthonous and spe-
cialized organohalide-respiring bacteria growth. In this scenario,
characterized by an advanced stage of the reductive dechlorination pro-
cess towards molecules with a reduced number of chloroatoms and a
low rate of reductive dechlorination due to the exclusive presence of
daughter products (i.e., DCE and VC) (Stroo and Ward, 2010; Tiehm
and Schmidt, 2011), the lack of electron donor could not allow the com-
pletion of the dechlorination pathway with the accumulation of low-
chlorinated compounds (Mayer-Blackwell et al., 2017; Sleep et al.,
2005; Yu et al., 2018). The remediation plant associated with IEG-
GCW®s, described by Ciampi et al. (2019b), Pierro et al. (2017), and
Petrangeli Papini et al. (2016) is equippedwith a systemwhich can con-
tinuously supply electron donor, concluding the in situ biological reduc-
tive dechlorination process with the formation of ethane (Aulenta et al.,
2007a; Aulenta et al., 2007b; Matturro et al., 2018; Ebrahimbabaie and
Pichtel, 2021; Walaszek et al., 2021). The findings prove a contraction
of VC plume volumes, evidently linked to the biodegradation of vinyl
chloride by biological activity, largely supporting this claim.

5. Conclusions

The geodatabase governs all phases of remediation, from character-
ization refinement, through the selection of an operational strategy and
the upscaling of its application. The data-driven 3D model contextual-
izes pollution dynamics and decontamination mechanisms within the
geologic framework, as a function of hydraulic stresses and biological
processes and in relation to remediation strategies enacted through
time. Spatio-temporal data integration affords a qualitative and quanti-
tative overview of the performance of the first full-scale approach, along
with the opportunity to adapt and modify the intervention configura-
tion based on the experimental results acquired in near real-time. The
technological efficacy of IEG-GCW®s to reduce themass of contaminant
present in the residual phase and adsorbed to the low-permeability
solid matrix has also been demonstrated, by monitoring the perfor-
mance of the application of this innovative groundwater remediation
strategy through hydrochemical modeling. Recirculation systems di-
rectly target secondary sources, accelerating the mobilization of pollut-
ants while simultaneously the IEG-GCW®s-associated electron donor
system promotes ISB and BRD pathway completion. The joint-
modeling findings hint at the necessity to thoroughly investigate the
hydraulic interactions generated due to well drawdown and recircula-
tion cell development induced by IEG-GCW®s, which could potentially
trigger a modification of groundwater flow vectors. This issue can dra-
matically affect the mobilization processes of old and residual phase
contaminants and is of crucial importance in complex contaminated
sites experiencing multiple groundwater remediation techniques.
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