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Abstract: Hydrogeological uniqueness and chemical-physical peculiarities guide the contamination 
dynamics and decontamination mechanisms in the environmental arena. A single composite 
geodatabase, which integrates geological/hydrological, geophysical, and chemical data, acts as a 
“cockpit” in the definition of a conceptual model, design of a remediation strategy, implementation, 
near-real-time monitoring, and validation/revision of a pilot test, and monitoring full-scale 
interventions. The selected remediation strategy involves the creation of "reactive" zones capable of 
reducing the concentration of chlorinated solvents in groundwater through the combined action of 
adsorption on micrometric activated carbon, which is injected into the aquifer, and degradation of 
organic contaminants, stimulating the dechlorinating biological activity by the addition of an 
electron donor. The technology is verified through a pilot test, to evaluate the possibility of scaling 
up the process. The results of post-treatment monitoring reveal abatement of the concentration of 
chlorinated solvents and intense biological dechlorination activity. Achieving the remediation 
objectives and project closure is based on the integration of multidisciplinary data using a multiscale 
approach. This research represents the first completed example in European territory of remediation 
of an aquifer contaminated with chlorinated solvents by a combination of adsorption and 
biodegradation. 

Keywords: groundwater contamination; remediation; three-dimensional (3D) hydrogeophysical 
model; geodatabase; pilot test; biodegradation 

 

1. Introduction 

Groundwater contamination by dense non-aqueous phase liquids (DNAPLs), such as 
chlorinated solvents, is increasingly recognized as a serious environmental problem [1]. Chlorinated 
solvents, including trichloroethylene (TCE) and tetrachloroethylene (PCE), are the most important 
subclass of DNAPLs [2] due to their widespread use in the electronics, chemical, dry cleaning, and 
metal fabrication industries [3]. The physical and chemical properties of DNAPLs, aside from their 
relatively low solubility [4], high specific gravity [5], and tendency to remain adsorbed to organic and 
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fine-grained materials [6], make them difficult to locate and characterize in the subsurface [7], and 
this can impact the effectiveness of conventional remedial technologies [8].  

Over the last decade, in situ application of activated carbon-based amendments has emerged as 
a promising remedial technology for the cleanup of subsurface organic contaminants such as 
chlorinated solvents [9,10]. The technology involves a combination of adsorption, which has been 
extensively characterized and well understood, and degradation [9–11]. The combination of these 
two processes is proposed to be more effective than conventional in situ remedial technologies that 
solely rely on degradation [10]. Despite the rapidly increasing number of field-scale applications, 
unanswered questions remain regarding the effectiveness and persistence of contaminant 
degradation, especially biodegradation [10]. In the present work, a colloidal activated carbon, 
PlumeStop™ (Regenesis), was considered as a versatile adsorbent for in situ groundwater 
remediation [11]. PlumeStop™ combines sorption-based contaminant removal with accelerated 
biodegradation [10]. The activated carbon-based amendment was co-injected with an electron donor 
(HRC™, Regenesis) to provide initial biostimulation of the treatment [12]. The selection and 
deployment of appropriate technologies for the remediation strategy were based on initial 
characterization activities [13]. In environmental issues, geology-related factors control the migration 
of contaminant plumes and influence the effectiveness of remediation technologies [14]. The 
performance of activated carbon-based amendments applied in situ is heavily affected by subsurface 
heterogeneity and the resulting uncertainty in the delivery and distribution of reagents [10]. The 
high-resolution characterization of underground geological heterogeneities and the integration of 
information represent key elements for characterization refinement, remediation design, 
optimization of intervention, and performance monitoring [15]. The combination of different 
prospection techniques provides additional and precious information by capturing the complexity of 
geological heterogeneity and allowing data spatialization [16]. Conventional site investigation relies 
on intrusive methods, such as borehole drilling and cone penetration tests [17]. These techniques 
provide only point information concerning the subsurface, with possible effects of spatial aliasing 
[18,19]. In addition, drilling can potentially spread contamination by opening DNAPL migration 
pathways through low-permeability zones [20]. Together with intrusive techniques, geophysical 
methods are now beginning to be applied to DNAPL contamination problems, both to assist in situ 
characterization and to monitor remediation processes [21]. Geophysical techniques have the 
advantage of reducing the need for intrusive investigations [20] and can provide spatially continuous 
information regarding the subsurface structure [16]. Some geophysical techniques can focus with an 
adequate resolution (meter) on the first meters to tens of meters of subsoil. In addition, possible links 
exist between relevant measured physical quantities and hydrological and environmental quantities 
of interest for contaminated site characterization [19]. The technique considered in this study is 
electrical resistivity tomography (ERT). According to previous studies, this technique can 
discriminate geological site structures [22], hydrogeology [23], contaminated materials, and 
biogeochemical processes [24] based on altered electrical properties. This research emphasizes the 
importance of integrated use of geological, hydrogeological, chemical, and geophysical data to 
achieve high-resolution characterization of underground geological heterogeneity, aquifers, and 
contaminated areas [25].  

The proper collection, storage, representation, and integration of geothematic data from 
different sources are key aspects in defining reliable remediation strategies for contaminated sites 
[14]. The creation of a "4D" geographical database (which also considers the time factor) enables the 
integrated management, representation, and analysis of different data (geological, hydrogeological, 
geophysical, and chemical) [26]. The multitemporal and multidisciplinary geodatabase assumes the 
role of an effective “near real time” decision support system (DSS) [26–28] able to manage and release 
data from characterization to implementation of the technique. The 3D georeferenced model extracts 
useful information for the decision-making process quickly and in a versatile way. The 
hydrogeological uniqueness and chemical peculiarities orient the selection of a remediation 
technology and identification of the application points [14]. The selected remediation technology was 
verified through a pilot test, which was monitored through ERT in near real time, with water and soil 
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sampling, to obtain technical and operational information for optimization of the intervention 
procedures on a larger scale. Based on the satisfactory results of laboratory investigations 
(microbiological and microcosm tests) [29–31], a field test was designed and implemented as the final 
step of the evaluation process, which led to the selection of an appropriate remediation technology 
according to the hydrogeochemical peculiarities of the site [15].  

The possibility of scaling up the process was evaluated using the pilot test. Full-scale results 
provide information on the long-term trend of the groundwater treatment onsite. The work illustrates 
the remediation measures adopted and the results of post-treatment monitoring for a period of two 
years. The results that led to project closure derive from the integration of multidisciplinary data, 
using a multiscale approach. This research represents the first completed example in European 
territory of remediation of an aquifer contaminated with chlorinated solvents by a combination of 
adsorption and biodegradation. 

2. Materials and Methods  

At the contaminated site of the new high-speed railway station of Bologna, Italy, a large amount 
of slightly contaminated soil (~1,000,000 m3) was excavated to create the new underground station. 
The excavation activities for construction of the structure that houses the station involved the removal 
of land attributable to shallow and intermediate aquifers. Corresponding to the excavation, a bypass 
system equipped with activated carbons for the treatment of groundwater was implemented prior to 
our intervention. The management of a large amount of heterogeneous data supports the entire 
remediation project, from the characterization phase to the application of interventions [15]. A large 
amount of multithematic data was stored and centralized in an integrated information management 
and analysis platform. The integrated geodatabase represents an effective near-real-time decision 
support system (DSS) able to manage and release data during the different remediation phases, from 
characterization to technique implementation, in the field test and at full scale [26]. The 
hydrogeological model analysis and selection of a remediation technology utilized multiscale and 
multiphase approaches [32]. In the first phase, the main hydrogeological characteristics surrounding 
the new high-speed railway station at full scale were detected. In the second phase, starting from the 
hydrogeological conceptual model obtained from the first one, the analysis focused on the pilot test 
area, increasing the observation scale to analyze in more detail the effects of geological heterogeneity 
in the first intervention area. The advanced geological modeling at both scales followed the 
reworking of stratigraphic data and archiving them in the geodatabase. In the study area, 47 
stratigraphic logs from boreholes drilled between 2005 and 2014 were available. A further 17 
boreholes were drilled during our activity (2016), to refine the geological model and take soil samples 
for laboratory tests. Geological surveys and laboratory analyses identified the lithotechnical units and 
evaluated the permeability of the stratigraphic horizons present in the station subsoil [33]. For this 
work, the stratigraphic data were reinterpreted and homogenized for a hydrogeological perspective, 
i.e., the various stratigraphic levels were merged or differentiated according to grain size and, hence, 
permeability [34]. The subsoil geological structure was subdivided in accordance with the 
groundwater circulation scheme. Permeability was evaluated via small-scale in situ tests (5 Lefranc 
tests) as a function of particle size, and through permeability tests in triaxial cells. Twenty-one soil 
samples were collected to perform particle size tests [35], determine Atterberg limits [36], and assess 
water content [37]. These analyses were performed at the Applied Geology Laboratory of the 
University of Rome (La Sapienza). The data acquired were organized according to a 
hydrostratigraphic criterion [34]. The georeferencing of the previous data and the new periodic 
measurements allowed hydrogeological structure modeling and reconstruction of the groundwater 
circulation scheme. The evaluation of hydrodynamic parameters enabled us to quantify the velocity 
of groundwater flow [38]. The hydrogeological setting was assembled based on a piezometric 
network consisting of 61 measurement points, 29 and 32 piezometers intercepting the shallow and 
intermediate aquifers, respectively, were considered. To strengthen the geological model, which 
arose from the interpolation of punctual data, geophysical investigations were conducted by 
performing three ERT [39] profiles covering the pilot test area. The ERT profile acquisition was aimed 
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at refining the conceptual geological model in the first application area. The site imposed significant 
logistic limitations. Given the presence of the nearby railroad in the west and construction works in 
the east, it was possible to deploy lines having sufficient length only in the north–south direction. 
Note that the ERT line geometry determines the maximum depth of investigation, which can be 
estimated to reach one-quarter to one-fifth of the line length [40]. In the case considered here, it was 
possible to deploy only 72 electrodes with 1 m spacing along 3 parallel lines, and thus we could only 
reach a depth of about 15 m. This implies that the ERT investigation only covered the shallow aquifer. 
The electrode configuration employed in electrical prospecting was a dipole–dipole array, and more 
precisely a skip-4 dipole–dipole, i.e., the dipole size equals 5 times the electrode spacing, or 5 m in 
total. The acquisition was conducted using a Syscal Pro 72, produced by Iris Instruments. A full direct 
and reciprocal acquisition scheme was used, for a total of about 5000 measurements along each line, 
and an acquisition time in the range of 30 minutes. The direct-reciprocal acquisition (i.e., exchange of 
current and potential dipoles) was necessary to assess the measurement error [41], which in turn was 
needed in the inversion process. For the data inversion, and consequently the production of imaging 
results, we used the open software ProfileR, provided by A. Binley [42]. The error threshold for 
resistance measurements and inversions was consistently fixed at 10%, which is a value compatible 
with the challenging electrical contact conditions posed by the partially paved soil surface and the 
need to drill holes for the electrodes through it. The evolution of the groundwater contamination 
status was reproduced based on a chemical analysis of water sampled in the monitoring network. A 
total of 180 monitoring campaigns were conducted in the period 2005–2019. Several thematic maps 
were produced by considering some key contaminants, which were correlated with the previously 
ascertained state of contamination. The concentration values were compared to the Italian threshold 
limits (CSC), the limits between each class correspond to multiples of the CSC value for each 
contaminant. We created thematic maps for the most relevant parameters, TCE and PCE 
concentration values, to visualize the evolution of groundwater pollution and identify intervention 
areas. To investigate the contamination dynamics, we grouped the data, taking into account the 
different phases of construction of the train station. For each parameter and each considered aquifer 
formation, we produced contour maps for the following phases: 

1. Preoperative (October 2004 to May 2006) 
2. Preliminary excavation (May 2006 to October 2009) 
3. Excavation (October 2009 to August 2011) 
4. Post-excavation (August 2011 to January 2013) 
5. Postoperative (January 2013 to December 2014) 
Following an accurate reconstruction of the qualitative status evolution of the 2 aquifers, the 

laboratory tests (microbiological and microcosm tests) were aimed at evaluating spontaneous 
dechlorination activity [29–31]. The purpose of the microbiological and microcosm chemical tests (not 
shown here) was to verify possible usage of an injectable colloidal activated carbon (PlumeStop®, 
Regenesis) at the identified contamination spots both for removal by adsorption of contaminants 
from the dissolved phase and for possible acceleration of biological processes of reductive 
dechlorination [10,11]. Based on the results obtained from the site characterization and 
microbiological [31] and microcosm [29,30] studies, a pilot test was designed to optimize the 
operating conditions at the field scale. The complete multidisciplinary, multiscale, and multitemporal 
characterization identified the intervention areas and supported the choice of remediation technology 
to be deployed. The pilot test was intended to ascertain the feasibility of the proposed remediation 
solution. It was designed in one of the intervention areas to optimize the layout and calibrate the 
implementation of an optimized full-scale intervention in order to check its efficiency. Time-lapse 
geophysical surveys and soil and groundwater sampling during pilot testing were intended to prove 
effective product diffusion in the 2 aquifers. After the PlumeStop™ injection, some surveys were 
conducted in the pilot test area using direct push (Geoprobe) penetrometers [43]. These investigations 
were aimed at visually checking the sediment color after injection and collecting soil samples for 
various analyses and tests. Seven penetrometric surveys were performed to investigate the 
subsurface to a depth of 10 m. The sediments subjected to treatment with PlumeStop™ underwent 
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slight color variation, due to the covering of soil particles with activated carbon. During the 
monitoring activity, a passive groundwater sampling system was installed in some piezometers 
intercepting the intermediate aquifer. Snap Samplers® (Q.E.D. Environmental Systems, Inc., Dexter, 
MI, USA) minimize the impact of the sampling process on groundwater chemistry [44]. Groundwater 
samples were collected using this method after PlumeStop™ injection. Among the monitoring 
activities, time-lapse geophysical investigations played a specific role. The use of repeated 
geophysical measurements to highlight changes in the system is state of the art for several 
hydrological applications but is used relatively scarcely at contaminated sites, particularly during 
remediation activities [40,45–47]. An ERT profile during pilot testing was acquired to verify the 
correct product spread in the first application area. The pilot test was conducted in a limited area, 
with the purpose of optimizing procedures and operational modes of interventions to scale up the 
process. Analytical monitoring at the sampling points constituting the piezometric network was done 
to check the effectiveness of the intervention adopted. The results of full-scale intervention provide 
information on the long-term trend of the groundwater treatment onsite. The multisource and 
multitemporal data were organized, georeferenced, and stored in a geodatabase, also useful for 
visualization and data processing. The hydrogeophysical 3D model was reconstructed by means of 
RockWorks 17 software (RockWare Inc., Golden, CO, USA) [48]. This software enables the acquisition, 
analysis, visualization, and integration of information from georeferenced data. The data integration 
and analysis phase involved interpolating and processing the geological, geophysical, and 
hydrochemical parameters [49,50]. The parameters included the characteristics of stratigraphic 
horizons, groundwater levels, geophysical information, and the chemical analysis of the sampled water. 
Data belonging to different scientific spheres were elaborated with the inverse distance weighted 
geostatistical method [50–52] to obtain an integrated multidisciplinary model. The interpolation of 
punctual data, performed using the appropriate algorithm, generated 3-dimensional models, which 
illustrate the spatial distribution of the parameters obtained from all investigations. The combination of 
these highly complementary data types—geology, hydrogeology, geophysics, geochemistry—enables 
the production of value-added photorealistic outcrop models, adding new information that can be used 
to capture the geological uniqueness, contamination dynamics, and performance of the adopted 
remediation intervention.  

3. Results and Discussion 

3.1. Geological and Hydrogeological Settings 

The outcropping deposits in the Bologna area are characterized by the Quaternary alluvial 
succession of the Po River Basin, exceeding 300 m in thickness. A subdivision of the Quaternary 
alluvial succession of the Po River Basin in the Bologna area has been proposed by Lugli et al. [53] 
and Regione Emilia-Romagna [54]. The Quaternary alluvial sequence shows a periodic alternation of 
coarse-grained (gravel and sand) and fine-grained (silt and clay) deposits, their repeated alternation 
represents the main feature of the depositional system [53,54]. In the study area, this arrangement is 
clearly recognizable: predominantly gravelly-sandy levels (characterized by variable thickness) are 
separated by silty-clay deposits. Beyond the backfill material, it is possible to distinguish the first 
level with fine granulometry, consisting of silty clays and clayey silts with thin laminations of very 
fine sand, followed by a second horizon composed of sands, fine sands with silt, and sandy silts 
arranged according to a stratigraphic succession. The third level of plastic clays and silty clays 
underlies the previous ones and covers the fourth stratum of medium sands with heterometric 
gravels. Below, consistent clays overlap sandy gravels. The lateral and vertical lithological 
heterogeneity has important implications regarding the variability of subsoil permeability. This 
alternate structure of high- and low-permeability zones can create preferential pathways for 
groundwater flow and solute transport [14,32]. For this reason, the geological structure of the subsoil 
was subdivided based on permeability characteristics, as follows: 

1. Backfill (anthropogenic) materials 
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2. Shallow clays and silts, low-permeability level of separation between backfill materials and 
shallow aquifer deposits 

3. Shallow aquifer 
4. Aquiclude 1, a low-permeability level of separation between shallow and intermediate 

aquifers 
5. Intermediate aquifer 
6. Aquiclude 2, a low-permeability level of separation between intermediate and deep 

aquifers 
7. Deep aquifer 
The subparallel structures that characterize the different horizons are very evident in the three-

dimensional lithostratigraphic model (Figure 1), a vertical exaggeration factor was used to mark the 
lithological steps. 

 
Figure 1. Three-dimensional geological model of the new high-speed railway station of Bologna. 

The hydrogeological conceptual model shows the presence of three aquifers separated by low-
permeability layers. The shallow and intermediate aquifers are relevant for the contamination issue. 
The shallow aquifer is composed of deposits with predominantly sandy and sandy-silty grain size. 
The intermediate aquifer is predominantly composed of gravelly and gravelly-sandy deposits. The 
shallow aquifer is characterized by variable thickness. The morphology of the limits of the 
intermediate aquifer is less articulated. The piezometric data collected during different campaigns 
allowed us to produce interpolated piezometric maps of the shallow and intermediate aquifers. The 
contour maps (Figure 2) illustrate the position of the excavation, which involved the removal of land 
attributable to shallow and intermediate aquifers for construction of the station and installation of 
the bypass system. 
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Figure 2. Representation of piezometric surface (m a.s.l.) for (a) shallow and (b) intermediate aquifer, 
dashed white rectangle represents excavation hosting station structure. 

Groundwater circulation in the shallow aquifer is complex in terms of flow direction (Figure 2a). 
The groundwater flow is oriented mainly from SE to NW. Considering hydraulic conductivity 
around 10–7 m/s, we determined the velocity of groundwater flows in the shallow aquifer to be around 
1–5 m/year. Note that the shallow aquifer changes its state from phreatic in some areas to fully 
confined elsewhere. The intermediate aquifer, which is constantly confined, shows a prevailing 
direction of groundwater flow from S to N (Figure 2b). Considering average hydraulic conductivity 
on the order of 10–4 m/s, we estimated a groundwater flow velocity around 50–100 m/year. To provide 
useful information for design purposes, in terms of sizing and configuration of the remediation [15], 
we focused our attention on the subsoil in the pilot test area. The high-resolution geological model 
was constructed based on data from 17 boreholes, it covers an area of about 350 m2. The stratigraphic 
relationships are those mentioned above (Figure 3). 

 

Figure 3. (a) Boreholes, stratigraphic contacts, and (b) geological model of the pilot test area in 3D. 

The density of information in the pilot test area produced a stratigraphic model that identifies 
lateral and vertical heterogeneity. The presence of lenses with low permeability and the occurrence 
of preferential outflow pathways greatly influence the diffusion of contaminants and reagents and 
the choice/design of a remediation strategy [14]. The spatial sampling that can be achieved via direct 
borehole investigations is, of course, limited and cannot capture the complexity of small-scale 
preferential pathways [18]. On the other hand, the refinement of the geological model represents a 
key element for the choice and design of a technical intervention [15]. 

3.2. Geophysical Model 

The 3D geological/hydrogeological model was refined and strengthened by integrating the 
geophysical evidence [22]. Geophysical investigations were carried out by performing three ERT 
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profiles covering the area of the pilot test. The three resulting ERT sections are presented in Figure 4. 
A resistivity model in 3D (Figure 5) was produced by interpolation across the three ERT lines. 

 
Figure 4. (a) Arrangement of electrodes in the soil in the pilot test area and (b) resulting in electrical 
resistivity tomography (ERT) profiles. 

 
Figure 5. 3D resistivity model covering the pilot test area. 

The spatial continuity of the geoelectrical data correlates high-resistivity zones with sandy 
deposits of the shallow aquifer, which are characterized by good hydraulic permeability. These 
represent preferential flow paths and transport routes, while the layers with lower resistivity 
correspond to clayey horizons, which feature low permeability. The use of closely spaced 2D ERT 
data facilitates the spatialization of data [22]. The combination of noninvasive methods with 
traditional and nonreplaceable punctual prospecting techniques captures the variability of geological 
heterogeneity and the complexity of the transport process [23]. High-resolution characterization and 
integration of geophysical models represent key elements for remediation design and intervention 
optimization [15]. 
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3.3. Contamination Status Evolution 

Figures 6 and 7 show more relevant maps for the reconstruction of the contamination status of 
groundwater (PCE and TCE). Tetrachloroethylene (PCE) and Trichloroethylene (TCE) were certainly 
used in the past as degreasing solvents and constitute the primary contaminants. Each figure shows 
the values of concentrations at three time instants. The contour maps illustrate some of the phases of 
construction of the train station. These are compatible with the phases of aquifer response to possible 
sources of contamination. Concentration values are compared to the Italian threshold limits (CSC): 
the limits between each class correspond to multiples of the CSC value for each contaminant. 

 
Figure 6. Contour maps representing values of tetrachloroethylene (PCE) concentration in the (a–c) 
shallow and (d–f) intermediate aquifers at three time instants. 

 
Figure 7. Contour maps representing values of trichloroethylene (TCE) concentration in (a–c) shallow 
and (d–f) intermediate aquifers at three time instants. 

CSC excesses are concentrated during working activities in two phases: preliminary excavation 
and excavation. Afterwards, the contamination levels decrease in terms of both areal extension and 
concentration. The general evolution shows how station processing activities clearly influenced the 
quality of groundwater. In fact, as soon as the preliminary excavation phase ends, there is a constant 
amelioration of groundwater quality. Moreover, during the postoperative period, there is an 
improved qualitative state and it is possible to identify the areas affected by significant residual 
contamination [55]. The increased concentration of chlorinated solvents during the excavation phases 
could be related to the remobilization of contaminants adsorbed on the solid soil matrix or partly 
present as trapped nonaqueous phase [56]. 

3.4. Design of Remediation Strategy and Implementation of Pilot Test 
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The design of the remediation strategy should consider the specificity of the contaminated site, 
which can be summarized as follows: 

1. A relatively large area is affected by a low concentration of contaminants. 
2. Small masses of chlorinated solvents have to be treated. 
3. There is thin and slow groundwater circulation in the shallow aquifer. 
4. There are channelized coarse-grained sediments that can act as drains for fluids to be 

injected into the aquifer. 
We considered the technological approaches suitable for a situation of widespread 

contamination with the presence of well-identified higher contamination spots. The potentially 
applicable technologies fall within the range of in situ interventions, both physical-chemical and 
biological. The applicability of technologies such as monitored natural attenuation (MNA) and 
enhanced natural attenuation (ENA) [57] was experimentally verified. Experimentation (not shown 
here) showed that natural attenuation phenomena do not allow a significant reduction of 
contaminants in the groundwater. However, the experiments revealed the possibility to accelerate 
the reductive dechlorination biological process by adding an electron donor [30]. Based on the results, 
biological reductive dechlorination was recognized as a potential approach for site remediation, but 
the extremely low chlorinated aliphatic hydrocarbon (CAH) concentration and consequent kinetic 
limitation made it unfeasible for the site. The possibility of using a dispersed colloidal activated 
carbon (PlumeStop™, Regenesis, San Clemente, CA, USA) was investigated as a site-specific 
remediation approach [10]. The micrometric carbon is marked by a proprietary surface-charge 
modification to enable dispersion and can be easily injected into a contaminated aquifer. It creates an 
in situ adsorption zone that can potentially reduce CAH concentration quickly. Furthermore, it raises 
the kinetics of the biological reduction by locally increasing the bioavailable CAH concentration at 
the carbon surface [11]. The technology was co-injected with an electron donor (HRC™, Regenesis, 
San Clemente, CA, USA) to stimulate indigenous bacteria to degrade the chlorinated compounds 
[12]. The intervention consists of creating an injection front corresponding to some contaminated 
piezometers. Based on contamination evolution, different areas for the application of PlumeStop™ 
and HRC™ were selected (Figure 8). 

 
Figure 8. Identification of the pilot test and other intervention areas. 

For each area, the characteristics of the aquifers to be treated and the quantities of product to be 
injected were identified. A multiple injection system was developed for the generation of reactive 
zones [10]. Fixed stations allowed the injection of reagents at high pressure, repeated over time and 
at different depths along the vertical, to use selective dosing corresponding to the most contaminated 
zones. The treatment stations were customized depending on the type of contamination, the 
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geological sequence, and permeability characteristics. Injections were performed at regular depth 
intervals, starting from the deeper portions and gradually moving toward the shallower ones, to 
affect the more permeable layers of the intermediate aquifer ("isolated" by an impermeable septum) 
first, and then the less permeable shallow aquifer. High-pressure injections traced the product's rise 
along with fractures and preferential flow pathways. Thus, low-pressure injections were performed 
to facilitate good distribution of the product into the more permeable layers. The multiple injection 
system was customized depending on local characteristics. For this reason, the pilot test area was 
investigated in detail. The ERT survey and soil and groundwater sampling confirmed satisfactory 
dispersion of PlumeStop™ during pilot testing. The investigations carried out with Geoprobe 
penetrometers verified effective diffusion of the product in the shallow aquifer. A visual comparison 
showed good distribution of the product, a homogeneous coating of soil particles, and evidence 
perceptible up to 3 meters away from the injection point. The most permeable aquifer portions (9–9.5 
m from ground level) had a more evident change in color, probably due to a greater quantity of 
products able to permeate this zone. The passive groundwater sampling system demonstrated good 
distribution of the amendment in the intermediate aquifer. The geophysical surveys performed in 
near real time provided undoubtedly critical information, especially in terms of where and how in 
situ remediation actions affected different portions of the subsurface as an effect of subsoil hydraulic 
heterogeneity [58]. In fact, the physical variable of interest, electrical resistivity, is strongly related to 
state variables of key environmental interest [59]. In the case considered here, the injected solutes 
(PlumeStop™ and HRC™) raised the electrical conductivity of natural groundwater, as shown also 
by laboratory tests (not shown here). Thus, it was relatively easy to track the injected plumes by using 
time-lapse ERT. Figure 9 shows the results of a preliminary PlumeStop™ injection conducted in 
November 2015 and monitored using an ERT line corresponding to the direction of line L1 (see Figure 
4a) but slightly shifted to the north. Note how the low electrical resistivity manifests itself because of 
PlumeStop™ injection, corresponding with the sandy bodies also identified in Figure 5. The 
resistivity changes are not symmetrical with respect to the injection point (blue arrow in Figure 9) 
because of the strong heterogeneity of the shallow aquifer. The red zones in Figure 9 indicate no 
resistivity changes. These zones mainly correspond to aquiclude 1, where the product could not 
penetrate because of the lower permeability of this formation. 

 

Figure 9. (a) Trace of the ERT line and (b) section illustrating resistivity changes (in % with regard to 
(w.r.t.) background) caused by PlumeStop™ injection. The injection point corresponds to vertical blue 
arrow. 

The pilot test had to be representative of the process at full scale. Its implementation provided 
useful information about process efficiency and the actual extent of treatment, which varied 
depending on the site’s subsurface characteristics. Analytical monitoring and integration of 



Appl. Sci. 2019, 9, 4318 12 of 19 

geophysical data during pilot test implementation facilitated the assessment of the remediation 
technology performance and the evaluation of possible modifications and integrations of the 
intervention strategy (configuration of injection points and quantity of product to be injected). 

3.5. Full-scale intervention 

The results obtained during the experiment supported a definitive design choice for the full-
scale intervention, determined the remediation of the identified contamination areas, and allowed 
achievement of the objectives and closure of the project. The following graphs illustrate the results of 
post-treatment monitoring of some piezometers installed in the four intervention areas for a period 
of two years. The first series of graphs refer to the pilot test area. The graphs show a reduction in 
chlorinated solvents detected after full-scale intervention in shallow aquifer below the threshold 
limits (CSC) established by Italian law (Figure 10). 

 

Figure 10. Concentrations of (a) 1,2 dichloroethene (1,2-DCE) and (b) 1,2-dichloropropane detected in 
a piezometer installed in the pilot test area. 

The tendency of CAH concentrations showed a reduction to nondetectable levels within only a 
few weeks from application. The evolution of the concentrations of chlorinated solvents measured in 
some piezometers that intercepted the intermediate aquifer in intervention areas 2 and 3 are shown 
in Figure 11 (see Figure 8 for identification of intervention areas). 
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Figure 11. Concentration trend of chlorinated solvents measured in the intervention (a,b) area 2 and 
(c,d) area 3. 

The post-intervention scenario shows a clear improvement in the state of water contamination. 
The concentrations detected across the piezometric network after the full-scale intervention are 
clearly below the remediation objectives. The parent compounds (PCE and TCE) and daughter 
compound (DCE) [29,30] exhibited reductions of one order of magnitude within the first month. With 
regard to the concentration detected in the shallow aquifer in the last area of intervention (area 4, see 
Figure 8), a sequential increase of DCE and vinyl chloride was observed in subsequent monitoring 
data (Figure 12). 
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Figure 12. (a) PCE, (b) TCE, (c) 1,2-DCE, and (d) vinyl chloride (VC) concentrations detected in 
shallow aquifers in the last intervention area. 

The last intervention area is located upstream of the railway station from a hydrogeological 
point of view. The increment of PCE and TCE concentration in the post-excavation phases shows that 
chlorinated solvents entered from areas outside the site. The injection of reagents reduced the 
concentration of compounds with higher numbers of chlorine atoms. The increase of DCE and VC 
after the injection indicates that solvent degradation proceeded without limitation despite the 
significant reduction of parent compounds in the aqueous phase [29,30]. Under anaerobic conditions, 
accumulation of cis-DCE or vinyl chloride (VC) is often observed at CAH contaminated sites [60]. 
Hydrogen atoms replace chlorine atoms one after the other, resulting in the typical dechlorination 
sequence from PCE via TCE, cis-DCE, and VC, down to ethane. The rate of reductive dechlorination 
decreases with the decreasing number of chloroatoms, causing an accumulation of cis-DCE or VC 
[60]. Compounds with a higher degree of chlorination, such as PCE and TCE, were detected at lower 
concentrations, presenting intense biological dechlorizing activity after the injections. Previous 
studies underlined that unanswered questions remain regarding the effectiveness of activated 
carbon-based amendments, given the lack of both field data and evidence of a biodegradation process 
[10]. The results obtained in the last intervention area (Figure 12) clearly highlight the occurrence and 
persistence of biodegradation. A combined injection of PlumeStop™ and HRC™ into groundwater 
represents an innovative remediation operation, the first of its kind to be realized on a large scale in 
European territory. Intervention monitoring played a fundamental role in validating the performance 
of the implemented remediation strategy. The reduction of CAH concentration below CSC limits is 
evidence of the effectiveness of the adopted remediation technology for abatement of chlorinated 
solvents, through the combined action of contaminant absorption and biodegradation processes. 
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Based on the literature, there is still uncertainty regarding how subsurface heterogeneity may affect 
the design, implementation, and monitoring of this technology [10]. The remedial investigation phase 
primarily focuses on characterizing subsurface geology and contaminant distribution [61]. From the 
implementation perspective, field applications should continuously stress adequate site 
characterization for remedial design. Verifying the amendment distribution should be part of 
performance monitoring. The distribution of activated carbon-based amendments is a key factor 
determining the success of the remedy [10]. The multidisciplinary geodatabase and integrated data 
modeling support the design, sizing, and configuration of the intervention strategy. In fact, the 
injection mode strongly depends on geological, hydrogeological, and operational characteristics, and 
particularly critical is the possible presence of preferential flow pathways. The geophysical model 
obtained from the three ERT profiles strengthened the geological model and provided the necessary 
high-resolution details. Electrical resistivity tomography measurements indicated that the geological 
site structure, hydrogeology, and the injected product can be discriminated based on altered electrical 
properties [22–24]. The realization of injection stations and the injection of PlumeStop™ were done 
based on the most suitable configuration. The pilot test, appropriately coordinated through the 
multidisciplinary and multitemporal data management model, was checked in the implementation 
phase in terms of yield through ERT, soil, and groundwater sampling. Geophysical surveys and 
monitoring activities were conducted in near real time to control the effectiveness of the intervention, 
in terms of the capacity of product diffusion. The field test provided an impressive picture, 
illustrating how in situ remediation actions affected different portions of the subsurface, as an effect 
of subsoil hydraulic heterogeneity. The pilot test provided the elements for verifying efficiency, 
optimizing the intervention layout, and designing an optimized full-scale intervention. The data-
driven model comprises, collects, and establishes a connection between environmental variables, to 
optimize the contribution of each aspect supporting the design, implementation, and validation of 
the remediation technique. The hydrogeophysical model and thematic database act as integrated and 
continuously updated tools that can manage and calibrate the progress of the intervention modality 
according to innovative approaches during the remediation phases, from pilot site to full-scale 
intervention. The multisource model, data fusion, and integrated approach demonstrate the 
biodegradation process in conjunction with contaminant adsorption for in situ subsurface 
remediation of chlorinated solvents with activated carbons and illustrate how geological 
heterogeneity affects reagent distribution.  

4. Conclusions 

This paper presents a case of coordinated use of geological, hydrochemical, and geophysical 
data to support characterizing a contaminated site at high resolution, designing a remediation 
intervention, monitoring and validating a pilot test, and implementing an effective remediation 
strategy at full scale. The hydrogeophysical model and thematic database act as integrated and 
continuously updated tools that can optimize the investigation during the characterization phase, 
support the choice of strategies in the planning phase, and manage and calibrate the progress of the 
intervention modality according to innovative approaches during the remediation phase. 
Representing the geological structure with a 3D model facilitates its understanding and depicts the 
hydrogeological settings. The high-resolution lithostratigraphic reconstruction caught the variability 
of geological heterogeneities, which exert a decisive influence on the contamination dynamics and 
decontamination mechanisms. The combination of geophysical evidence strengthened and refined 
the 3D geological/hydrogeological model by providing data spatialization. The hydrogeological 
uniqueness and chemical peculiarities supported the selection of a remediation technology and the 
identification of application points. The indications acquired by the pilot test optimized the full-scale 
operation. Time-lapse geophysical surveys and soil and groundwater sampling during pilot testing 
delivered critical information, especially in terms of where and how in situ remediation actions 
affected different portions of the subsurface, as an effect of subsoil hydraulic heterogeneity. The 
operating project provided an innovative remediation strategy for sites contaminated by chlorinated 
DNAPLs. The remediation strategy implied the creation of "reactive" zones capable of significantly 



Appl. Sci. 2019, 9, 4318 16 of 19 

and permanently reducing the concentration of chlorinated solvents in groundwater through the 
combined action of adsorption and biodegradation. The results of full-scale intervention provide 
evidence for intense biological dechlorizing activity. Achieving the remediation objectives and 
project closure is based on integrating multidisciplinary data using a multiscale approach. This 
research represents the first completed example in European territory of the remediation of an aquifer 
contaminated with chlorinated solvents by a combination of adsorption and biodegradation. 
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