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Abstract: The containment of contaminant plumes to protect groundwater from pollution is rec-
ognized as a frequent need in brownfield redevelopment. Plume containment can be physical,
with slurry walls, jet grouting etc., or hydraulic, with wells capturing the subsurface flow that crosses
the contaminated front (Pump & Treat), or a combination of both types. The choice of the most suit-
able technique is a difficult task, since various aspects must be taken into consideration. In this paper,
we present a framework for evaluating barriers in terms of effectiveness and efficiency, along with
a simplified approach for the evaluation of capital and operational costs. The contaminant mass
discharge escaping from the containment system is a robust indicator of its effectiveness, and can be
derived from modelling results. The abstracted water flowrate is a key indicator of the efficiency and
sustainability of each option, especially in the long term. The methodology is tested in a simplified
case study and in a real one, highlighting the relevance of modelling results in guiding the choice
and design of contaminant source containment systems.

Keywords: contaminated site; contaminant source; contaminant transport; groundwater; pollution;
water resources; slurry wall; Pump & Treat

1. Introduction

The increasing number of contaminated sites poses a serious challenge for the imple-
mentation of remediation measures. Three kinds of remedial approaches can be imple-
mented at a contaminated site: active restoration, containment, and monitored natural
attenuation [1]. Active restoration approaches comprise different techniques for removing
contaminants or degrading them into less harmful substances, and are typically applied
for the treatment of the source zone or of highly concentrated plumes. Active restoration
can be performed both ex situ, i.e., by extracting the contaminated matrix and treating
it on the surface, or in situ, i.e., by treating the environmental component directly in the
subsurface. When possible, in situ techniques are preferred, since they make it possible
to reduce not only the remediation costs and time, but also the depletion of resources [2].
Relevant examples of in situ remediation techniques include chemical oxidation [3–6],
chemical reduction [7–10], adsorption/immobilization/precipitation processes [11–13],
enhanced bioremediation [14,15], and electrochemical treatments [16–18].

Pollutant containment instead aims to avoid or reduce the propagation of contami-
nants towards sensitive targets. It is applied in most contaminated sites as an emergency
measure to prevent the spread of pollutants in the short term. However, containment
can be converted to a permanent solution when active approaches are not technically or
economically feasible. Finally, monitored natural attenuation consists of the careful control
of naturally occurring contaminant degradation [19,20]. It is usually applied in the case
of residual contaminations, after the source has been treated by active approaches, or low
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concentrated plumes, but only if no sensitive receptors are present downstream of the
site. The choice of the most suitable case-specific remedial approaches depends on several
factors, such as technical feasibility, legislation, requests by control authorities, planned site
reuse, and economic constraints. The challenging task of integrating all these criteria has
been widely debated in the literature [21–24].

The containment of contamination sources is a key step to preventing the downstream
propagation of pollutants in groundwater systems. Two main containment options are avail-
able: hydraulic and physical. The first is the most common on contaminated sites due to its
rapid implementation, flexibility and scalability. In addition, water wells are not affected
by the limits of reachable depth typical of physical barriers [20,25,26]. The functioning
principle consists of pumping water from wells (or, more rarely, well points, trenches etc.)
at a sufficient rate so that all groundwater crossing the contaminated source is captured [26].
As the extracted water generally needs to be treated, the hydraulic containment systems
are often referred to as Pump & Treat (P&T) systems. P&T has been the most widely used
option for the remediation of contaminated sites since the 1980s [20]. However, it suffers
from several shortcomings and disadvantages, which have been extensively addressed
in the literature [20,25,27–33]. P&T has very high operational costs that must be incurred
for several years, often decades [20,34–37]. These costs are hard to predict, due to tailing
and rebound [1,27]. Tailing occurs when the extracted water exceeds the threshold con-
centrations, even after a long-elapsed pumping time, thus requiring the treatment to be
continued. The rebound is an increase of contaminant concentrations after the operations
of the P&T system have ceased, which may require the system to be restarted. Finally,
P&T is largely ineffective in the treatment contaminants with a low solubility, known as
Non-Aqueous Phase Liquids (NAPL).

Physical barrier techniques are based on a local reduction of hydraulic conductiv-
ity around the contaminated zone. The most widely used technique is the slurry wall,
which can be composed of concrete, concrete with bentonite, or soil mixed with bentonite.
Sheet piling, grouting, and jet grouting are also used [26,38]. The main drawbacks of physi-
cal containment are represented by the irreversibility of the alteration of the groundwater
flow field and the high installation cost.

The choice between a hydraulic and physical barrier for the containment of con-
tamination is a topic of general concern and, hence, is well-documented in the literature.
Several approaches have been proposed to date to guide this choice, but they have all
focused on hydraulic aspects only [39–41] or on contaminant transport through the slurry
wall [29,42], without considering contaminant mass discharge to the domain.

The work presented in this paper aims to fill this gap by proposing and demonstrating
a quantitative approach to source containment evaluation. The rest of the paper is organized
as follows. Section 2 presents the methodology to evaluate and compare the performance
and costs of physical and hydraulic containment measures. The evaluation framework
proposed is intended for the analysis of the numerical modelling results, as it has become
the standard in the design of remediation measures; however, a reference to a few well-
known analytical models is also made. Section 3 provides two examples of the application
of the approach proposed: an “ideal” site, with a square contaminant source crossed by
a uniform groundwater flow, and a real contaminated site. Different P&T systems and
slurry wall configurations are simulated for both cases, and results are compared to derive
the performance indicators described in the previous section. Conclusions are reported
in Section 4.

2. Evaluation Framework

The choice and the design of the source containment method must be performed con-
sidering performance, impacts, and costs over a sufficiently long period of time. This pro-
cess is generally supported by numerical flow and solute transport modelling. As a cal-
ibrated and validated model of the site is available, the different source containment
options can be sized, designed, and reproduced with the model. The main design pa-
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rameters are, for hydraulic containment, the number, positions, and pumping rates of
wells, whereas the physical containment system is described by the boundary shape,
the thickness, the hydraulic conductivity, and dewatering pumping rate (if such system is
foreseen). The containment options are subsequently evaluated from the points of view of
containment performance and of life-cycle costs.

This Section first addresses specific design and modelling aspects of hydraulic
(Section 2.1) and physical containment systems (Section 2.2). Subsequently, Section 2.3
presents the metrics proposed for the evaluation of containment performance and effi-
ciency. A quick and simplified assessment method for life-cycle costs is finally explained in
Section 2.4. A summary of the methodology for evaluating performance and life-cycle
costs is reported below in Figure 1 and Table 1.
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Figure 1. Contaminant mass discharges from a contaminant source with no containment (A), in the
presence of a hydraulic containment with a well barrier (B), and in the presence of a physical
containment (C).

Table 1. Quantities and parameters considered in the techno-economic evaluation of source containment techniques.

Parameter No Containment Hydraulic
Containment Physical Containment

Mass discharge from the source ΦS ΦS ΦS,HB Not available
Escaped mass discharge ΦE ΦS ΦE,HB ΦE,PB

Abstracted flow rate Q 0 QHB QPB
Contaminant capture efficiency ηΦ 0 ηΦ,HB = 1 − ΦE,HB

ΦS
ηΦ,PB = 1 − ΦE,PB

ΦS

Hydraulic efficiency ηH 0 ηH,HB = QS
QHB

ηH,PB = QS
QPB

Capital costs CAP 0 uW Nd + uTP,CAPQHB uW Nd + uTP,CAPQPB + uPBLd + uC·APB
Operational costs OP 0 uTP,OP·QHB uTP,OP·QPB

2.1. Design and Modelling of Hydraulic Containment Systems

The sizing and design of hydraulic barriers must ensure that the capture area of the
well(s) embraces the whole contaminated area. In the ideal case of a confined aquifer with
unlimited extension and homogeneous properties, the maximum amplitude Wmax of the
capture area is given by the following formula [43]:

Wmax =
QHB
Kbi

, (1)

where b (m) is the saturated thickness, K (ms−1) is the hydraulic conductivity, i (dimension-
less) is the hydraulic gradient, and QHB (m3s−1) is the flow rate extracted by the hydraulic
barrier. The sizing formula reported in Equation (1) is based on simplifying assumptions
that are not met in reality (as shown later in Section 3.2), but it can be used for a quick
sizing to be fine-tuned with numerical simulations.

Advective particle tracking packages have been developed for several groundwa-
ter modelling software, such as MODFLOW [44] and FEFLOW [45], and have become
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the standard in the design of hydraulic barriers [26,46]. The advective particle tracking,
however, is not a sufficient tool to verify the correct and effective operation of a P&T
system, as already proved in several research works, among which Ref. [47]. Indeed, hydro-
dynamic dispersion plays an important role in solute transport and, as shown in Section 3,
results in contamination leaks downstream of the P&T wells, even if the contaminated zone
results as completely captured from a hydraulic point of view, as determined by advective
particle tracking.

2.2. Design and Modelling of Physical Containment Systems

The physical containment of plumes is performed by installing low-permeability
barriers, which totally or partially surround the source. Different kinds of barriers are
available, the most diffused are slurry walls (soil-bentonite, cement-bentonite, soil-cement-
bentonite), but sheet pile barriers, geomembrane walls, geo-composite barriers, frozen walls
are also used [26]. The design and modelling of physical barriers encompass different
aspects, namely, (i) the alteration of groundwater flow field around these installations,
(ii) the contaminant leakage from the bounded volume, and (iii) its water budget.

Physical barriers have a major impact on the groundwater flow field and, gener-
ally, the alteration consists of a hydraulic head increase upstream of the barrier and
a decrease downstream. The alteration of the hydraulic head influences the propaga-
tion of contaminants through the slurry wall. Two kinds of mass discharge occur, the
diffusive flux Jd (kg·s−1·m−2) driven by the concentration gradient, and the advective
flux Ja (kg·s−1·m−2) driven by the hydraulic head gradient [42], with three possible
combinations:

(1) if the hydraulic head is equal at both sides of the wall, the advective flux is null (Ja = 0)
and contaminants leak only by diffusion (Figure 2A);

(2) if the hydraulic head is higher inside the bounded area compared to the outside,
the “positive” advective flux Ja sums to the diffusive flux Jd, fostering the contaminant
leakage from the barrier (Figure 2B);

(3) if the hydraulic head is lower inside the bounded area, the “negative” advective flux
Ja contrasts the diffusive flux Jd (Figure 2C).

The third case is the most favorable for containment, whereas the second is the least
favorable and may occur if the slurry walls retain rainfall which has infiltrated the bounded
area. Therefore, a capping is often installed to reduce the rainfall infiltration [26] with
dewatering wells as an integrative or alternative measure.

The dewatering pumping is performed in two phases, i.e., emptying and maintenance.
The emptying is the withdrawal of a volume VE (m3) to achieve the desired negative
hydraulic gradient between the internal and the external sides of the slurry wall. The main-
tenance phase is the withdrawal of a flow rate QPB (m3·s−1) that compensates the intake
from the top (rainfall infiltration) and from the sides, due to groundwater infiltration from
outside the bounded area, which is induced by the dewatering activity itself. The flow
rate QPB can be assigned a priori but, more often, dewatering is activated and switched off
depending on upper and lower hydraulic head thresholds, respectively. If the software
adopted includes the introduction of such constraints, this modality makes it possible to
simulate dewatering in a more realistic way.

Depending on the software adopted, the slurry wall is modelled as a domain portion,
i.e., considering its real geometry and assigning specific values of hydraulic conductivity
and solute dispersivity. This option has high computational costs due to the need to
reproduce the barrier geometry with a very fine grid or mesh. Alternative options have
therefore been developed, such as the horizontal flow barrier HFB6 of MODFLOW [48],
which reproduces flow and contaminant transport inside a barrier with a 1D geometry.
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Figure 2. Propagation of a contaminant between the two sides of a physical barrier: (A) purely
diffusive transport, in the absence of a hydraulic head gradient; (B) diffusive + advective transport,
in the presence of a positive hydraulic head gradient from inside to outside; (C) diffusive transport
contrasted by advection, due to a negative hydraulic gradient.

2.3. Performance and Efficiency Indicators for Source Containment
2.3.1. Performance Indicators

For a long time, the performance of remediation activities has been based on con-
taminant concentrations at certain monitoring wells or points of exposition. The recent
literature, however, suggests that contaminant mass flux and discharge are often more
effective as a performance indicator [20,30]. The mass flux (g·m−2·d−1) is the local intensity
of the mass discharge Φ (g·d−1). As reported in ITRC (2010, [49]), the mass flux provides
a clearer information on which parts of the aquifer are conveying the largest amounts
of contaminant and, hence, must be prioritized for aquifer remediation. Also, mass dis-
charge and flux data proved effective in assessing the performance of remediation activity
and in informing the choice among different techniques [49] and about management of
remediation activities [50].

The comparison of source containment methods is another task in which mass dis-
charge and flux can be a more effective indicator than concentrations. Indeed, the resulting
spatial distributions of contaminant concentrations in the presence of hydraulic or physical
containment can largely differ due to the alteration induced to the groundwater flow field,
especially in the presence of complex site geometries and hydrogeological setups.

We propose to focus on the contaminant mass discharge ΦE (kg·s−1) that escapes
from the (physically or hydraulically) bounded area to evaluate the effectiveness of con-
tainment. This quantity can be determined with different mass budget tools included in
a groundwater modelling software.

The value of ΦE, however, is not self-explanatory, but should be compared with the
contaminant mass discharge that was spreading before the implementation of contain-
ment. This mass discharge, defined as ΦS (kg·s−1), can be determined with mass budget
tools applied to the contaminant source only or, if such a tool is not available, it can be
approximated as:

ΦS ≈ Qs·CS (2)

where QS (m3·s−1) is the flow rate that crosses the contaminated source and CS (kg·m−3)
is the water-phase concentration of the contaminant at the source. Equation (2) is based
on the simplifying assumption of an uniform distribution of CS. In addition, it does not
consider diffusive and dispersive fluxes, thus underestimating the value of ΦS, as it will be
demonstrated in the examples of Section 3.

The leaked contaminant flux in the presence of a physical barrier (ΦE,PB) is a straight-
forward concept and, under due simplification assumptions, it can also be determined
with analytical formulae [42]. On the other hand, it is more difficult to understand why
a contaminant mass discharge (ΦE,HB) leaks from a hydraulic barrier that embraces the
whole contamination source with its capture zone. This leakage is due to the hydrodynamic
dispersion, which widens the contaminated front and transforms the capture area into
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a secondary contaminant source. The numerical modelling of flow and solute transport
make it possible to assess ΦE,HB with two possible approaches, i.e., with a mass budget
tool (if available) applied to the modelling domain or to the portion which is downstream
of the well capture zone, and/or through budget closure, calculating the mass discharge
ΦW,HB captured by the wells:

ΦW,HB = CW QHB, (3)

where CW (kg·m−3) is the concentration at the well or, in the presence of multiple wells,
the flow rate weighted average of concentrations at each well. Based on the flux budget
shown in Figure 1, the mass discharge escaping from a hydraulic barrier is:

ΦE,HB = ΦS,HB − ΦW,HB. (4)

The mass discharges of leaked contaminants are the input to derive indicators of the
mass discharge removal efficiency ηΦ for a hydraulic (HB) and physical (PB) barrier:

ηΦ,HB = 1 − ΦE,HB

ΦS
, (5)

ηΦ,PB = 1 − ΦE,PB

ΦS
, (6)

Both Equations (5) and (6) refer to the contaminant mass discharge ΦS occurring in
the absence of any containment measure.

2.3.2. Efficiency Indicators

Hydraulic barriers are based on groundwater withdrawal and, as shown in Section 2.2,
a dewatering pumping can also be introduced inside a source area bounded by a physical
barrier to enhance its containment performance. The extracted flow rate (or volume) is a key
quantity because pumped water from a contaminated area must be treated. This activity
has impacts not only on operational costs, as explained in Section 2.4, but also on the
environment due to the energy demand for pumping and treating, the consumption of
reagents and sorbents, and the disposal of hazardous waste. Several papers were published
on the impacts and life cycle assessment of P&T systems [51–54], whereas the literature on
physical barriers is more limited [55].

At a time t, the volume VHB (m3) extracted by a hydraulic barrier is:

VHB = QHBt, (7)

For a physical barrier with a dewatering system, the abstracted volume VPB (m3) is:

VPB = VE + QPBt, (8)

Ideally, a hydraulic containment system would need to pump at exactly flow rate QS,
which crosses the contaminant source. The value of QS can therefore be used as a reference,
deriving the hydraulic efficiency indicator ηH:

ηH,HB =
QS

QHB
, (9)

ηH,PB =
QS

QPB + VE/t
. (10)

The expected value of hydraulic efficiency for hydraulic barriers is ηH,HB < 1. Indeed,
some oversizing of the pumped flow rate is needed to deal with the uncertainty of the
values of aquifer hydraulic properties and to reduce contaminant leakage downstream of
the capture zone.
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2.4. Economic Assessment

The choice of a contaminant source containment system must consider installation
and operational costs of each option. Generally, hydraulic containment systems have
a lower installation cost compared to physical ones, but the operational costs for treating
large amounts of contaminated water generally make this choice less convenient in the
long term.

The installation costs of a P&T system can conveniently be divided into two main
categories: the well and pumping system and the treatment plant. The former mostly
depends on the total depth of the well(s) to be installed, whereas the latter depends on the
flow rate that can be treated. The installation cost of water wells and of the pumping system
is the sum of fixed (installation of the drilling equipment, well development, pumping
system etc.), variable, and depth-dependent costs (drilling activity, well pipe, gravel pack,
seal etc.). For sufficiently large and deep boreholes, the variable costs prevail and the cost
of well drilling CAPW (€) can be approximated with:

CAPW = uW Nd (11)

where uW (€/m) is the unit cost of drilling, N is the number of wells, and d (m) is the well
average depth. The value of uW can be estimated using unit price lists provided by public
authorities or sectorial associations, such as Ref. [56].

The installation cost of slurry walls CAPPB (€) is proportional to the installed surface
(i.e., the product of depth and perimeter):

CAPPB = uPB·d·L (12)

where uPB (€·m−2) is the excavation cost per unit surface, which depends on the barrier
type (soil-bentonite, cement bentonite) and on the machine used (and, hence, the barrier
thickness, the reachable depth etc.); d (m) and L (m) are, respectively, the depth and the
perimeter of the barrier.

In the case a capping is foreseen, its installation cost CAPC (€) is proportional to the
surface of the area APB (m2) bounded by the physical barrier:

CAPC = uC·APB (13)

where uC (€·m−2) is the unit cost of the capping.
Hydraulic barriers require the installation of a treatment plant for the remediation

of abstracted water. Physical barriers may require a treatment plant as well if a dewater-
ing well system is installed [26]. The installation cost CAPTP (€) of the treatment plant
increases with the flow rate treated, as widely acknowledged in the literature [34,37,57].
The following relation is therefore used:

CAPTP = uTP,CAP·Q (14)

where uTP,CAP (€·m−3· h) is the unit price of the treatment plant and Q (m3h−1) is the flow
rate treated, i.e., QHB or QPB depending on the containment system adopted.

The operational cost of treatment OPTP (€) mostly depends on the water volume
withdrawn and, therefore, it is well approximated as:

OPTP = uTP,OP·V (15)

where uTP,OP (€·m−3) is the unit operational cost of water treatment and V (m3) is the
total volume abstracted, i.e., VHB or VPB depending on the containment system adopted
(see Equations (7) and (8), respectively). The value of the OPTP can also be expressed
as an yearly expense (and, hence, in €·y−1) if the flow rate abstracted does not undergo
appraisable variations through time. Reference values of uTP,CAP and uTP,OP are reported in
Table 2 and they exhibit a high variability due to several factors, among which the different
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kinds of contaminants treated, the kind of treatment foreseen, the size of the treatment
plant etc. [34,37].

Table 2. Unitary installation and operational costs of P&T systems (uTP,CAP and tTP,OP) at major contaminated sites in Italy
and USA.

Authors Source Value uTP,CAP (€·m−3·h) uTP,OP (€·m−3)

Majone et al. (2009, [37])
17 P&T systems of the National

Interest contaminated Sites
(SIN) of Italy

Median 64,634 €·m−3·h
2.71 €·m−325th percentile 28,651 €·m−3·h

75th percentile 87,646 €·m−3·h

USEPA (2001, [34]) 32 P&T systems in the USA
Median 227,748 €·m−3·h 4.28 €·m−3

25th percentile 67,156 €·m−3·h 1.56 €·m−3

75th percentile 1,021,946 €·m−3·h 13.64 €·m−3

The estimation of installation and operational costs performed with the above-
described method is the basis for the economic evaluation of different containment options.
Generally, physical containment measures have a higher installation cost, but a lower
operational cost compared to hydraulic ones. Therefore, the simple payback time PBT
(years) of the physical barrier can be calculated as:

PBT =
CAPPB − CAPHB

OPHB − OPPB
, (16)

where the values of OP are calculated on a yearly base. In the case a dewatering (and water
treatment) plant is not installed for the physical barrier option, Equation (16) is simplified
by imposing OPPB = 0.

Finally, there is the possibility that a hydraulic barrier has a higher installation cost
than a physical barrier (CAPHB > CAPPB), in the occurrence of one or more of the following
conditions: (i) a highly conductive aquifer, for which it is necessary to withdraw and treat
a large flow rate and, hence, to install a high-capacity treatment plant; (ii) the presence
of hardly treatable contaminants, for which treatment plants have high unitary costs;
and (iii) a site setting (e.g., shallow and thin aquifer and/or a small contamination source)
for which the needed size of the physical barrier is small.

3. Case Studies

This section presents a few examples of how the methodology described in Section 2
can be applied. An “ideal” case study is described in Section 3.1, along with the modelling
setup adopted, and results are discussed in Section 3.2 with the aim of comparing the
performance and the applicability of different containment systems. Finally, a case study
from a real contaminated site is presented in Section 2.1.

3.1. “Ideal” Case Study Description and Modelling Setup

The “ideal” scenario modelled in this work is a square contaminant source
(100 × 100 m2) extending over the entire saturated thickness (5 m) of the aquifer. The source
is modelled as a constant imposed concentration (1st kind transport boundary condition)
of 1 mg/L. This assumption is representative of a volume containing a large quantity of
pollutant compared to its water solubility. The solute is conservative, i.e., not subject to
sorption nor degradation.

A very large rectangular modelling domain around the contaminant source was set
(3000 × 2000 m2) to avoid any boundary effect and to observe the large-scale disper-
sion of contaminant. The groundwater flow was chosen as aligned with the longest side,
with a gradient i = 6.67 × 10−3 assigned by imposing a constant hydraulic head value
(1st kind of hydraulic boundary condition) of 30 m on the upstream domain boundary
and 10 m on the downstream boundary. The hydraulic conductivity of the aquifer was
set to K = 2.5 × 10−4 ms−1 and the effective porosity to ne = 0.2 in the whole domain.
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The dispersivity was set to αL = 10 m along the groundwater flow direction and to αT = 1 m
transversally. These values were imposed considering the scale-dependent relations re-
ported in Ref. [1] and a scale of the transport phenomenon equal to the source size, i.e.,
100 m. A molecular diffusion coefficient D = 10−9 m2s−1 was set for the solute, which is
typical of chloride in aquifers [1].

Two kinds of barriers were considered in different simulations:

(1) A hydraulic barrier composed of one well drilled 150 m downstream of the border of
the contaminant source, and completely screened across the saturated depth.

(2) A physical barrier composed of a slurry wall, crossing the whole aquifer depth,
and bounding the whole contaminant source. The barrier has a uniform thickness
of 0.8 m and a hydraulic conductivity KPB = 10−8 ms−1. The dispersivity was set
to αL = 0.08 m and αT = 0.008 m, considering a scale equal to the wall thickness
(see Ref. [42]) and the scale-dependent relations reported in Ref. [1].

3.2. Results and Discussion

Three kinds of simulations were performed, with a simulation time of 10 years:

(1) A “reference” simulation (REF) to assess the contaminant mass discharge ΦS,REF that
would occur in the absence of any containment system.

(2) The simulation of hydraulic containment system with different flow rates (HYD 1, 2,
3, 4, 5, and 6) to assess the impact of this parameter on the mass discharge capture
efficiency (ηΦ).

(3) The simulation of the physical containment system (slurry wall) with or without
capping and dewatering system (PHY 1, 2, and 3) to assess the effect of different
hydraulic head gradient values between the two sides of the barrier on ηΦ.

The results of the simulations are summarized in Table 3 and are hereby described.
The reference case (REF) provides the reference values of the flow rate crossing the

source (QS,REF = 72 m3d−1) and of the contaminant flux leaving the source
(ΦS,REF = 89.26 g·d−1). As explained in Section 2.3.1, the value of ΦS,REF is higher than
the one approximated by Equation (2) due to the additional contribution of kinematic
dispersion. The spatial distribution of the contaminant concentration after 10 years is
shown in Figure 3. Not unexpectedly, the constant release of contaminant in the domain
results in an asymptotic trend with a maximum concentration that decreases with the
distance from the source.

The hydraulic barrier was first sized using the value of groundwater flow rate crossing
the source in reference conditions, i.e., imposing QHB,HYD1 = QS,REF = 72 m3d−1. Based on
Equation (1), which approximates the width of the capture front of a well, this configuration
should be able to capture the whole source width; however, as shown in Figure 4, this does
not occur. Indeed, the pumping well originates a local increase of groundwater velocities
in the capture zone that propagates upstream, reaching the contaminant source as well.
Consequently, a P&T system sized with the value of QS,REF does not capture the whole
source and a noticeable share of the contaminant mass discharge escapes from the contain-
ment system: ΦE,HYD1 = 27.96 g·d−1, resulting in a mass discharge removal efficiency of
ηΦ,HYD1 = 68.7%. The flow rate was therefore incremented for the other simulations HYD2
(90 m3d−1, i.e., +25%), HYD3 (108 m3d−1, i.e., +50%), HYD4 (126 m3d−1, i.e., +75%), HYD5
(144 m3d−1, i.e., +100%), and HYD6 (216 m3d−1, i.e., +200%).

The HYD2 configuration still does not embrace the whole width of the contami-
nant source but, as shown in Table 3, the mass discharge removal efficiency increases to
ηΦ,HYD2 = 80.3%. With the configuration HYD3 (QHB,HYD3 = 108 m3d−1), the whole con-
taminant source is covered by the capture zone identified with advective particle tracking,
as shown in Figure 4A. P&T systems are generally sized to achieve this result; however,
as shown in Figure 4B, the plume still propagates quite far downstream of the source,
reaching concentrations in the order of 0.1 CS. This is confirmed by the value of the escaped
mass discharge (ΦE,HYD3 = 10.71 g·d−1) that is still 12% of ΦS,REF (that is, ηΦ,HYD3 = 88%).
The efficiency of hydraulic barriers keeps increasing with the flow rate, as shown in Figure 5
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and Table 3, approaching 100% of ηΦ only for flow rates QHB equal to 2 or 3 times the one
that would have been needed according to Equation (1). This result contrasts with the
common assumption that a well capture zone embracing the whole contaminated area is
enough for a P&T to be effective, as reported in several references [26,46,58–60]. Including
solute transport in P&T system modelling is therefore of pivotal importance to design an
effective containment measure. In the absence of reliable information on the transport
properties of the targeted contaminants, a conservative solute can be assumed.

Table 3. Summary of results for the simulations of the “reference” case (REF) and the 6 hydraulic barrier configurations
(HYD 1–6).

Quantity Unit REF HYD1 HYD2 HYD3 HYD4 HYD5 HYD6

Contaminant mass discharge from source (ΦS) g·d−1 89.26 97.42 99.48 101.55 103.63 105.71 114.09
Escaped contaminant mass discharge (ΦE) g·d−1 89.26 27.96 17.61 10.71 5.44 2.28 0.74

Abstracted flow rate (QHB or QPB) m3d−1 0 72 90 108 126 144 216
Contaminant capture efficiency (ηΦ) 0% 68.7% 80.3% 88.0% 93.9% 97.4% 99.2%

Hydraulic efficiency (ηH) N.A. 100% 80% 66.7% 57.1% 50% 33.3%
Capital costs (Coinst) k€ N.A. 205.9 254.4 302.9 351.3 399.8 593.7

Operational costs (Coop) k€/y N.A. 71.2 89.0 106.8 124.6 142.4 213.7
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Three configurations were simulated for physical barriers (PHY1, 2, and 3):

(1) PHY1: a slurry wall with capping and, hence, without any recharge infiltrating.
(2) PHY2: slurry wall without capping and with a recharge (2nd kind flow) boundary

condition of 100 mm/y.
(3) PHY3: slurry wall with capping and a dewatering well in the center of the basin, set to

QPB ≤ 24 m3d−1 with a minimum hydraulic head constraint of 22.5 m (i.e., about
1.3–2.9 m below the hydraulic head out of the slurry wall).

As shown in Table 4, physical barriers achieve a much higher mass discharge capture
efficiency, i.e., ηΦ = 96.9–99.9%. When dewatering pumping is foreseen (PHY3), the flow
rate (QPB,PHY3 = 3.57 m3d−1) is a small fraction of the ones adopted for hydraulic barriers
(72–216 m3d−1), as anticipated in Section 2.2. Figure 6 shows the spatial distribution (A)
and the time trends (B) of the contaminant concentration for the configuration PHY2,
which is the least effective among the studied physical barriers (ηΦ,PHY2 = 96.9%).

Table 4. Summary of results for the simulations of the “reference” case (REF) and the 3 physical barrier configurations
(PHY 1, 2, and 3). For the case PHY3, the flow rate abstracted is the average value on 10 years of simulation.

Quantity Unit REF PHY1 PHY2 PHY3

Contaminant mass discharge from the source (ΦS) g·d−1 89.26 N.A. N.A. N.A.
Escaped contaminant mass discharge (ΦE) g·d−1 89.26 0.55 2.74 <0.01

Abstracted flow rate (QHB or QPB) m3d−1 0 0 0 3.57
Mass discharge capture efficiency (ηΦ) 0% 99.4% 96.9% 99.9%

Hydraulic efficiency (ηH) N.A. N.A. N.A. N.A.
Capital costs (Coinst) k€ N.A. 1472.0 972.0 1525.9

Operational costs (Coop) k€/y N.A. 0.0 0.0 19.8
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The capital and operational costs were evaluated with the method described in
Section 2.4. The following unit cost values were used: uW = 800 €·m−1 for the well drilling,
uPB = 160 €/m2 for the slurry wall, uC = 50 €/m2, based on a market survey on Italian case
studies, and uTP,inst = 64,634 €·(m3·h−1)−1, uTP,op = 2.71 €·m−3, based on values reported in
Table 2 for the Italian SIN (Sites of National Interest) contaminated sites [37].

As shown in Table 3, the hydraulic barrier solutions present a reduction in installation
costs by over 80% compared to the physical barrier with dewatering system (PHY3), which
proved to be the optimal solution. However, these lower installation costs are compensated
by higher operational costs. Simple payback times of physical barrier solutions (PHY 1,
2, and 3) were calculated against the six hydraulic barrier solutions (HYD 1, 2, 3, 4, 5,
and 6) using Equation (16). As shown in Table 5, payback time values range between
1.8 and 25.7 years. Such a wide range of variation is due to the fact that, as explained in
Section 2.4 and shown in Table 2, both the installation and the operational costs of P&T
systems depend on the flow rate, which ranges from QHB,HYD1 = 72 m3d−1 to QHB,HYD6 =
216 m3d−1 for the six options hypothesized.

The payback time of a physical barrier finds a good term of comparison in the typical
lifetime of P&T systems, which is often in the order of a few decades. For instance,
P&T systems installed in several major Italian contaminated sites have been operating since
the early 2000s [25]. Guo et al. (2019, [61]) predicted at least 36 years of future operation
for a P&T system installed at a contaminated site in Tucson (USA) to reach the maximum
concentration levels of trichloroethylene permitted by the law. Several of the P&T systems
listed by USEPA (2001, [35]) had been in operation since the 1980s and a few of them are
still active.

Table 5. Payback times (years) of adopting physical barrier solutions (PHY1, 2, and 3) and hydraulic
barriers (HYD 1, 2, 3, 4, 5 and 6).

PHY1 PHY2 PHY3

HYD1 17.8 10.8 25.7
HYD2 13.7 8.1 18.4
HYD3 10.9 6.3 14.1
HYD4 9.0 5.0 11.2
HYD5 7.5 4.0 9.2
HYD6 4.1 1.8 4.8

With the scenarios described above, physical barriers were superior in terms of source
containment but had higher installation costs compared to hydraulic barriers. However,
the hydraulic properties of the aquifer have a strong effect on the outcome of this evalua-
tion. Four additional scenarios were considered with a higher (K = 10−3 ms−1) and a lower
(K = 10−4 ms−1) hydraulic conductivity and the results are shown in Table 6. Two cases
were selected for the comparison, i.e., the hydraulic barrier HYD3 (pumping at a rate
50% higher than QS,REF), and the physical barrier PHY1 (with capping but without dewa-
tering). Results show that the values of mass discharge capture efficiency ηΦ are almost
independent from the hydraulic conductivity of the aquifer, both for hydraulic barriers
(HYD3_high and HYD3_low) and slurry walls (PHY1_high and PHY1_low). On the other
hand, the economic analysis leads to a dramatically different conclusion depending on the
aquifer hydraulic conductivity. For the lowest value of K, the installation cost of a physical
barrier is 11.5 times higher and the operational cost of the hydraulic barrier is so low
that it takes 31.4 years to recover the investment needed for a slurry wall. By contrast,
for the highly conductive aquifer, where a high flow rate must be abstracted and treated,
the installation of a hydraulic barrier is only 20% cheaper than a physical barrier and the
payback time of a slurry wall is less than 1 year.
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Table 6. Summary of results for the simulations performed with different hydraulic conductivities of the aquifer: the hy-
draulic barrier sized with 150% of QS in reference conditions (HYD3) and the physical barrier with capping (PHY1) with
aquifer hydraulic conductivity values of K = 10−4 ms−1 and K = 10−3 ms−1 (respectively: HYD3_low and HYD3_high,
PHY1_low and PHY1_high).

Quantity Low K (10−4 ms−1) High K (10−3 ms−1)
Unit REF HYD3 PHY1 REF HYD3 PHY1

Contaminant mass discharge from the source (ΦS) g·d−1 35.82 41.46 N.A. 357.05 406.72 N.A.
Escaped contaminant mass discharge (ΦE) g·d−1 35.82 4.81 0.54 357.05 44.70 0.56

Abstracted flow rate (QHB or QPB) m3d−1 0 43.2 N.A. 0 432 0
Contaminant capture efficiency (ηΦ) 0% 86.6% 98.5% 0% 87.9% 99.8%

Hydraulic efficiency (ηH) N.A. 66.7% N.A. N.A. 66.7% N.A.
Capital costs (Coinst) € N.A. 128.3 1472.0 N.A. 1175.4 1472.0

Operational costs (Coop) €/y N.A. 42.7 0.0 N.A. 427.3 0.0

3.3. Application to a Real Case Study

The proposed approach was applied to a former industrial Italian site–contaminated
by chlorinated aliphatic hydrocarbons (CAH)—that lies on alluvial deposits hosting an un-
confined aquifer with a bottom at 30 m below ground surface, a saturated thickness of about
16 m and a hydraulic gradient i~3 × 10−2. Based on pumping tests, slug tests, and steady-
state calibration of a groundwater flow model, the hydraulic conductivity was found to
have a moderate spatial heterogeneity with values ranging between 3 × 10−5 ms−1 and
8.4 × 10−5 ms−1. A target contaminated area extending on 17,165 m2 was identified with
an average CAH concentration of 90 µg/L. This concentration was assigned as a constant
and homogeneous value (1st kind transport boundary condition) and two containment
options were evaluated, namely, a P&T system composed of two wells located at about 55 m
from the downstream border and a slurry wall (0.8 m thick, K = 10−8 ms−1) surrounding
the whole contaminated area (perimeter: 600 m).

The reference simulation (case REF) was run in the absence of containment system
to assess the reference source contaminant mass discharge (ΦS = 36.47 mg·d−1). A P&T
configuration with a flow rate QHB = 460 m3d−1 was simulated (case HYDa). Based on
particle tracking, this is the minimum value of QHB to capture the whole contaminated area.
However, as shown in Table 7, an appraisable share of the contaminant mass discharge still
escapes, and the capture efficiency is of 90.3%. The contaminant capture efficiency increases
to 98.2% as the flow rate is increased of 25% (575 m3d−1, case HYDb). This performance is
comparable to that of a physical barrier without internal dewatering system (case PHYa
with ηΦ = 97.5%, see Table 7). In this case, the hydraulic head at the internal side of the
slurry wall exceeds the external one up to about 4 m in the downstream side, thus leaving
an appraisable escaped contaminant mass discharge (ΦE = 0.91 mg·d−1). The spatial
distribution of CAH concentrations resulting for the configurations HYDb and PHYa are
shown in Figure 7A,B, respectively.

A dewatering system that reduces the internal hydraulic head was included (simu-
lation PHYb), thus introducing a minimum difference of 1 m between the external and
internal side. In this way, the mass discharge capture efficiency is approximately 100%.

The capital and operational costs of different options were calculated with the method-
ology described in Section 2.4 and with the same unit costs reported in the previous
paragraph, except for the capital cost of the treatment plant uTP,inst = 35,000 €·(m3·h−1)−1

and of the plant operation uTP,op = 0.70 €·m−3. Based on these figures, the payback of the
physical barrier solutions (PHYa and PHYb) is about 19–20 years compared to the hydraulic
barrier HYDb. In this case, the installation of a hydraulic barrier can be advisable.
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Figure 7. Real case study: spatial distribution of CAH concentrations for the physical barrier
configuration PHYa (A) and for the hydraulic barrier configuration HYDb (QHB = 575 m3d−1) (B),
along with the spatial distribution of hydraulic conductivity.

Table 7. Summary of results for the simulations performed for the real case study.

Quantity Unit REF HYDa HYDb PHYa PHYb

Contaminant mass discharge from the source (ΦS) mg·d−1 36.47 42.27 43.65 N.A. N.A.
Escaped contaminant mass discharge (ΦE) mg·d−1 36.47 3.52 0.67 0.91 0.00

Abstracted flow rate (QHB or QPB) m3d−1 0 460 500 575 0
Contaminant capture efficiency (ηΦ) 0.0% 90.3% 98.2% 97.5% 100.0%

Hydraulic efficiency (ηH) N.A. 99.0% 79.2% N.A. N.A.
Capital costs (Coinst) € N.A. 718.8 777.2 3738 3784

Operational costs (Coop) €/y N.A. 117.5 127.8 146.9 0.0

4. Conclusions

The containment of contaminations is a relevant management issue for polluted sites.
Two options are available: hydraulic barriers, capturing the groundwater flow and the
contaminant flux from upstream, and physical barriers, reducing the hydraulic conductivity
of the underground around the source. Numerical modelling has become the standard for
supporting the choice and the design of containment systems; however, correct modelling
assumptions are necessary, along with a robust approach for the interpretation of the results.

We presented a method for the quantitative evaluation of the effectiveness and effi-
ciency of both hydraulic and physical barriers for the containment of contaminant sources.
We proposed to assess such efficiency in comparison with the “reference” scenario, i.e.,
how the plume would spread in the absence of any containment. The term of comparison
is the mass discharge of contaminant released by the source in reference conditions (ΦS)
and the effectiveness of containment is expressed by the share (ηΦ) of such flux, which is
captured by the containment system and, hence, is impeded to reach sensitive targets.

A few simple case studies were simulated to demonstrate the application of the
evaluation approach proposed. Results show that the modelling of hydraulic barriers must
include solute transport and that flow-only simulation may severely mislead design choices.
Indeed, embracing the whole source with the advective capture area of the wells does not
guarantee that the whole source contaminant flux will be captured as well. Regarding
physical barriers, slurry walls with common characteristics proved very effective in the
containment of contaminants. However, attention should be paid on the hydraulic gradient
between the two sides of the barrier.
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The approach presented in this paper represents a basis for future works on the
development of containment options, comparing their performance with simple and
robust indicators.
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Glossary

Acronyms
NAPL Non-Aqueous Phase Liquids
P&T Pump & Treat
Latin letters
b Saturated thickness of the aquifer (m)
APB Area bounded by a physical barrier (m2)
CS Contaminant fluid-phase concentration at the source (kg·m−3)
CW Contaminant fluid-phase concentration at the wells (kg·m−3)
CAPC Installation cost of a capping (€)
CAPHB Installation cost of a hydraulic barrier (€·y−1)
CAPPB Installation cost of a physical barrier (€)
CAPTP Installation cost of a treatment plant (€)
CAPW Installation cost of wells (€)
d Depth of a well or a physical barrier (m)
i Hydraulic gradient of the aquifer (dimensionless)
Ja Contaminant advective flux through a barrier (kg·s−1·m−2)
Jd Contaminant diffusive flux through a barrier (kg·s−1·m−2)
K Hydraulic conductivity of the aquifer (ms−1)
L Perimeter bounded by a physical barrier (m)
N Number of wells (dimensionless)
OPHB Operational cost of a hydraulic barrier (€ or €·y−1)
OPPB Operational cost of dewatering inside a physical barrier (€ or €·y−1)
PBT Payback time (y)
Q Flow rate (m3s−1)
QHB Flow rate abstracted by the wells of a hydraulic barrier (m3s−1)
QPB Flow rate abstracted by dewatering wells at a physical barrier (m3s−1)
QS Flow rate crossing the contaminant source (m3s−1)
uW Unit drilling and installation cost of a well (€m−1)
uPB Unit excavation and installation cost of a physical barrier (€m−2)
uTP,CAP Unit installation cost of a treatment plant (€m−3h)
uTP,OP Unit operational cost of a treatment plant (€m−3)
VE Volume withdrawn in the emptying of a physical barrier (m3)
VHB Volume withdrawn by a hydraulic barrier (m3)
VPB Volume withdrawn by dewatering well(s) inside a physical barrier (m3)
Wmax Maximum width of the capture zone (m)
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Greek letters
ηΦ,HB Contaminant capture efficiency with a hydraulic barrier (kg·s−1)
ηΦ,PB Contaminant capture efficiency with a physical barrier (kg·s−1)
ηH,HB Hydraulic efficiency indicator of a hydraulic barrier (kg·s−1)
ηH,PB Hydraulic efficiency indicator of a physical barrier (kg·s−1)
ΦE,HB Mass discharge escaped from a hydraulic barrier (kg·s−1)
ΦE,PB Mass discharge escaped from a physical barrier (kg·s−1)
ΦS Mass discharge from the source (kg·s−1)
ΦS,HB Mass discharge in the presence of a hydraulic barrier (kg·s−1)
ΦW,HB Mass discharge captured by the wells of a hydraulic barrier (kg·s−1)
ΦW,PB Mass discharge captured by wells inside a physical barrier (kg·s−1)
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