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Abstract: Contaminants stored in low-permeability soils can continue to threaten the adjacent ground-
water system even after the aquifer is considered remediated. The redistribution of contaminants
from low-to-high-permeability aquifer zones (Back-Diffusion) can generate a long-term plume tail,
commonly considered one of the main obstacles to effective groundwater remediation. In this paper,
a laboratory test was performed to reproduce the redistribution process from low-permeability silt
lenses (k & 1 x 1077 m/s) to high-permeability sand aquifers (k ~ 1 x 1073 m/s). The target of
the experimental and numerical approach was finalized to verify what influence the shape and

position of the lenses could have, with respect to the bulk flow, on the time necessary to complete

Er;)edcgtfgsr the depletion of the dissolved substances present in the lenses. For this purpose, an image analysis
procedure was used to estimate the diffusive flux of contaminants released by these low-permeability
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. . o zones in different boundary conditions. The results obtained in the laboratory test were used to
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. calibrate a numerical model implemented to simulate the Back-Diffusion process. Once calibrated,
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the numerical model was used to simulate further scenarios to evaluate the influence of the location
and shape of the low-permeability lenses on the time necessary to diminish its contaminant content
when subjected to a steady-state flow. The numerical model was also used to investigate the effect
of different groundwater velocities on the depletion time of the process. The results show that the
shape and position of the lens have an important impact on the time necessary to empty the lens, and
an increase in the velocity field in the bulk medium (flow rate rising from 1.6 1/h to 2.51/h) does
not correspond to diminishing total depletion times, as the process is mainly governed by diffusive
transport inside the lens. This appears to be significant when the remediation approach relies on
pumping technology. Future research will verify the behavior of the released plume in a strongly
heterogeneous porous medium.

Keywords: secondary source; persistence contamination; molecular diffusion; pumping technology;
remediation time
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This article is an open access article Groundwater contamination caused by human activities has brought potential threats

to human health and ecosystems. The restoration of contaminated aquifers has, there-
fore, attracted extensive attention in the last few years [1] from several researchers and
institutions. In the framework of sustainable approaches forwarded by the majority of
countries, the loss of water available for drinking supply or, in general, changes in the
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quality of environments that rely on groundwater for their survival and development
is an important topic. Several technologies can be used to treat dissolved contaminants
found in groundwater. The main issue occurs when a persistent source is encountered and
groundwater remediation from the dissolved contamination does not reach a sufficient
enough level to consider the site renewed [2]. Separate phases are recognized to act as
long-term contaminant sources, but Dense Non-Aqueous Phase Liquid (DNAPL) or Light
Non-Aqueous Phase Liquid (LNAPL) zones in aquifers are not the only cause of persistent
plumes [3,4].

Long-term storage and the slow release of contaminants from low-permeability
aquitards (Back-Diffusion) severely hinder aquifer remediation. Thus, contaminants
from low-permeability zones are considered secondary sources of contamination after
primary sources are removed or isolated [5]. Unfortunately, contaminant removal in low-
permeability zones is difficult and, thus, the Back-Diffusion process represents a potential
limitation to aquifer remediation [6].

Diffusion into and from low-permeability zones is recognized as a significant process
in the contamination of groundwater [7,8]. This process is linked to heterogeneous aquifer
composition, where dissolved substances transported from groundwater through transmis-
sive media diffuse into low-permeability zones. This geologic situation, often encountered
in many contaminated sites under remediation, can present the reverse matrix diffusion
phenomenon [9-11].

Plumes from a source generate a concentration gradient between high-and-low-aquifer-
permeability zones, inducing a molecular diffusive flux toward low-permeability areas
(forward-diffusion). When the primary source of contamination is reduced, and the pollu-
tant concentration in the flowing water is diminished, the concentration gradient reverses,
and accumulated contaminants start to be released from the low-permeability zones into
the bulk media, creating the so-called “Back-Diffusion” process [12-14].

Liu and Ball [15] discussed the problem of dissolved contaminants stored inside low-
permeability zones because of Forward-Diffusion and the subsequent slow release via
reverse diffusion during Pump and Treat operations. Parker et al. and Liu and Ball [13,15]
demonstrated the Back-Diffusion process via field measurements after the hydraulic iso-
lation of the primary source. Also, recent papers presented by several authors [12,16-19]
have faced this problem through experimental approaches or numerical ones [20-23]. Diffi-
culties in the application of numerical models derive from the detailed information required
and probably from a lack of evidence and information that can provide at least empirical
parameters or relationships to describe the macroscopic situation.

Indeed, given the difficulty of collecting field data, several studies have been per-
formed at the lab scale [12,24,25]. Several lab experiments have been carried out using
image analysis for a better description of the occurring phenomena without the use of inva-
sive instruments [26-31]. These non-invasive techniques have also been used to study con-
taminant storage in low-permeability zones and to investigate subsequent Back-Diffusion
processes [16,25].

Laboratory experiments have also been used to investigate different remediation tech-
nologies for contaminated low-permeability zones. Some of these studies have focused
on reducing the contaminant flux released from low-permeability lenses using electroki-
netic migration [32,33]; treatment with dissolved oxygen [34], sodium persulfate [35], and
permanganate [36]; and testing the effect of groundwater circulation wells [24,37]. These
strategies can, of course, reduce the expected remediation time, but their efficiency is un-
known a priori because of the difficulty in pinpointing the contaminated low-permeability
zones and the absence of detailed knowledge of the different shapes and positions of the
low-permeability layers. The main objective of this study was to experimentally investigate
the influence of different factors like the geometry of low-permeability zones and their
positions, together with the flow regime, on solute transfer from low-permeability zones to
high-permeability zones. A simulation, at a laboratory scale, of the Back-Diffusion process
was carried out in a box model aquifer with two different low-permeability lenses. The
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saturated lenses have different shapes (a lens is characterized by one section with a circular
shape and the other by a section with a rectangular shape) and are located differently in
the flow field. The rectangular lens is located on the bottom of the rebuilt aquifer, while
the circular one is in the body of the high-permeability medium. The experiment aimed to
evaluate the differences between a quasi-full exposure to the flow field and a limited sur-
face in contact with the flow. A numerical model applied to a domain coincident with the
experimental one was used to obtain information on the different behaviors of the system.
Several authors [38,39] have remarked upon the importance of a full understanding of the
principal parameters acting on such a complex process for reaching valuable consideration
on the possible technologies needed to accelerate the groundwater remediation process. A
complete understanding of the involved processes is crucial because in this situation; sev-
eral technologies commonly used for the remediation of contaminated aquifers fail, mainly
because of the high costs required to completely restore the initial conditions of aquifers.
Furthermore, many of these technologies require high energy consumption, causing high
impacts, which are not suitable for a “sustainable approach” to groundwater remediation,
as generally requested in the latest guidelines indicated by several countries worldwide.
This study has the main objective of providing evidence via the visualization of the process
and the involved aspects, trying to provide new and visible information to be used in cases
of remediation technology choices.

2. Materials and Methods
2.1. Experimental Set-Up

A laboratory test was performed to investigate the influence of the shape and position
of lenses on the Back-Diffusion phenomenon. The test was carried out using the experimen-
tal setup described in [16]. A Plexiglas tank with dimensions of 68 cm (horizontal length)
x 40 cm (height) x 7 cm (depth) was used. The tank was divided into two parts: the first
chamber was necessary to control the water level, limiting, at the same time, the turbulence
effects; the second was filled with a porous medium. The two resulting chambers were
connected by a punched plate to enable water flow. At the end of the tank, a valve was
inserted for the management of the hydraulic gradient, which controlled the flow. To
prevent sand escape, a gravel layer was located before the outlet. Two peristaltic pumps
connected to the first chamber and to the tap outlet were used to maintain a constant flow
rate during the experiment. A UV lamp (to excite the tracer used) was positioned in front
of the box, together with a 3CCD camera used to collect images (Figure 1a).
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Figure 1. The experimental set-up (a) and the model of the reconstructed aquifer (b).

The aquifer model was then reconstructed inside the second chamber. The aquifer
mainly consists of a high-permeability layer with two low-permeability lenses characterized
by the same grain size but with different shapes (Figure 1b). The high-permeability zone of
the aquifer was composed of sand and two low-permeability lenses made of quartz flour.
The particle size and porosity of each material used to reproduce the aquifer were defined
by laboratory measurements described by Tatti et al. [16]. The hydraulic conductivity
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values of the sand and lenses were estimated using Hazen and Kozeny equations, with
values reported in Table 1.

Table 1. The characteristics of the materials used to reproduce the aquifer.

s Hydraulic
Materials Y 3 D5 (um) D19 (um) Porosity Conductivity
(kg/dm?)
(m/s)

Sand Quartz 2.65 700 430 0.40 3 x1073

Lens Quartz 2.65 12 14 0.42 5% 107
Flour

Layer ~ 2uartz 2.65 12 14 0.42 5x 1077
Flour

One of the low-permeability lenses is characterized by a cylindrical shape with a
section that can be considered approximately described as a circular shape characterized by
a diameter (D) of about 4—4.2 cm, a thickness of 7 cm, and a volume of about 95-100 cm?.
The other lens, hereafter referred to as the layer, can be described as a parallelepiped with
a length (L) of around 20-22 c¢m, a high (H) similar to the diameter of the first lens, a
thickness of 7 cm, and a volume of about 600 cm?. Sodium fluorescein was used as a tracer
to simulate a contaminant. It was chosen because it emits a light that varies from green to
orange as a function of its concentration when it is excited by UV light. In this way, the
tracer is clearly visible in the porous medium.

2.2. Image Analysis Set-Up and Calibration

To reproduce the Back-Diffusion phenomenon, the lenses were previously saturated
with a solution containing 2 g/L of dissolved fluorescein, and then, they were placed in
the sand layer. Clean water was flushed inside the bulk medium. These are the typical
conditions in which the Back-Diffusion process starts to be active. Water was then flushed
for 5 weeks with u = 0.2 m/d. During this phase, the tracer released by the lenses generated
fluorescein tails, and the Back-Diffusion process was clearly visible, as reported in Figure 2,
in which it is possible to observe the tails from both the lens and the layer. For the entire
duration of the test, images were acquired continuously by means of a 3CCD camera with
a prefixed time interval and then stored on a computer.

a) b) <)

Figure 2. Images of the Back-Diffusion process collected during the first day of the test (a), after six
days (b,) and five weeks (c) after the start of the test.

Given the importance of the definition of the times necessary for the complete restora-
tion of an aquifer [38], the experimental set-up was used to reproduce the process of
Back-Diffusion in different scenarios to evidence the influence of different macroscopic
parameters on the time needed for the complete removal of the substance contained in a
dissolved form inside the lenses. The lens shape’s influence on the Back-Diffusion depletion
time (i.e., the fluorescein mass released from the two lenses during the test) was estimated
using the image analysis procedure reported in [40]. For each picture, the three color
channels (RGB format) were split, and using suitable software, the spatial average intensity
of the green color measured over the aquifer was defined.
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A previous calibration phase allowed for the linking of the color intensity values ob-
tained via image elaboration to the respective fluorescein concentrations. An interpolation
was used to determine the analytical relationships between the fluorescein concentrations
and the green light intensities. As a result, an exponential function was found, fitting the
relationship between the green color intensity and the concentrations [16,19].

Equation (1) was used for the calculation of the value of the diffusive flux of fluorescein
released by each lens per unit of time (J):

J=CxLxu 1)

where L (cm) is the length of the considered section of the picture, C is the concentration
obtained by means of the previous procedure, and u (cm/s) is the bulk average Darcy
velocity. Multiplying the obtained value by the time interval between one image and
the next, the tracer mass released by the lenses was estimated. The described image
analysis procedure was validated by carrying out a mass balance of a low-permeability
lens composed of quartz flour in a laboratory test reported in [40].

2.3. Numerical Model Calibration

The numerical model reported in [37] (Equations (2)—(4)) was used to study the influ-
ence of lens shape on the depletion time of the Back-Diffusion process. The model repro-
duces the velocity field using the classical groundwater flow equation (Equations (2) and (3))
and the distribution in time and space of the tracer in two dimensions (Equation (4)).

oh 9 oh
SSE = aTcl (K”ax]> +gs 2
_ Ko
aC aC d aC
g"‘”iafxi = aacl-(Dijaxj> (4)

where I is the hydraulic head (L), k;; is the hydraulic conductivity tensor (LT~1), Ss is the spe-
cific storage of the porous media (L™!), g5 is the volumetric flux of water extracted /injected
per unit of aquifer volume (T~1), C is the solute concentration (ML3), u; is the components
of the velocity vector (LT~1), and D;; is the hydrodynamic dispersion tensor (L2T 1.

To validate the model, a laboratory test was simulated, and the experimental results
were compared with the numerical ones. The calibration phase was carried out by varying
the values of the hydrodynamic dispersion coefficient and the hydraulic conductivity
of the porous media. Table 2 reports the final input data used in the model after the
calibration phase.

Table 2. The input data used in the numerical model.

Parameter Value Units
Sand hydraulic conductivity 3x 1073 m/s
Lens hydraulic conductivity 5x 1077 m/s
Layer hydraulic conductivity 5x 1077 m/s
Sand hydrodynamic dispersion 8 x 1077 m?/s
Lens hydrodynamic dispersion 6 x 10710 m?/s
Layer hydrodynamic dispersion 1.8 x 10710 m?/s
Injection/Extraction flow rate 1.6 L/h
Initial fluorescein mass inside Lens 0.1 g

Initial fluorescein mass inside Layer 0.6 g
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Inside the low permeability zones, the influence of the advective transport is practically
null, and thus, the dispersivity can be considered negligible.

In the sand layer, the velocities are practically horizontal (u = uy), the calculated mean
x-component of the velocity vector result is 107> m /s, and the calibrated hydrodynamic
dispersion is equal to 8 x 1077 m?/s. Consider the following well-known relationship:

u3
Dxx =ap—" = apiy &)

where ] is the dispersivity, Dy, the sand hydrodynamic dispersion, and u, the effective
velocity in the x-direction, a; is equal to 10~* m, a value comparable to the sand grain
size (Table 1), as expected. The transversal dispersity was assumed to be 1/10 of the
longitudinal one.

The model was validated by comparing the fluorescein mass released from the lenses,
determined numerically, with the one estimated via image analysis. Figures 3 and 4 show
the calibration results.
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Figure 3. Model calibration phase: comparison between the experimental data and those obtained
via numerical simulation for the lens.
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Figure 4. Model calibration phase: comparison between the experimental data and those obtained
via numerical simulation for the layer.

The coefficient of efficiency, E, was adopted to evaluate the agreement between the
values [25].

E=10- 1 (6)
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where P; is the simulated result, O; is the data calculated via image analysis, and O is
the average of the data calculated via image analysis. Values of E closer to 1.0 indicate a
better fit. The results obtained via the numerical model and image analysis were in general
agreement with E = 0.88 for the lens (Figure 3) and E = 0.98 for the layer (Figure 4). The
obtained values of E can be considered satisfactory in demonstrating the model’s suitability
in reproducing the investigated process.

3. Numerical Simulation Results

Figures 5 and 6 show, respectively, the flow field and the Back-Diffusion process
simulated using the numerical model. An analysis of Figure 5 clearly shows that the flow
inside the lenses is practically null, as expected, because of low permeability. Therefore, the
transport inside the lenses, based on the concentration gradient in the space, depends on the
molecular diffusivity. The bulk velocities are responsible for the transport outside the lenses,
but inside them, the transport is totally governed by the diffusive one. The calibration
shows that these elements, considered in the numerical model, respond adequately to the
physical phenomena occurring at the microscale and at a larger scale. These fundamental
considerations lead to the conclusion that the governing mechanism of pollutant release
from the inner part of the lens occurs at the contact between the lens and the bulk medium.
These elements suggest that by increasing the velocity of the bulk flow, the higher gradient
existing at the interface could probably enhance the velocity of the depletion of the mass
contained inside the lens.

0.4999% 19095 ——— g8 —1p'
0 o, h I %

0 0.05 0.1 018 0.2 0.25 03
X (m)

Figure 5. An image of the numerically obtained flow field in the tank.

0.15

0.1

Y (m)

0.05

Figure 6. An image of the numerical simulation of the Back-Diffusion process. The yellow color
represents the highest concentration, and blue represents the lowest.
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4. Discussion

The cumulative mass of fluorescein released by the lens measured using image anal-
ysis shows a rapid increase during the first minutes of the experiment (Figure 3). This is
due to several processes occurring, mainly regarding the transient phase at the beginning
of the experimental test when the flow field has not yet reached steady-state conditions
(Figure 7). As reported below, we can add a further element to this aspect, already ev-
idenced in previous tests, that takes into consideration the shapes and position of the
low-permeability lenses.

Time: 10 min Time: 25 min

a) b) <)

Figure 7. Images of the Back-Diffusion process taken after 5 min (a), 10 min (b) and 15 min (c) from
the start of the experiment when the flow field was characterized by a non-steady state.

The cylindrical shape of the lens and the possible presence of zones not fully saturated
inside the porous medium may have caused a pressure gradient between the lens and the
sand layer. The pressure gradient was calculated using the approach reported in [40]:

_3pucost

P=5"%R (7)

where p is the pressure, u is the dynamic viscosity of water, u is the groundwater velocity,
R is the radius of the sphere, and 6 is the angle measured around the sphere from 0° at
the rear point and 180° at the front point. In order to consider the non-steady state of the
flow field, the pressure gradient was calculated using u values ranging from 107> m/s
to 1077 m/s. The Ap calculated between the front and rear points of the lens is around
7 x 1077 Paforu=10"°m/sand 7 x 10~ Pa for u = 10~7 m/s. Therefore, the pressure
gradient between the lens and the sand layer can be considered numerically negligible, and
no consistent advective flow internal to the lenses that could be coupled to the diffusional
one should be considered. Conversely, it is reasonable to assume that this slight difference
in the pressure values upgradient and downgradient of the lens could have influenced
the behavior, together with the above-mentioned aspects, of the beginning fluorescein tail
phase, which clearly shows anomalous waves (Figure 7). The oscillating behavior has
brought uncertainties in defining the mass evaluation from the image analysis. The process
changes completely when the flow field has reached a steady-state condition (Figure 7c).
This effect has not affected the layer located on the bottom because the difference in pressure
is completely negligible thanks to its shape, and the presence of the walls of the tank limits
the effects.

Another aspect that can be observed is that, in the case of the layer, during the last
days of the experiment, the cumulated mass of fluorescein simulated by the model is higher
than the cumulated tracer mass measured with image analysis (Figure 4). This is due to the
fluorescein concentrations released by the layer after the thirtieth day, which were defined
by a large error using image analysis because of their low values.

As reported previously, the lenses were reproduced using the same materials, and
they were saturated with a solution containing 2 g/L of dissolved fluorescein. Thus, we
can say that the unit of volume of each lens contains the same quantity of tracer (about
1 mg). In comparing the trend of cumulated fluorescein mass per unit of volume of each
lens, the release of the tracer appears much slower for the layer than for the cylindrical
lens (Figure 8). So, the shape of the lenses assumes great importance, as already reported
in [38]. The list of important parameters mentioned in [38] continues with the physical
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characteristics of both zones (low and high permeability), including hydraulic gradient;
permeability; porosity; and, of course, layer geometry. However, the chemical properties
and the position of the lenses with respect to the bulk flow were not considered.
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Figure 8. The trend of cumulated fluorescein mass per unit of volume measured with image analysis
for each low-permeability lens.

In particular, the lens characterized by a cylindrical shape released the total fluorescein
stored inside its structure during the first 10 days of the test. The layer instead continued
to release the tracer even after the thirtieth day. The laboratory test was stopped after
five weeks because the concentration of tracer released by the layer after the thirtieth day
was too low to be estimated using the procedure based on image analysis. The slower
release of fluorescein from the second lens is due to the partial exposure of the interface
to the fluid motion (the bottom layer is confined to the wall of the tank), thus including
the low-permeability lens position with respect to bulk flow. To confirm this hypothesis, a
numerical model was used to simulate the release of fluorescein contained inside the layer
in case it was positioned in the middle part of the sand layer (Figures 9 and 10).

Flow field

0.15

Y (m)

0.05

T
!
il

0.15
X (m)

Figure 9. An image of the flow field simulated by the numerical model considering the low-
permeability layer positioned in the middle part of the tank.
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Figure 10. An image of the numerical simulation of the Back-Diffusion process considering the
low-permeability layer positioned in the middle part of the tank. The yellow color represents the
highest concentration, and blue represents the lowest.

For further evidence of the importance of the position of the lens in the bulk flow, a
comparison was also carried out between the trends of residual fluorescein mass inside the
layer located at two different points of the tank (on the bottom and in the middle part of
the sand layer) (Figure 11).
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Figure 11. Image of the trend of the mass of fluorescein in the layer vs. time at two different locations
in the experimental tank.

As shown in Figure 11, the layer located in the middle of the bulk flow releases
fluorescein much more quickly than the layer located at the bottom of the tank, as the
interface length of the layer available for fluorescein release was increased.

This result demonstrates the importance of low-permeability lens position in the
domain when the Back-Diffusion process also plays an important role. For a parametric
description of the importance of lens shape, the numerical model was also used to study the
redistribution process of contaminants from the low-to-high-permeability zones of aquifers
using a coefficient in the form of E. It is defined as the ratio between the area exposed
to water flow and the volume of low-permeability lenses. It can be used to describe a
lens’s capacity to release contaminants stored inside its structure. The tracer is released
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through the surface in contact with flowing water, and therefore, high values of F indicate
great specific dispersion (per unit of volume). Coefficient F was determined for the lens
characterized by a cylindrical shape and for the layer positioned in the middle part of the
sand layer; respectively, the calculated values of coefficient F are 0.9 and 0.6. Comparing
the depletion time of fluorescein mass in the two low-permeability zones characterized by
different shapes, it is possible to note a greater release of tracer per unit of volume and,
thus, a lower remediation time for the lens with respect to the layer (Figure 12). These
results confirm that the depletion time of the Back-Diffusion process is strongly influenced
by the shape of contaminated low-permeability zones, as reported in [38]. The importance
of the shape of the low-permeability zones with regard to the contained mass depletion is
confirmed in Figure 12; it is indeed possible to observe the faster depletion of the tracer
content in the lens rather than in the layer located in the bulk flow. Circular lens shapes
take advantage of their neutrality, which is derived from their geometry, regarding flow.
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Figure 12. The trend of fluorescein mass contained in the cylindrical lens and the parallelepiped layer
located in the bulk of the porous medium. The tracer mass is normalized by the total mass contained
in the low-permeability zones.

In order to improve the knowledge of the management of long plume tails encountered
at the field scale, a numerical model was also used to investigate the effects of the pumping
technology on the contaminant redistribution process in low-permeability zones. The idea
is that increasing the velocity of the bulk flow can lead to a more stable high gradient at the
interface between high- and low-permeability zones. To achieve this goal, a laboratory test
scheme was numerically simulated using three different injection/extraction water flow
rates (Q=0.1L/h,Q=0.5L/h, and Q = 2.5 L/h), and for each lens, the trend of fluorescein
mass contained in its structure was compared (Figures 13 and 14).

The results show a decrease in the tracer depletion time due to an increase in the water
flow rate of both lenses, as expected. The pumping technologies develop a flow field that
removes the contaminant at the interface between the high- and low-permeability zones,
increasing the diffusive flux of the contaminant released by the lenses [37]. For both lenses,
the reduction in tracer depletion time is lowest in the numerical simulation performed using
Q =2.5L/h (the highest pump flow rate). Indeed, the curves of the trend of mass extracted
from the lenses vs. time at 1.6 L/h can be superimposed over the one obtained at 2.5 L/h,
substantially bringing them to a stop with respect to the gains obtained by increasing
the pump rate. This achievement can be explained by considering how fluorescein is
transported from the inner to outer areas of the low-permeability zone via diffusive flux,
and this process rate is generally much lower compared with the advective transport.
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The diffusive transport, even in the presence of high-concentration gradients, becomes,
therefore, a limiting aspect that does not enhance the pump rate over a certain value.

Lens
0.1 . : ‘
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1 -%-Q=0.5 L/h
0.08 4 8 Q=1.6 L/h|-
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Figure 13. Image of the trend of the fluorescein mass in the lens vs. time.
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Figure 14. Image of the trend of the fluorescein mass in the layer vs. time.

The depletion time of the fluorescein mass contained inside the lenses was numerically
calculated for each injection/extraction water flow rate and for each lens. The calculated
depletion times for each lens were interpolated to obtain a relationship between the deple-
tion time and the injection/extraction water flow rates. As shown in Figure 15, the data for
each lens were fitted based on potential functions with good precision. The results show
a reduction in Back-Diffusion depletion time correlated with an increase in the Q values,
especially between Q = 0.1 L/h and Q = 0.5 L/h. The effects of the highest water flow rates
investigated (Q = 1.6 L/h and Q = 2.5 L/h) appear to be negligible; therefore, the decrease
in time for the complete release of the tracer confined in the lenses is practically null.
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Figure 15. Trend of depletion time of the Back-Diffusion process vs. injection/extraction flow rate for
the cylindrical lens and parallelepiped layer.

Considering the results of the numerical simulations performed, the application of
high flow rates of injection/extraction water to accelerate the process rehabilitation of
the contaminated low-permeability zones of aquifers is, therefore, not convenient if the
small reduction in pollutant depletion time is compared with the high costs of the energy
required for pumping and with the efforts needed to treat the extracted water, as already
reported in [37,40].

5. Conclusions

The results were used to study the influence of different macroscopic variables, like
the position of the two low-permeability zones, and the influence of shape and velocity
in bulk medium on the “remediation time” (corresponding to the clean-up time) of each
lens. The experience presented at the lab scale and the application of the numerical model
have allowed for a description of the complexity of total remediation in the presence of
Back-Diffusion processes. The results show that shape and location have a great impact on
the “expected” remediation time. Another significant point to consider is that, when the
flow rate is increased (i.e., by using a pumping system), both the efficiency and velocity of
pollutant depletion reach a limit beyond which no more positive effects can be obtained.
This is the stage at which the exclusively diffusive transport inside the low-permeability
zone dominates the process. At that point, the time necessary for the contaminant to move
from the inner part of the low-permeability zone to the boundaries, where it can interact
with the bulk flow, depends only on the characteristics of the “diffusive” transport. The
increase in velocity in the bulk medium, therefore, does not provide effective effects after a
certain threshold, determining, therefore, the uselessness of the application of pumping
technologies with high rates.

These considerations are important because the remediation technologies available
and suitable for this kind of contamination are complex and expensive. A mechanical
approach, for example, the use of pumping well systems, is not always able to complete the
remediation process in a timeframe that can be considered acceptable from an engineering
point of view.

The results obtained from the tests (both experimental and numerical) can furnish
a simple suggestion on a commonly used approach to this contamination situation at a
real scale; i.e., it is a good practice to test the velocity limit applied to remediation sites
characterized by low-permeability lenses, at least in order to have a real expectation of the
times needed to carry out the remediation. These considerations are extremely important
in cases of slowly decaying or non-degradable substances.
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