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Abstract

Ground penetrating radar (GPR) is a non-destructive method which, over the past 10 years, has been successfully used not only
to estimate the water content of soil, but also to detect and monitor the infiltration of pollutants on sites contaminated by light non-
aqueous phase liquids (LNAPL). We represented a model water table aquifer (72 cm depth) by injecting water into a sandbox that
also contains several buried objects. The GPR measurements were carried out with shielded antennae of 900 and 1200 MHz,
respectively, for common mid point (CMP) and constant offset (CO) profiles. We extended the work reported by Loeffler and Bano
by injecting 100 L of diesel fuel (LNAPL) from the top of the sandbox. We used the same acquisition procedure and the same profile
configuration as before fuel injection. The GPR data acquired on the polluted sand did not show any clear reflections from the plume
pollution; nevertheless, travel times are very strongly affected by the presence of the fuel and the main changes are on the velocity
anomalies. We can notice that the reflection from the bottom of the sandbox, which is recorded at a constant time when no fuel is
present, is deformed by the pollution. The area close to the fuel injection point is characterized by a higher velocity than the area
situated further away. The area farther away from the injection point shows a low velocity anomaly which indicates an increase in
travel time. It seems that pore water has been replaced by fuel as a result of a lateral flow. We also use finite-difference time-domain
(FDTD) numerical GPR modelling in combination with dielectric property mixing models to estimate the volume and the physical
characteristics of the contaminated sand. To cite this article: M. Bano et al., C. R. Geoscience 341 (2009).
# 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Imagerie géoradar et modélisation en domaine temporel par différences-finies (FDTD) d’une infiltration de gasoil dans
un bac à sable. Le géoradar (GPR) est une méthode non destructive qui, au cours des dix dernières années, a été utilisée avec succès
pour estimer la teneur en eau du sol ; mais aussi pour détecter et suivre l’infiltration de polluants en phase liquide non aqueuse
(LNAPL) sur des sites contaminés. Nous avons simulé une nappe libre (dont le toit est à 72 cm de profondeur) en injectant de l’eau
dans une cuve remplie de sable qui contient également plusieurs objets. Les mesures GPR ont été réalisées à l’aide d’une antenne
blindée à 900 et 1200 MHz, respectivement, en dispositif point milieu commun (CMP) et en profils à offset constant (CO). Nous
présentons ici une extension du travail publié par Loeffler et Bano qui consiste à injecter 100 L de gasoil dans la cuve, depuis la
surface du sable. Les données GPR acquises sur le sable pollué ne montrent pas de réflexions claires dues à la présence du panache

C. R. Geoscience 341 (2009) 846–858
* Corresponding author.
E-mail address: Maksim.Bano@eost.u-strasbg.fr (M. Bano).

1631-0713/$ – see front matter # 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.
doi:10.1016/j.crte.2009.08.002

mailto:Maksim.Bano@eost.u-strasbg.fr
http://dx.doi.org/10.1016/j.crte.2009.08.002


de polluant ; néanmoins, les temps de trajet des ondes radar sont très perturbés par la présence du gasoil et les principales
perturbations observées sont des anomalies de vitesse de l’onde. On peut noter que la réflexion de l’onde à la base de la cuve est
observée sur tous les enregistrements, à un temps constant en l’absence de pollution et perturbée après injection de gasoil. La zone
proche de l’injection de gasoil est caractérisée par une vitesse plus élevée qu’avant injection, alors que la zone éloignée de
l’injection présente une anomalie de vitesse plus lente (temps de trajet plus long). Il semble que l’eau résiduelle dans la zone non
saturée ait été remplacée par le gasoil en suivant un écoulement latéral. On a utilisé la modélisation numérique en différences-finies
dans le domaine temporel (FDTD) et des lois d’estimation des propriétés diélectriques pour estimer le volume et les caractéristiques
du sable contaminé. Pour citer cet article : M. Bano et al., C. R. Geoscience 341 (2009).
# 2009 Publié par Elsevier Masson SAS pour l’Académie des sciences.
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1. Introduction

Ground penetrating radar (GPR) is a non-destructive
method which, over the past 10 years, has been
successfully used in vadose zone studies. It is used not
only to estimate the moisture content of the soil (e.g.
[15,16,18,21,23]), but also to detect and monitor the
pollution infiltration at sites contaminated by light non-
aqueous phase liquids (LNAPL). Examples of GPR
reflection techniques used for the detection of liquid
contaminants are given by Brewster and Annan [5],
Daniels et al. [10], Sneddon et al. [27], and Hagrey [17].
Despite these successes, there is still some debate on the
interpretation of the observed GPR results and on how
the data can be used to determine the volume of the
contaminated materials and its physical characteristics.
Studies by Carcione and Seriani [6], Carcione et al. [7]
and Cassidy [9] have shown, however, that it is possible
to obtain important information on the nature and
properties of the contaminants through the accurate use
of advanced data modelling methods such as finite-
difference time-domain (FDTD) combined with
attenuation scattering analysis.

We simulated a water table aquifer (72 cm depth) by
injecting water into a sandbox that also contains several
buried objects. The GPR measurements were carried
out with the PulseEkko1000 system (Sensors & Soft-
ware, Canada) by using the 900 and 1200 MHz antenna,
respectively for common mid point (CMP) and constant
offset (CO) profiles. We extended the work reported by
Loeffler and Bano [21] by injecting 100 L of diesel fuel
(LNAPL) from the top of the sandbox above the water
table. We used the same acquisition procedure and the
same profile configuration as before fuel injection. The
processed GPR data did not show any clear reflections
from the plume pollution; nevertheless, travel times are
extremely affected by the presence of the fuel and the
main changes are on the velocity anomalies. In addition,
the LNAPL in the vadose zone above the water table
does not necessarily stay in one place, but it migrates
laterally. We noticed that the reflection from the bottom
of the sandbox, which is recorded at a nearly constant
travel time when no fuel is present, is deformed by the
presence of the pollution. The lateral extension of the
plume pollution in the vadose zone is shown by plotting
the travel time of the reflection from the bottom of the
sandbox. Despite our efforts made to fill the tank with
homogenized sand (without layering), we observed that
the spreading of fuel plume is not uniform.

Furthermore, we repeated the same GPR measure-
ments 45 days later (after fuel injection) and observed
an unexpected and very clear GPR reflection above the
water table (far from the fuel injection point). There-
fore, a second aim of this work was to use finite-
differences time-domain (FDTD) GPR modelling in
combination with mixing dielectric models to deter-
mine the physical characteristics (such as a reliable
estimate of the LNAPL saturation index) and the
volume of the contaminated sand and to explain the
origin of the observed reflections. Examples of real and
synthetic GPR data will be shown.

2. Experiment set-up and GPR measurements
before fuel injection

We have used the same experiment system with a
sand resin box as presented by Loeffler and Bano [21].
The resin box has a diameter of 2 and is 0.98 m high
(Fig. 1) and was filled with a fine calibrated sand having
a diameter between 0.3 and 0.5 mm and containing
three buried pipes at a depth of 48 cm (a water-filled
PVC pipe, a steel pipe and an air-filled PVC pipe). The
GPR measurements were carried out with the PulseEk-
ko1000 system (Sensors & Software, Canada). CMP
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Fig. 1. Plan view of the sandbox with the selected measurement grid
(only alternate lines are shown, for clarity of the figure) and different
objects. The depth of each object is also shown. IPF is the injection
point (from the top) of the fuel and IPW is the injection point (from the
bottom) of the water.

Fig. 1. Grille de mesures, avec la position et la profondeur des objets.
IPF est le point d’injection du gasoil et IPW est le point d’injection de
l’eau.
and CO profiles were obtained with a 900 and
1200 MHz shielded antenna, respectively. We per-
formed 71 parallel monostatic profiles (Pxx on Fig. 1)
separated by 2 cm, while the distance between
measurements was also 2 cm.

The data were processed with in-house interactive
GPR software written in Matlab on a PC-station. The
quality of the data was improved by removing the low-
frequency component (known as the DC component)
with a running average filter in time. It is important to
note that during the processing we used a linear gain
control, and not automatic gain control (AGC). A linear
gain control allows for the detection of small changes in
signal amplitude which may be obliterated with the use
of an AGC filter. The same parameters were used for all
data in order to keep the relative amplitudes of the
signals from one data set to the other.

After the water of the first experiment shown by
Loeffler and Bano [21] was drained and the sandbox had
rested for several months (from February 2003 to
April 2004), we acquired (in April 2004) a 3D data set
for this condition of the sand, considered at this moment
as ‘‘dry’’ (see below for more details). In Fig. 2, we
present the CO data of the ‘‘dry’’ sandbox acquired in
November 2002 and in April 2004. The three diffrac-
tion hyperbolae noticeable in Fig. 2 represent reflections
from three buried pipes (from left to right: WPVC, steel
and APVC pipes; see also Fig. 1). The bottom of the
sandbox is well imaged (dashed line in Fig. 2); however,
the travel time of the bottom reflections presented in
Fig. 2b is slightly larger than the travel time of the
bottom reflections in Fig. 2a. This is due to the average
velocity of the radar waves, which decreases in the case
of Fig. 2b because of the retention of water into the
pores after drainage (February 2003).

Fig. 3 shows two CMP (CMP16 and CMP56)
acquired on the dry sand (in April 2004). The CMP,
located in the middle of the profiles P16 and P56 (see
positions P1 and P2 in Fig. 1), do not show any
noticeable difference and the average propagation
velocity v (estimated from the bottom hyperbolic
reflection) is the same on both CMP and its value is
0.105 m/ns. The sand is considered as homogeneous in
this condition.

We next injected water (240 L) up to a level of 26 cm
from the bottom of the box (i.e., the water table was at a
depth of 72 cm), and acquired (1 month later) another
3D data set. The quantity of injected water allowed us to
estimate a porosity (w) of 27%. This value is, however,
smaller than that (39%) obtained in the first experiment
[21]; nevertheless, this is an effective value and the
discrepancy is probably due to the settling of the sand
(about 2 cm) and the retention of water in the pores after
drainage in February 2003. This value of porosity is
consistent with the ones given by Banton and Bangoy
[3] or Todd [28] for fine and calibrated sand.

3. GPR measurements after fuel injection

Afterwards, we injected 100 L of diesel fuel from the
top of the sandbox above the water table. The injection
point of the fuel (IPF) is shown in Fig. 1b. This fuel
corresponds to the diesel found at a gas station and has a
density of 0.84 g/cm3 [4], and therefore it is a light non-
aqueous phase liquid (LNAPL). No settling of the sand
has been observed after LNAPL injection. We repeated
the same GPR acquisition scheme two more times:

i) 12 days (in May 2004) after fuel injection;
ii) 6 weeks (in June 2004) after fuel injection.

The relative dielectric permittivity or dielectric
constant of LNAPL (kLNAPL) is considered constant
and we, as many authors, (e.g. [7,8,26]) used a value of
kLNAPL = 2. Note that the dielectric constant (k) is
dimensionless.
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Fig. 2. Profile P36 acquired on the dry sandbox: (a): in November 2002 and; (b): in April 2004. The diffraction events visible in this figure are due to
different objects buried in the sand. The dashed line indicates the reflections from the bottom of the sandbox arriving a bit later for the data acquired
in April 2004 (see discussion in the text).

Fig. 2. Profils P36 acquis sur le sable sec : (a) : en novembre 2002 et ; (b) : en avril 2004. La ligne pointillée marque la réflexion du fond du bac qui
arrive plus tard pour les données du mois d’avril 2004 (voir la discussion dans le texte).
Fig. 4 shows the same profile T0 obtained with a
1200 MHz antenna before (with a water table at 72 cm
depth) and after fuel injection. This profile is
perpendicular to the Pxx profiles (crossing them in
the middle; see Fig. 1) and goes over the steel pipe (at
50 cm depth) and the steel balls P1 and P2 (situated at
68 cm depth). The steel pipe is well imaged, while no
diffractions coming from the steel balls P1 and P2 are
observed, in both cases. The GPR data of Fig. 4, for the
water table at 72 cm depth, do not show any clear
reflections from the top of the saturated zone, which is
the top of the capillary rise (of nearly 100% saturation)
situated above the water table (e.g. [12]). This is a
consequence of the existence of a transition zone above
the saturated zone (e.g. [2]). Recall that in the
transition zone the saturation decreases gradually,
upward, from the saturated zone to the surface. Since
the pipe is horizontal, we recorded it at a constant
travel time of 9 ns (except for the semi-hyperbolic
diffractions from the corners of the pipe) for the profile
without fuel (Fig. 4a). By contrast, after fuel injection,
the recorded travel time from the pipe is not constant.
The travel time of the left corner of the pipe (at 9 ns in
Fig. 4b) is shorter than the travel time of the right
corner. Consequently, the area near the injection point
(on the left of the pipe) has a higher propagation
velocity than the area far from the injection point (on
the right of the pipe). The dashed line indicates the
reflections coming from the bottom of the sandbox,
which is flat (nearly at 23 ns) in the case of Fig. 4a and
considerably disturbed after fuel injection in Fig. 4b.
The consequences of the pollution will be discussed in
more detail in the following section.

In Fig. 5, we compare two CMP acquired on both
sides of the steel pipe (as in Fig. 3) after fuel injection.
The CMP acquired in this situation are very different
and the reflections from the bottom of the box on the
CMP above P1 (cf. Fig. 5a) arrive earlier than the
corresponding reflections on CMP above P2 (cf.
Fig. 5b). There is a large variation of the average
velocities of the GPR waves. The sandbox cannot be
considered as homogeneous anymore in this condition.
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Fig. 3. Two common mid points (CMP) obtained with a 900 MHz antenna on the dry sand in 2004: (a): CMP16 positioned in the middle of the
profile P16; (b): CMP56 positioned in the middle of the profile P56. The strong reflection marked by B is the signal coming from the bottom of the
sandbox.

Fig. 3. Deux points milieux communs (CMP) acquis avec l’antenne de 900 MHz en 2004, dans le cas du sable sec : (a) : CMP16 ; (b) : CMP56.
4. The consequences of the pollution on the GPR
data

All the CO GPR profiles acquired 12 days (in
May 2004) after fuel injection with a 1200 MHz
antenna at the top of the sandbox do not show any
clear reflections from the plume pollution. Therefore,
in order to follow the lateral extension of the plume, we
picked, in all profiles, the travel time of the reflections
from the bottom of the box. Fig. 6 compares the results
of the travel time (or the slowness) plots before and
after fuel injection. Notice that the recorded time before
injection (with a water level at a 72 cm depth) is not
constant (Fig. 6a); a small difference (less than 2 ns) is
observed between the zone situated near the water
injection tap (with a recording time around 24 ns) and
the zone situated far away from the tap (with a
recording time around 22 ns). This is due to the non-
homogeneous repartition of the water in the sandbox;
the saturated zone is thicker near the tap than the zone
far from the tap (see the left corner on the top of Fig. 6a).
Hydrostatic equilibrium might not be completely
reached at this state. We also observe three anomalies
(in the middle in Fig. 6a) which are a consequence of
the perturbation of the sandbox bottom reflection by the
three pipes.

Fig. 6b shows the result after fuel injection. The
influence of fuel on the travel time is important and
obvious. The area near the fuel injection point (in blue)
is characterized by a higher velocity than the area
situated far away from the injection point (in red). The
travel times vary between 20 and 24.2 ns. We also note
that the influence of the fuel is not the same over the
entire sandbox; this might be due to an inhomogeneous
repartition of the water before fuel injection. Such high
velocities (near the fuel injection point) can be
explained by the replacement (at least partially) of
pore water by the fuel. It seems that the pore water
has been pushed away and replaced by the fuel by a
lateral flow. The water, replaced by fuel, moves and
concentrates in the surrounding areas less (or not at all)
polluted (see the top of Fig. 6b). Despite the efforts
made to fill the tank with homogenized sand (without
layering), we observe that the lateral migration of the
fuel plume is non-uniform. This non-uniform spreading
of fuel and/or trapping of zones of water along the
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Fig. 4. Data acquired on the sandbox (profile T0) with different saturation scenarios. (a): With a water table at a 72 cm depth; (b): After light
nonaqueous-phase liquids (LNAPL) injection. P indicates the reflection from the steel pipe, the dashed line shows the reflection from the bottom of
the sandbox and the star in (b) indicates the location of the fuel injection point.

Fig. 4. Profils T0 : (a) : acquis avec un niveau d’eau à 72 cm de profondeur ; (b) : idem après l’injection du gasoil. P montre la réflexion du tube en
acier, la ligne pointillée marque la réflexion du fond du bac. L’étoile en (b) indique l’emplacement approximatif du point d’injection du gasoil.
free-product level is a likely explanation for the
numerous GPR hyperbolae observed by Sauck [24],
and Sauck et al. [25] in the plume during their field
observations in Carson City Park, Michigan (Sauck,
personal communication).

5. Discussion of the average relative dielectric
permittivity

Relative dielectric permittivities were calculated
from average velocities derived from direct ground
wave and reflection hyperbolae on CMP profiles on the
one hand, and from the diffraction hyperbolae (due to
different objects buried inside the sand) observed on CO
profiles on the other hand. The velocities estimated
by using the direct ground waves represent, in fact,
velocities from the surface of the sand. The mean
precision of the velocities was between �0.01 and
�0.02 m/ns. The average velocities were subsequently
converted into dielectric permittivities. Details of this
approach are presented by Loeffler and Bano [21].

The results for each data set (dry sand, with water at
72 cm depth, before and after fuel injection) are
summarized in Table 1. The values of the permittivities
calculated from the measurements performed in 2002
are also shown in brackets. From this Table 1, we note
that the values of the permittivities estimated in 2002
and 2004 (see the two first columns) are very close for
the sand down to a depth of 50 cm. By contrast, the
values of kbottom (the average over the entire height of
the box) are different. For instance, in the first column,
kbottom has the values 6.7 (estimated in 2002) and 7.3
(estimated in 2004), respectively. This has been
discussed previously and confirmed by Fig. 2. While
the values of the permittivities after fuel injection are
estimated on two different points P1 and P2, the value of
kbottom estimated at P1 is very different from the one
estimated at P2. Remember here that the distance
between the points P1 and P2 is 80 cm.

6. Evolution of the pollution in time

We repeated the same GPR measurements 45 days
(in June 2004) after fuel injection and observed an
unexpected and very clear GPR reflection situated in the
vadose zone above the water table (far away from the
fuel injection point). Fig. 7 shows the results comparing
the GPR data acquired at different periods. We compare
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Fig. 5. The same common mid points (CMP) as in Fig. 3 acquired after fuel injection. (a): CMP16 situated above the steel ball P1; (b): CMP56
situated above the steel ball P2. The strong reflection marked by B is the signal coming from the bottom of the sandbox. For case (b), it arrives later
than for case (a).

Fig. 5. Les mêmes points milieux communs (CMP) que ceux montrés sur la Fig. 3 obtenus après l’injection du gasoil. (a) : CMP16 situé au-dessus la
boule de pétanque P1. (b) : CMP56 situé au-dessus de la boule de pétanque. P2 La réflexion indiquée par B est le signal réfléchi du fond du bac. Dans
le cas (b), cette réflexion arrive plus tard que dans le cas (a).

Table 1
Average relative dielectric permittivities at several depths in the sand before and after fuel injection obtained from the velocities of GPR waves. The
estimates are made from the surface to the given depth. The values obtained for the first measurements in 2002 are shown in brackets.

Tableau 1
Constantes diélectriques moyennes du sable pour différentes profondeurs avant et après injection du diesel. Les valeurs entre parenthèse ont été
obtenues en 2002.

Average dielectric permittivity Dry sand Water at 72 cm depth With fuel (at P1) With fuel (at P2)

ksurf 4.2 (4.6) 4.6 (4.6) 4.6 4.6
k38 4.3 (4.6) 4,6 (4.6) 4.6 4.6
k50 4.3 (4.6) 5.3 (5.5) 5.3 5.8
kbottom 7.9 (6.7) 11.1–13.4 (11.4) 9.4–10.2 12.5–13.4
the same profile T0 obtained with a 1200 MHz antenna;
the first one is acquired in May 2004 (Fig. 7a) and the
second in June 2004 (Fig. 7b). In Fig. 7b, we remark that
a clear reflection appears (indicated by R) at the end of
the profile. It is situated between 1 and 1.4 m laterally,
and at 8 ns depth (in time).

To confirm the presence of this reflection we also
show in Fig. 7 the profile P56 which is perpendicular to
T0 and goes over P3 (the steel ball at 38 cm depth), P2
(the steel ball at 68 cm depth) and the clay cake A (see
also Fig. 1). In Fig. 7d (acquired in June 2004), we
observe the same reflection (marked by R) which is
flat and continuous over the entire profile. This
reflection is certainly due to a dielectric permittivity
contrast between two layers within the vadose zone.
Loeffler [20] compared the reflection coefficients of
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Fig. 6. Recording time of the reflection from the bottom of the sandbox: (a): plan view with a water level at a 72 cm depth before fuel injection; (b):
plan view after fuel injection. The colour scale is the same in all cases. The blue star in (a) is the location of the water tap (situated at the bottom of the
box) and the black star in (b) is the location of the fuel injection point (situated on the top of the box).

Fig. 6. Vues en plan du temps d’enregistrement du fond du bac, avec un niveau d’eau à 72 cm de profondeur dans le cas (a) avant l’injection du
gasoil et (b) après injection du gasoil. L’étoile bleue en (a) montre l’emplacement du point d’injection de l’eau et l’étoile noire en (b) montre
l’emplacement du point d’injection du gasoil.
the steel ball P3 and the horizon R for the signals
marked by a vertical dashed line in Fig. 7d and found
that they have, approximately, the same negative value.
Therefore, the origin of this reflection might be from the
contact between two zones: a high-saturation zone
underlying a low-saturation zone, which gives a
negative reflection coefficient. A possible mechanism
for this to happen is that the fuel coating the sand grains
may have effectively displaced the water from the pores
such that a dielectric permittivity contrast exists (e.g.
[1]), far away from the fuel injection point, within the
vadose zone. A new hydrostatic equilibrium is achieved
for this condition of the sand. Other laboratory and field
GPR studies (e.g. [10,11,17]) have also shown the
displacement of the water by the fuel through a lateral
flow. In the next Section, we try to model by FDTD the
contact between these zones. We notice here that no
such reflection is observed in the profile of Fig. 7c
acquired in May 2004. The black arrows on the top of
each figure indicate the intersection between the profiles
T0 and P56.

7. Modelling of GPR data

The synthetic profiles were computed using the two-
dimensional (2D) forward-modelling code developed
by Girard [14]. The modelling is based on a finite
difference time domain (FDTD) numerical scheme as
proposed by Yee [29]. The code works on dispersive and
inhomogeneous media with conductive losses. The soil
dispersion is modelled by exponential functions in time
of the Debye or Davidson-Cole types, which are
incorporated into the FDTD scheme. The code uses the
piecewise-linear recursive convolution (PLRC) techni-
que, presented by Kelley and Luebbers [19], and is
extended to the power-law functions or non-exponential
functions in the time domain for the dielectric response.
The perfectly matched layer is used as an absorbing
boundary condition to simulate an open space.

To model the profile T0, we assumed a non-
dispersive medium, which is justified by the fact that the
fuel is a non-conductive material and has a low value of
permittivity (kfuel = 2) and a high quality factor (e.g.
[30]). The model used is shown in Fig. 8 and consists of
sand (in orange) which is divided into three layers based
on their fluid content; dry sand (ksand = 4.6 and
h = 32 cm), transition zone (32 cm thick, in which
the saturation decreases gradually upward) and satu-
rated sand (35 cm thick, water table and capillary rise).
The saturated sand with fuel (ksf = 3.8) is represented in
yellow, the mixture of sand/air/fuel (ksaf = 4) in black,
the mixture of sand/water/fuel (kswf = 15) in blue.
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Fig. 7. Constant offset (CO) profiles acquired at different periods. (a): profile T0 acquired in May 2004; (b): profile T0 acquired in June 2004; (c):
profile P56 acquired in May 2004; (d): profile P56 acquired in June 2004. The diffraction from the ball P3 is marked by the white arrow and the
reflection observed in June 2004 is marked by R. The black arrows on the top of each section indicate the intersection between profiles.

Fig. 7. Profils en offset constant (CO) acquis pendant différentes périodes. (a) : profil T0 acquis en mai 2004 ; (b) : profil T0 acquis en juin 2004 ;
(c) : profil P56 en mai 2004 ; (d) : profil P56 en juin 2004. La diffraction de la boule de pétanque P3 est marquée par la flèche blanche et la réflexion
observée en juin 2004 est marquée par R. Les flèches noires en haut indiquent l’intersection des profils.
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Fig. 8. Conceptual model used for the simulation of profile T0 12 days (in May 2004) after fuel injection. The different coloured layers are
explained in the text.

Fig. 8. Modèle conceptuel utilisé pour la simulation du profil T0 12 jours (en mai 2004), après l’injection du gasoil. Les couches de différentes
couleurs sont expliquées dans le texte.

Fig. 9. Profile T0 acquired 12 days (in May 2004) after fuel injection. (a): modelled profile and; (b): real profile. P and B indicate the reflection from
the pipe and bottom, respectively.

Fig. 9. Profil acquis 12 jours (en mai 2004) après l’injection du gasoil. (a) : profil modélisé et ; (b) : profil réel. P et B sont la réflexion du tube en
acier et du fond du bac, respectivement.
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Fig. 10. Model used for the simulation of profile T0 45 days (in June 2004) after fuel injection. The interface in green indicates the top of a layer of
highly saturated sand.

Fig. 10. Modèle utilisé pour la simulation du profil T0 45 jours (en juin 2004) après l’injection du gasoil. Le niveau de sable plus saturé en eau est en
vert.

Fig. 11. Profile T0 acquired 45 days (in June 2004) after fuel injection. (a): modelled profile and; (b): real profile. P and B indicate the reflections
from the pipe and bottom, respectively. R indicates the ‘‘unexpected reflection’’ observed in June 2004.

Fig. 11. Profil T0 45 jours (en juin 2004) après l’injection de gasoil : (a) : profil modélisé et ; (b) : profil réel. P et B sont la réflexion du tube en acier
et du fond du bac, respectivement. R est l’interface apparue entre mai et juin 2004, liée au rééquilibrage hydrostatique.
The steel pipe (ksteel = 81) and the soil (ksoil = 4), are
presented in red and brown, respectively. This
conceptual model corresponds to a schematic distribu-
tion of the fuel concentration (below a point-pollution
source) over a water table as described by Fetter [13]
and Sauck [24].

To calculate the permittivity of the mixtures, we
incorporated into the FDTD code the complex refractive
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index method (CRIM) for three- or two-phase medium
(e.g. [22]) as follows:

ffiffiffi

k
p
¼ ð1� ’Þ ffiffiffiffiffiffiffiffiffiksand

p þ ’Sfluid

ffiffiffiffiffiffiffiffiffi

kfluid

p

þ ’ð1� SfluidÞ
ffiffiffiffiffi

ka

p
(1)

and

ffiffiffi

k
p
¼ ð1� ufluidÞ

ffiffiffiffiffiffiffiffiffi

ksand

p þ ufluid

ffiffiffiffiffiffiffiffiffi

kfluid

p
(2)

where ksand = 4.6; w = 27% and ka = 1, while kfluid can

take the values of 81 for water and 2 for fuel. Sfluid varies

between 0 and 1 and represents the fluid (water or fuel)

saturation, and in the case of Sfluid = 1 (ufluid = w), we

deal with equation (2) which represents a fully saturated

medium.

Fig. 9 shows the modelled profile and the real profile
T0 12 days after fuel injection. We observe that the
modelling reflections from the pipe (P) and bottom (B) fit
well with the real data. Nevertheless, some other signals,
which are not visible in the real data, are observed in the
synthetic profile. This is due to the discontinuities
(interfaces) between different ‘‘layers’’ (zones) in our
model of Fig. 8. See, for example, the passage from the
layer of permittivity k1 = 3.8 to the layer of permittivity
k2 = 15. However, the passage between ‘‘layers’’, during
the lateral fuel infiltration, is progressive and not as
abrupt as represented in our model.

In order to verify our hypothesis about the origin of
the reflection Horizon R, observed 45 days after fuel
injection, we ran one more time the modelling of profile
T0. We used the same model as in Fig. 8, but with an
interface (marked by a green line situated 14–16 cm
above the initial saturated zone) separating two zones: a
highly saturated sand (k = 45) underlying a less
saturated sand (see Fig. 10). The result of this modelling
is shown in Fig. 11a from where we notice that the
modelled reflection R fits well (in time and amplitude)
with the same reflection observed in the real data of
Fig. 11b. The same remarks discussed in the case of
Fig. 9 stand for the case of Fig. 11.

8. Conclusion

A 4D GPR survey was carried out on a sandbox
contaminated with diesel fuel in order to follow the
extension and the evolution of the fuel plume in the
sand. The GPR data do not show any clear reflections
from the plume pollution; however, GPR velocities are
extremely affected by the presence of the fuel and the
main changes are on the travel time anomalies. The
lateral extension of the plume pollution in the vadose
zone is shown by comparing the plots of travel times (or
slowness) of the reflection from the bottom of the
sandbox, before and after fuel injection. The differences
between the two plots are obvious and the influence of
the fuel is not the same over the entire sandbox. The
zone situated away from the injection point shows an
increase in travel time, which implies a low velocity
anomaly. The pore water has been replaced by the fuel
through lateral flow by creating a highly saturated zone
far from the fuel injection point. Some weeks later, we
repeated the same GPR measurements and observed a
nice reflection situated on the opposite side of the fuel
injection point. Finally, the forward FDTD modelling
method in combination with dielectric mixing models
gave theoretical support to understand and determine
the physical characteristics and the volume of the
contaminated sand and explain the origin of the
observed reflections from the contaminated vadose
zone. A next logical step is to combine the GPR with
suitable laboratory measurements of fluid content in the
sandbox experiment. The quantitative parameters given
by GPR measurements can be used to constrain a lateral
flow model, which requires many unknown parameters.
In order to follow the lateral flow of the plume, a joint
GPR and lateral flow modelling is necessary.
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