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Interpreting TDR Signal Propagation 
through Soils with Distinct Layers 
of Nonaqueous-Phase Liquid and 
Water Content
A. Comegna,* A. Coppola, G. Dragonetti, G. Severino, 
and A. Sommella
Several studies have demonstrated that time-domain reflectometry (TDR) 
has an enormous potential to detect and monitor nonaqueous-phase liquids 
(NAPLs) in uniformly contaminated soils with reference to different-textured 
soils and under different saturation conditions. Few attempts have been pro-
posed to describe NAPL distribution by using TDR when a contaminated front 
propagates through a soil. In this study, the TDR response in the presence of 
NAPL-contaminant transport processes was investigated in a homogeneous 
soil under confined conditions with a series of laboratory-controlled tests. 
The laboratory procedure involved measurements of dielectric permittivity 
(eb) and electrical conductivity (ECb) and the acquisition of the reflected 
TDR waveforms. The experimental framework was designed to simulate 
sharp NAPL fronts that moved in the soil columns and generated zones of 
contrasting permittivity. During the experiments, different initial conditions 
were assumed, as well as different degrees of contamination, by varying the 
volumetric water (qw) and NAPL (qNAPL) contents. The acquired TDR wave-
forms were systematically analyzed to deduce the influence of NAPLs on TDR 
signal propagation. A general procedure to determine the location of an 
NAPL-contaminated front within a soil column was developed. Equipment 
calibration, measurement accuracy, and error sources were investigated 
in relation to the experimental procedure setup and the column prepara-
tion conditions. The results show that there may be some difficulties when 
interpreting TDR signals to locate the NAPL front for two main reasons: first, 
the expected additional reflection at the interface is not always distinguish-
able; second, there may be problems even locating both the first peak and 
the reflection point at the end of the TDR probe, especially when the signal 
shifts from a low to a high impedance layer. The suggested methodology 
provides a tool to overcome such intrinsic difficulties in NAPL front detection 
during the propagation of the contaminant.

Abbreviations: DL, dry layer; EC, electrical conductivity; NAPL, nonaqueous-phase liq-
uid; NCSL, nonaqueous-phase liquid contaminated soil layer; NWCSL, nonaqueous-
phase liquid and water contaminated soil layer; TDR, time-domain reflectometry; W1L, 
soil–water mixture with a volumetric water content of 0.20; W2L, soil–water mixture with 
a volumetric water content of 0.30.

The widespread production and use of liquid petroleum products have pro-
vided ample opportunity for subsurface contamination from leaking underground storage 
tanks, pipelines, ruptures, and illegal disposal of waste materials, hazardous waste sites, and 
surface spills. The aqueous solubility of these organic liquid contaminants is low enough 
for them to exist in the subsurface as nonaqueous-phase liquids (NAPLs) but high enough 
to seriously degrade water quality (Geller and Hunt, 1993).

Remediation of NAPL sites requires accurate knowledge of the contaminant distribution 
in the soil profile and groundwater. Methods commonly used to characterize contaminated 
sites involve soil drilling, sampling, and the installation of monitoring wells for the collec-
tion of soil and water samples (Mercer and Cohen, 1990).
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Given the cost of these technologies, other noninvasive techniques 
that belong to geophysical methods have been sought to character-
ize contaminated sites extensively. In particular, the time-domain 
reflectometry (TDR) technique has been proposed as potentially 
exhibiting sufficient sensitivity and lateral and vertical resolu-
tion for characterization of soil NAPL volumes (Persson and 
Berndtsson, 2002; Francisca and Montoro, 2012, Comegna et al., 
2013, 2016).

During the past four decades, TDR has become a very important 
tool for laboratory and field measurement of soil water content 
(qw) and soil solution electrical conductivity (ECw) in uniformly 
wetted profiles (Topp et al., 1980; Dalton et al., 1984; Rhoades et 
al., 1989). Topp et al. (1982) were the first to carry out a series of 
laboratory experiments on soil profiles to evaluate TDR response 
during the progression of a steep wetting front. They demonstrated 
both theoretically and experimentally that the TDR technique 
may be able to detect the interface of a front during an infiltration 
process, and they developed a two-layer model based on summing 
the travel times of the TDR waveforms in the layers. Based on 
these pioneering results, more recent experiments of a similar 
nature were subsequently developed by, among others, Nadler et 
al. (1991), Dasberg and Hopmans (1992), Feng et al. (1999), and 
Yu and Yu (2006).

The potential of the TDR technique in estimating NAPL presence 
in saturated and unsaturated soils, under the general hypothesis 
that NAPL and water are uniformly distributed in the soil sample, 
has also been extensively explored (Redman and DeRyck, 1994; 
Chenaf and Amara, 2001; Persson and Berndtsson, 2002; Haridy 
et al., 2004; Mohamed and Said, 2005; Moroizumi and Sasaki, 
2006; Rinaldi and Francisca, 2006; Francisca and Montoro, 2012; 
Comegna et al., 2013, 2016).

The issue of characterizing the dielectric effect of an NAPL-
contaminated plume that moves in the soil matrix is a further 
complication that has to date attracted little attention (e.g., Barnett, 
2002; Yu and Yu, 2006; Zhan et al., 2013). However, a well orga-
nized, detailed experiment was conducted by Zhan et al. (2013). 
Using the TDR technique, they measured the bulk dielectric 
permittivity (eb) and the bulk electrical conductivity (ECb) of 
a diesel-contaminated layer sandwiched in sand. During the 
experiment, they analyzed the reflected TDR signals, looking for 
singularities in the waveforms at the layer interface. According 
to the experimental results obtained, they concluded that their 
methodology may facilitate NAPL detection in a contaminated 
site when NAPL exists in a saturated or an unsaturated sand but 
not in the case of the contaminant distributed in a dry sand.

There is thus a need for further experiments to support the appli-
cation of the TDR technique to describe soil dielectric behavior 
in the presence of an NAPL moving front. In this study, starting 
from the research of Zhan et al. (2013), we performed a series of 

laboratory NAPL-contaminant transport experiments in which 
we simulated different scenarios of practical interest, aiming to 
analyze the effects of a steep front on the shape of a TDR wave-
form. Finally, on the basis of the experimental results obtained, we 
developed a general methodology for evaluating the location in the 
soil profile of the NAPL front.

 6Theory
Theoretical Background and 
Operational Principles of TDR
The TDR technique is a well-established geophysical method to 
measure the dielectric permittivity of liquids and solids, described 
by a complex number er* (Robinson and Friedman, 2002):
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where er¢ is the real part of the dielectric permittivity, which 
accounts for the energy stored in the dielectrics at a given frequency 
and temperature, er² is the imaginary part due to relaxations, s is 
the zero-frequency conductivity, w is the angle frequency, J = Ö−1 
is the imaginary number, and e0 is the permittivity in free space.

At the highest effective frequency of the TDR cable tester 
(200 MHz–1.5 GHz) where the dielectric losses can be assumed 
to be negligible, using a waveguide (or probe) of known length L, 
the bulk dielectric permittivity eb (@ the real part of permittivity) 
is measured from the propagation velocity v( = 2L/t) of an electro-
magnetic wave along the waveguide through the soil by
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where c (= 3 ´ 108 m s−1) is the velocity of an electromagnetic 
wave in a vacuum (Topp et al., 1980) and t is the travel time, which 
represents the time that is needed by the TDR signal to travel back 
and forth to the waveguide of length L (m) and can be written as

b
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which yields the direct dependence between the travel time t of the 
signal and the soil dielectric properties (i.e., eb).

Other important information that can be obtained from a TDR 
signal is the bulk electrical conductivity, ECb, related to the mag-
nitude of energy attenuation, which can be calculated using the 
method of Giese and Tiemann (1975):
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where Z0 is the characteristic probe impedance, Zc is the TDR cable 
tester output impedance, V0 is the incident pulse voltage (i.e., source 
voltage), and Vf is the return pulse voltage after multiple reflections 
have died out (i.e., long-term voltage). The value of ECb depends 
on soil water content, electrical conductivity of the pore solution, 
tortuosity of the soil–pore system, and other factors related to the 
solid phase such as bulk density, clay content, and mineralogy.

Nonaqueous-Phase Liquid Front Detection 
in a Soil Profile
Here we analyze the possibility of identifying the location of an 
advancing steep NAPL front in a soil profile under the hypoth-
esis that the soil is homogeneous from a textural point of view. 
Several researchers (Topp et al., 1982; Yu and Yu, 2006; Zhan et 
al., 2013; among others) have observed that when in a soil profile 
an impedance change occurs, this change may cause a distinguish-
able reflection on the TDR signal. This is due to the superposition 
of the incident and the reflected waves that generate either an 
in-phase or an out-of-phase signal, depending on the dielectric 
properties before and after the discontinuity (Mohamed, 2006).

If a wetting front containing water proceeds in a soil profile, it 
certainly produces a dielectric discontinuity along the transmission 
line. If this discontinuity at the interface is clear along the acquired 
TDR signal, the thickness of the front can be determined by the 
procedure of Topp et al. (1982), who suggested a way to calculate 
the front position in a soil profile in the presence of a sharp wet-
ting front. According to this approach, in a porous medium with 
two layers, i and j, each with its own dielectric permittivity, ebi 
and ebj, and wave travel time, ti and tj, the partial length, Li, of the 
transmission line in the ith layer can be estimated as

b
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i

ct
L =

e
  [5]

and the complementary length, Lj, in the jth layer may be deter-
mined as

j iL L L= -   [6]

where L is the total length of the transmission line (probe length).

In the presence of an NAPL-contaminating front, Zhan et al. 
(2013) demonstrated that in some circumstances (e.g., an NAPL 
layer sandwiched between two dry sand layers) the dielectric dis-
continuity across the two contrasting zones might not induce an 
appreciable variation in the reflection amplitude of the TDR signal, 
and thus Topp’s approach becomes impossible to apply. To fill this 
gap and with the aim of exploring different possible scenarios of 
practical interest from those investigated by Zhan et al. (2013), 
we propose a methodology based on TDR waveform analysis, 
coupled with bulk soil electrical conductivity (ECb) measure-
ments. Electrical conductivity was selected as a candidate dielectric 

parameter for our approach because it is easy to determine (see, for 
example, Giese and Tiemann [1975] and Heimovaara et al. [1995]) 
once a long-term TDR signal has been acquired. Specifically, by 
using the TDR technique, the ECb of the total volume sampled 
by the TDR probe can be utilized for calculating the thickness of 
the contaminated layer (LNWCSL, where NWCSL is the NAPL 
+ water contaminated soil layer) as a linear function of the ECb:

NWCSL bECL a b= +   [7]

where a and b are coefficients that have to be experimentally deter-
mined. Below we will show that the slope coefficient a and the 
intercept b of Eq. [7] mainly depend on the volumetric content of 
NAPL (qNAPL) and water (qw).

 6Materials and Methods
The Soil
The soil investigated in this study was a loam Eutric Cambisol 
(IUSS Working Group WRB, 2006) located in southern Italy. 
The soil texture was determined using hydrometer and sieving 
analysis (Day, 1965); soil organic C content was analyzed accord-
ing to the Walkley–Black method as described by Allison (1965); 
the soil solution electrical conductivity (ECw) was measured with 
the method proposed by Miller and Curtin (2007), while the soil 
pH was determined using a 1:1 soil/water ratio (Eckert, 1988). The 
Ap horizon of the Eutric Cambisol under study to a depth of 20 
cm was classified as loam, with 41.4% sand, 16.4% clay, and 42.2% 
silt. It had porosity of 0.52%, organic C content of 0.30%, ECw of 
0.13 dS m−1, and a pH of 8.40.

The NAPL used for the experiments was corn oil (eNAPL = 3.2; 
ECNAPL = 0.055 dS m−1 at 25°C) with a density of 0.905 g cm−1 (at 
25°C). The electrical conductivity of water used was 0.0005 dS m−1.

Experimental Setup
The experimental apparatus consisted of a TDR unit (Tektronix 
1502C cable tester) and a three-wire TDR probe, with waveguides 
14.5 cm long and a coaxial cable 2 m long. The reflected signals 
were collected by a PC-based data acquisition-processing system. 
A MATLAB code based on the method of Baker and Allmaras 
(1990) was specifically developed for post-processing the acquired 
TDR signals to calculate the dielectric constant of each layer in 
the medium. Figure 1 gives a picture of the dielectric measurement 
system used in the experiments.

Experimental Design
A laboratory experiment was performed on repacked soil samples 
collected from the Ap horizon of the Eutric Cambisol. The experi-
ment involved measurements of eb and ECb conducted on a series 
of NAPL-contaminated samples. The experimental framework 
was designed to obtain soil cores with two distinct dielectric layers. 
One of the two layers was designed to have a certain volume of 



VZJ | Advancing Critical Zone Science p. 4 of 11

NAPL and water (NWCSL), whereas the complementary layer was 
either completely dry (dry layer, DL) or it was prepared with a fixed 
water content (water layers, W1L and W2L) or NAPL content 
(NAPL contaminated soil layer, NCSL). Further, in the procedure 
adopted, for the NWCSL, a known volumetric water content (qw) 
and volumetric NAPL content (qNAPL) were mixed together to 
obtain a certain volumetric fluid content qf (= qNAPL + qw). For 
a full factorial analysis, q f and the relative volume of NAPL in 
water (b = qNAPL/qf) were varied from 0.165 to 0.400 and from 
0.10 to 0.75, respectively, with the purpose of achieving, at selected 
dielectric permittivity values (eb = 6, 9, and 12), different levels 
of soil contamination (for more details, see Comegna et al., 2016). 
The W1L and W2L layers are soil–water mixtures with known 
different qw of 0.20 and 0.30, respectively. Finally, the NCSL layer 
was prepared with the same volumetric NAPL content (qNAPL) 
as the NWCSL layer but with qw set to 0. In accordance with the 
procedure adopted, the thickness of the front was varied from 0 to 
15 cm by 2.5-cm increments. In summary, we built soil cores with 
a homogeneous texture in which, due to the different mixtures of 
the two layers, we created “vertical fluid heterogeneity” in such a 
manner that it influenced the final shape of the TDR signal.

During the laboratory experiments, the dielectric response of the 
contaminated soil samples was studied with reference to four sce-
narios (1, 2, 3, and 4), in which, following the scheme in Fig. 2, the 
different layers were combined with each other by varying their 
thickness. For each scenario, we considered seven different steps.

In Scenario 1, we simulated a soil sample that was at the begin-
ning completely dry (DL) or at a uniform water content (W1L 
or W2L). At a certain time, we assumed that the contaminant 
source was applied at the sample bottom, such that the front moved 

upward, reaching in sequence the tip and the top of the TDR 
waveguide. In Scenario 2, the initial condition was similar to 
that of Scenario 1, but now we hypothesized that the NAPL 
leaked from the top of the soil sample such that the contami-
nant source propagated downward. In the last two scenarios 
(3 and 4), at the beginning soil samples were originally NAPL 
contaminated. We then simulated the water fraction gradu-
ally leaving the soil sample from the bottom (Scenario 3) and 
from the top (Scenario 4) of the soil profile. For each step of 
the experimental framework, we acquired measurements of 
both eb and ECb, and we recorded the TDR waveforms for 
further investigations.

Sampling Properties 
and Testing Procedures
During the laboratory experiment, the soil samples were oven 
dried at 105°C and sieved at 2 mm. To perform the designed 
experiment, different soil mixtures were prepared as pre-
sented in Table 1.

All soil samples (except the case of dry soil samples) were 
mixed together, shaken, and then kept for 24 h in sealed plastic 
bags to avoid any evaporation. During this time, to guarantee a 
uniform distribution and adsorption of fluids by the soil matrix, 
the soil mixture was stirred frequently (Persson and Berndtsson, 
2002; Comegna et al., 2016).

After this step, the soil was then immediately placed in cylindrical 
polyvinyl chloride containers (15 cm high and 9.5 cm in diameter) 
in several steps, during which it was carefully compacted until a 
1.27 g cm−3 bulk density was attained. Soil samples were kept at 
a fairly constant temperature of 25°C during the TDR measure-
ments using a thermostat box.

For preparing the stratified samples, we adopted the procedure 
suggested by Yu and Yu (2006), in which a thin layer of plastic 
film was placed on the surface separating the two layers. A hole 
with a slightly larger diameter than that of the external separation 
distance between the TDR rods was made in the center of the 
plastic film to prevent the rods from penetrating and distorting the 
plastic film. After the separation film was in place, another layer of 
soil was compacted on top of the bottom layer. For preparing a soil 
sample at a desired bulk density, a premeasured weight of soil was 
placed in the cylinder and pressed until it filled the desired layer 
thickness and thus was compacted to the desired porosity. This 
process was repeated for all the soil samples used in the experi-
ment. Before starting the experiments, several tests were performed 
to validate the procedure adopted. Finally, after packing, a TDR 
probe was inserted vertically into the top layer of each soil sample. 
To avoid any difference in TDR readings (which may be gener-
ated by dissimilar geometric characteristics of the probe), all the 
measurements were made with the same TDR probe (see Comegna 
et al., 2016). Overall, there were 504 NAPL-contaminated soil 

Fig. 1. Experimental setup used in the laboratory experiment, where L is the 
length of the entire soil column.
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Fig. 2. Experimental schemes and the thickness of the incoming contaminated layer for the four scenarios prepared (units in centimeters).

Table 1. Combinations of NAPL volume (VNAPL) and moisture volume (Vw) for the different soil mixtures for determined levels of contamination (b) 
at different total fluid volumes (qf).

eb† b

NAPL + water contaminated soil 
layer

NAPL  contaminated 
soil layer Soil–water layer 1 Soil–water layer 2 Dry soil layer

qf VNAPL Vw qf VNAPL qf Vw qf Vw qf Vf

——— cm3 ——— cm3 cm3 cm3 cm3

6 0.25 0.165 44 132 0.041 44 0.200 213 0.300 319 0 0
6 0.50 0.230 122 122 0.115 122 0.200 213 0.300 319 0 0
6 0.75 0.390 311 104 0.293 311 0.200 213 0.300 319 0 0
9 0.20 0.240 51 204 0.048 51 0.200 213 0.300 319 0 0
9 0.40 0.310 132 198 0.124 132 0.200 213 0.300 319 0 0
9 0.60 0.430 274 183 0.258 274 0.200 213 0.300 319 0 0
12 0.10 0.280 30 268 0.028 30 0.200 213 0.300 319 0 0
12 0.30 0.350 112 260 0.105 112 0.200 213 0.300 319 0 0
12 0.40 0.400 170 255 0.160 170 0.200 213 0.300 319 0 0

† The expected dielectric permittivity (eb) values refer to a contaminated layer 15 cm high.
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samples (189 measurements are available for Scenario 1, 189 mea-
surements for Scenario 2, 63 measurements for Scenario 3, and 
63 measurements for Scenario 4) used for a full factorial analysis. 
Furthermore, for each scenario, an independent validation dataset 
(consisting of 90 contaminated soil samples for Scenarios 1 and 2 
and 25 contaminated soil samples for Scenarios 3 and 4) was pre-
pared for testing the procedure developed. In each mixture of soil, 
water, and oil, 10 TDR measurements were taken and averaged 
immediately after packing.

Statistical Indices for Model 
Performance Evaluation
The performance of Eq. [5] and [7] was quantified by using two 
different criteria: (i) relative error (Erel), which defines the differ-
ence between the ith true value in the observed dataset and the 
corresponding estimated value in a modeled dataset with respect 
to the true value; and (ii) maximum absolute error (ME), which 
is the maximum absolute difference observed between measured 
and expected values. These indices were computed according to 
the following relations (Legates and McCabe, 1999; International 
Union of Pure and Applied Chemistry, 1997; Reusser et al., 2009):

rel
i i

i

O E
E

O
-

=   [8]

1...
ME max i i

i n
O E

=
= -   [9]

where Ei is the prediction (model-simulated data), Oi is the true 
value (observed data), and n is the number of observations.

 6Results and Discussion
Influence of a Nonaqueous-Phase Liquid 
Front on TDR Signal Shape in Soil Profiles
A selection of the acquired TDR signals, under the different 
experimental scenarios illustrated above, are shown in Fig. 3 (each 
soil sample is identified by the soil layer: NWCSL, NCSL, W1L, 
W2L, or DL, followed by a number that indicates the thickness of 
the layer; the first label refers to the top layer, whereas the second 
label refers to the bottom layer). Reflections across the interfaces 
of the different layers can be detected in some cases. Figure 3a 
(Scenario 1) and Fig. 3b (Scenario 3) present similar trends: as the 
thickness of the top layer decreases, the first peak location appears 
(virtually) to shift to the right and tends to decrease pronouncedly 
when approaching the final condition (i.e., DL or NCSL). Figures 
3c and 3d show the W1L–NWCSL and NWCSL–W1L TDR 
signal sequences (Scenarios 1 and 2, respectively). In these cases, 
the reflections at the interfaces are not clear even by zooming 
between the first peak and the reflection at the end of the probe. 
The absence of an evident additional reflection at the layer inter-
face is probably due to the superposition effect of the incident and 
the reflected signals that produces, in these two cases, a relatively 

flat waveform without a significant variation in the reflection coef-
ficient magnitude (Yu and Yu, 2006; Mohamed, 2006).

On the contrary, Fig. 3e and 3f show that, with reference to the 
same scenario conditions in Fig. 3c and 3d but increasing the 
amount of water in the uncontaminated layer, the ref lection 
of the transmitted pulse at the interface becomes clear, espe-
cially in the W2L2.5–NWCSL12.5, W2L5–NWCSL10, and 
W2L7.5–NWCSL7.5 cases of Scenario 1, where the transition 
between layers is noted by a backward position of the reflection 
(Yu and Yu, 2006). In Fig. 3f, for the sake of clarity, we illustrate 
only NWCSL–W2L interfaces at 5 and 10 cm (i.e., NWCSL5–
W2L10 and NWCSL10–W2L5), as well as the initial (W2L) 
and final (NWCSL) soil conditions. In the latter case, during 
the transition from the low-permittivity layer to the high-permit-
tivity layer, the position of the reflection moves backward, with a 
downward concavity. Finally, Fig. 3g and 3h (Scenarios 2 and 4) 
show a reduction in the travel time t as the thickness of the top 
layer increases. In some cases (see the blue arrows), in accordance 
with Zhan et al. (2013), the additional ref lection point of the 
transmitted pulse due to the layer presence is visible. No more 
significant indication may be inferred from the whole acquired 
TDR waveforms dataset.

In summary, in all the illustrated scenarios we often noted: (i) that 
the position of the interface could not be easily detected from the 
TDR signal; or (ii) that the interface was even completely absent. 
These observations definitively clarify that the difficulty in the 
dielectric permittivity calculation, which is necessary for imple-
menting Topp’s approach (Eq. [5]), limits the possibility of fully 
monitoring the displacement of NAPLs in soils. On the other 
hand, the electrical conductivity of the contaminated system can 
always be computed if the TDR signal is acquired in a proper 
observation window. Moreover, ECb showed a linear dependence 
(most of the computed R2 are >0.90) on the thickness of the con-
taminated layer (LNWCSL), which is a fundamental point in the 
present research. This dependence allowed us to develop Eq. [7], 
which does not need to locate a visible interface in contaminated 
soil profiles, as shown below.

Contaminated Front Detection
The complete dataset of computed a and b coefficients of Eq. [7] is 
summarized in Table 2, where it is separated by scenario and level 
of NAPL contamination. Table 2 contains data from Scenarios 
1 and 2 (in which wetting NAPL fronts that moved upward and 
downward, respectively, in the soil sample were simulated) and 
data from Scenarios 3 and 4 (in which the NAPL-contaminated 
soil leaked water from the top or the bottom of the contaminated 
soil profile). For each scenario and degree of NAPL contamina-
tion (b), nine pairs of a and b coefficients were determined. Once 
coefficients a and b for a selected scenario are available, Eq. [7] may 
be implemented for continuously monitoring the position of the 
contaminated interface by just measuring ECb.
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Fig. 3. Selected reflection waveforms of contaminated soil samples for the different designed scenarios (NWCSL, nonaqueous-phase liquid [NAPL] + 
water contaminated soil layer; NCSL, NAPL contaminated soil layer; W1L, soil–water layer with volumetric water content of 0.20; W2L, soil–water 
layer with volumetric water content of 0.30; DL, dry layer).
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The results presented suggest that, for each scenario, coefficients 
a and b vary with the amount of NAPL and water (if present) 
within the soil specimen. Moreover, this variation generates, in the 
Cartesian plane, LNWCSL–ECb correlations that can be positive or 
negative, according to the specific scenario investigated.

A selection of the experimental LNWCSL–ECb relationships (vali-
dation dataset) and the corresponding computed linear regressions 
are shown in Fig. 4 for each scenario. The figure clearly demon-
strates that the thickness of the contaminated layer is linearly 
correlated, as indicated by the R2 values, with the electrical con-
ductivity of the contaminated medium.

The LNWCSL computed from Eq. [5] and [7], respectively, and the 
known LNWCSL content are illustrated in Fig. 5. Only 44 of the 504 
measurements obtained from the laboratory experiment are shown. 
The selected TDR signals are those in which the contaminated front 

Table 2. Estimated coefficients a and b of Eq. [7] for the four scenarios 
and for assigned bulk dielectric conductivity (eb) and relative volume 
of nonaqueous-phase liquid (NAPL) in water (b) values. Five tests were 
run for each fitted a and b coefficient.

Layer ID†

eb b a bTop layer Bottom layer

Scenario 1

DL NWCSL 6 0.25 −129.29 13.09

DL NWCSL 6 0.50 −125.73 12.88

DL NWCSL 6 0.75 −104.12 13.35

DL NWCSL 9 0.20 −126.74 21.16

DL NWCSL 9 0.40 −49.23 14.11

DL NWCSL 9 0.60 −65.66 15.61

DL NWCSL 12 0.10 −54.15 17.72

DL NWCSL 12 0.30 −59.35 17.67

DL NWCSL 12 0.40 −61.98 19.97

W1L NWCSL 6 0.25 98.31 −7.36

W1L NWCSL 6 0.50 84.99 −5.68

W1L NWCSL 6 0.75 81.21 −1.198

W1L NWCSL 9 0.20 89.20 −11.13

W1L NWCSL 9 0.40 94.946 −14.07

W1L NWCSL 9 0.60 104.01 −13.68

W1L NWCSL 12 0.10 97.34 −22.74

W1L NWCSL 12 0.30 91.01 −21.49

W1L NWCSL 12 0.40 87.97 −21.82

W2L NWCSL 6 0.25 62.96 −5.83

W2L NWCSL 6 0.50 38.97 −2.11

W2L NWCSL 6 0.75 46.94 −3.13

W2L NWCSL 9 0.20 35.94 −1.92

W2L NWCSL 9 0.40 48.72 −6.87

W2L NWCSL 9 0.60 63.11 −12.33

W2L NWCSL 12 0.10 281.82 −99.84

W2L NWCSL 12 0.30 68.39 −20.40

W2L NWCSL 12 0.40 131.59 −44.31

Scenario 2

NWCSL DL 6 0.25 −135.24 12.66

NWCSL DL 6 0.50 −129.76 12.84

NWCSL DL 6 0.75 −181.95 14.40

NWCSL DL 9 0.20 −95.72 14.23

NWCSL DL 9 0.40 −42.65 12.22

NWCSL DL 9 0.60 −65.48 13.94

NWCSL DL 12 0.10 −70.24 17.71

NWCSL DL 12 0.30 −44.35 13.54

NWCSL DL 12 0.40 −62.69 18.10

NWCSL W1L 6 0.25 91.40 −4.51

NWCSL W1L 6 0.50 77.21 −3.32

NWCSL W1L 6 0.75 90.36 −1.67

NWCSL W1L 9 0.20 77.16 −7.02

NWCSL W1L 9 0.40 103.13 −13.17

NWCSL W1L 9 0.60 103.8 −12.04

NWCSL W1L 12 0.10 78.23 −16.82

NWCSL W1L 12 0.30 94.88 −18.21

NWCSL W1L 12 0.40 85.26 −17.74

NWCSL W2L 6 0.25 102.18 −13.52

Layer ID†

eb b a bTop layer Bottom layer

NWCSL W2L 6 0.50 35.79 −1.42

NWCSL W2L 6 0.75 43.58 −2.47

NWCSL W2L 9 0.20 50.76 −4.54

NWCSL W2L 9 0.40 50.59 −5.47

NWCSL W2L 9 0.60 51.01 −7.15

NWCSL W2L 12 0.10 102.8 −30.66

NWCSL W2L 12 0.30 70.31 19.60

NWCSL W2L 12 0.40 85.13 −24.77

Scenario 3
NWCSL NCSL 6 0.25 −182.96 17.42

NWCSL NCSL 6 0.50 −129.76 12.84

NWCSL NCSL 6 0.75 −166.43 16.17

NWCSL NCSL 9 0.20 −106.9 19.52

NWCSL NCSL 9 0.40 −96.16 20.89

NWCSL NCSL 9 0.60 −153.87 25.74

NWCSL NCSL 12 0.10 −54.97 18.75

NWCSL NCSL 12 0.30 −43.74 15.55

NWCSL NCSL 12 0.40 −58.35 18.58

Scenario 4

NCSL NWCSL 6 0.25 −162.44 12.37

NCSL NWCSL 6 0.50 19.58 13.25

NCSL NWCSL 6 0.75 −232.66 17.61

NCSL NWCSL 9 0.20 −86.73 16.64

NCSL NWCSL 9 0.40 −111.77 19.89

NCSL NWCSL 9 0.60 −72.38 19.95

NCSL NWCSL 12 0.10 −51.04 16.14

NCSL NWCSL 12 0.30 −50.39 13.21

NCSL NWCSL 12 0.40 63.80 17.77

† DL, dry layer; NWCSL, NAPL + water contaminated soil layer; W1L, soil–
water layer with volumetric water content of 0.20; W2L, soil–water layer with 
volumetric water content of 0.30; NCSL, NAPL-contaminated soil layer.

Table 2 continued.
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was observable. Thus a direct comparison between Eq. [5] and [7] 
was made possible. For the sake of completeness, the results pre-
sented in Fig. 5 are illustrated in Supplemental Tables S1 and S2.

The relative error (Erel) for the different scenarios and with ref-
erence to the 44 selected data was also calculated (Fig. 6). The 
computed statistical index shows the satisfactory agreement of pre-
dictions from Eq. [7] with the experimental data, which are better 
than those obtained by means of Eq. [5]. The Erel varies between 

−0.74 and 1.17 (Eq. [5]) and −0.41 and 0.24 (Eq. [7]). The mean 
error calculated among the different scenarios ranges between 2.8 
and 4 cm (Eq. [5]) and between 0.9 and 2.1 cm (Eq. [7]).

Considering the complexity of the investigated process, these 
results confirm the scientific consistency of the developed meth-
odology and its general applicability to determining the presence 
and relative position of an NAPL front in real cases.

 6Conclusions
As discussed by Zhan et al. (2013), organic contaminants such as 
hydrocarbons may exist and may be distributed both in the unsat-
urated zone and in the groundwater. Nonaqueous-phase liquids 
penetrate the subsurface as an immiscible pure oil phase, which 

migrates in response to viscous, gravity, and capillary forces, which 
may cause the formation of immobile residuals or mobile pools.

With reference to the results illustrated above, we may conclude 
that the NAPL front in some cases can be directly localized due 
to a clearly visible additional reflection at the layer interface. This 
represents a desirable condition, which unfortunately cannot 
always be achieved nor is a priori predictable. The final shape of 
a TDR signal in the presence of an incoming front, as explained 
and shown, depends on the interplay of several factors that, com-
bined with one another, may or may not evidence the reflection 
across the front. Thus an advance in this research field lies in the 
possibility of characterizing the front of a contaminant plume in 
situations in which the TDR waveform does not clearly show any 
apparent reflection at the interface, which at present remains a 
fundamental condition for identifying the moving front in a soil 
profile (Topp et al., 1982; Dasberg and Hopmans, 1992; Zhan 
et al., 2013).

For this reason, the present study aimed to develop a new meth-
odological approach for electromagnetic characterization of 
NAPL-contaminated soil sites to overcome current difficulties. 
The study focused on the differences in electrical conductivity 
observable during the progression of the contaminant in the soil 

Fig. 4. Selection of  experimental relationships between the measured thickness of the NAPL + water contaminated soil layer (LNWCSL) and electri-
cal conductivity (ECb) under different bulk dielectric permittivities (e) and relative volumes of nonaqueous-phase liquid (NAPL) in water (b) for (a) 
Scenario 1 with a soil–water layer with a volumetric water content of 0.30 overlying an NWCSL, (b) Scenario 2 with an NWCSL overlying a dry layer 
(DL), (c) Scenario 3 with an NWCSL overlying an NAPL-contaminated soil layer (NCSL), and (d) Scenario 4, with an NCSL overlying an NWCSL.
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profile. The model formulation (Eq. [7]) utilized the linear depen-
dence between the electrical conductivity (ECb) and the thickness 
of the contaminated layer (LNWCSL), which were experimentally 
observed and described in this study.

The approach requires additional experiments and datasets for 
model calibration in different pedological contexts, mainly to 

confirm the potential of the methodology developed and to 
fully explore the physical basis of the observed relationship 
between LNWCSL and ECb. Full field-scale tests should also be 
conducted to evaluate the performance of Eq. [7] under real 
field conditions.
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