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Leakages from storage tanks or pipes frequently produce pollution of soils and groundwater reservoirs by hydrocarbons.
Common practices for monitoring and characterising site contamination involve soil drilling, sampling and chemical
analysis, complemented with geophysical surveys. This study evaluates the presence of paraffin oil inside soil pores by
means of dielectric permittivity measurements, using a coaxial impedance device in laboratory-scale models. The real
dielectric permittivity of unsaturated sand is measured before, during and after a contamination process. Monitoring
small variations in real dielectric permittivity allows detection of the partial replacement of air (j 0 = 1) by paraffin oil
(j 0 ≈ 2) in soil pores. These variations in soil dielectric properties enable pollution levels to be assessed, knowing in
advance the j0 of the soil at the initial stage and measuring the influence of oil and water content on j 0. The technique
proposed can also be used for monitoring the lateral extension of a contaminant plume and can be successfully applied
at the laboratory scale for oil leakage detection by periodically monitoring changes in the soil dielectric permittivity.

Keywords: geoenvironment/monitoring/pollution/porous-media characterisation/UN SDG 15: Life on land
Notation
c fitting parameter in the dielectric permittivity mixture

formula (dimensionless)
d10 effective particle diameter (mm)
d50 mean particle diameter (mm)
j imaginary unit = −11/2

n porosity (dimensionless)
S degree of saturation (dimensionless)
w soil moisture (dimensionless)
a relative amount of sand contaminated with oil with

respect to clean sand (dimensionless)
gd dry unit weight (kN/m3)
e* complex dielectric permittivity (F/m)
e0 free space permittivity (8.85 × 10−12 F/m)
q volumetric liquid content (dimensionless)
qoil relative volume of oil within the pores (dimensionless)
qw relative volume of water within the pores

(dimensionless)
k * relative dielectric permittivity (dimensionless)
k0 real component of the relative dielectric permittivity
(dimensionless)

k″ imaginary component of the relative dielectric
permittivity (dimensionless)

k �
eff relative permittivity of the heterogeneous phase mixture

(dimensionless)
k 0
so real permittivity of soil–paraffin oil at any volumetric

content of liquid (dimensionless)
k 0
sw real permittivity of soil–water at any volumetric content

of liquid (dimensionless)

Introduction
Soils and groundwater are often contaminated by complex organic
mixtures known as non-aqueous phase liquids (NAPLs). NAPLs
can be classified in two different groups: denser-than-water
NAPLs (DNAPLs) and lighter-than-water NAPLs (LNAPLs).
After a spill or a leakage into the ground subsurface, NAPLs may
flow downwards through the vadose zone until they reach the
water table. In this way, part of the NAPL will remain trapped
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inside soil pores, forming ganglia due to capillary forces
(Francisca and Montoro, 2015; Halihan et al., 2017; Rinaldi and
Francisca, 2006). If the leakage volume is important, the NAPL
will pool and spread laterally when reaching the water table, in
the case of LNAPLs, or will continue flowing downwards into the
aquifer until it reaches a very low hydraulic conductivity layer
over which it will pool, in the case of DNAPLs (Castelluccio
et al., 2018; Newell et al., 1995). In all cases, the NAPL
displacement inside the soil pores is governed by forces of
gravity, capillarity and viscosity.

Accidental spills of hydrocarbons endanger environmental quality
and are a major environmental concern nowadays (Gupta et al.,
2020; Lim et al., 2016). Such contamination processes are likely
to be found in urban and non-urban areas associated with
leakages from pipelines or buried tanks at gas stations or during
transportation by road or rail (Ramezanzadeh et al., 2022; Sharma
and Reddy, 2004). This may lead to adverse impacts on
ecosystems and potential risk to plant, animal and human health
(Sharma et al., 2020), as well as changes in the physical,
hydraulic and mechanical properties of soil (Fernandez and
Quigley, 1985; Gnanapragasam et al., 1995; Khamehchiyan et al.,
2007; Montoro and Francisca, 2010; Puri, 2000). Eventually,
these modified properties may also affect in situ remediation
processes, possible alternative uses of the contaminated soil and
the performance of the existing foundation structures of
neighbouring buildings and facilities (Abousina et al., 2015;
Estrabagh et al., 2014; Kermani and Ebadi, 2012; Khamehchiyan
et al., 2007).

These organic fluids have also very low solubility. However, a
low concentration in water is considered dangerous for human
health by many regulatory agencies around the world, and in
consequence, hydrocarbon ganglia are considered a long-term
contamination source and a severe environmental risk (Coulon
et al., 2010; Farthing et al., 2012; Govindarajan et al., 2018; Le
Meur et al., 2021; Sharma and Reddy 2004). Therefore, besides
the importance of quantifying the affected area and conducting
remediation actions (Lee et al., 2019), adequate delineation of the
extent and thickness of contaminated sediments is critical to
understanding risk at contaminated sites (Alimohammadi et al.,
2020; Davidson et al., 2021; Davis et al., 2018).

There are two main traditional detection and monitoring strategies
for site characterisation. The first group involves installation of
monitoring wells (Cecconi et al., 2022), combined with soil and
groundwater drilling and core sampling, complemented with
laboratory tests (Comegna et al., 2016; Newell et al., 1995; Yoon
et al., 2013). The main limitations of these techniques based on
sampling and geochemical analysis are related to expenses
associated with the drilling and sampling processes (Halihan
et al., 2017), combined with the fact that hydrocarbons do not
displace uniformly inside soil pores, providing limited spatial and
temporal resolution. In this way, oil inside soil pores cannot be
rapidly detected by using only traditional methods, and
2

consequently, high degrees of contamination cannot be prevented.
The second group involves using indirect subsurface
measurements with geophysical techniques (Power et al., 2015).
These non-invasive methods have been studied in the recent years
and offer an attractive alternative for contaminated site
characterisation (Comegna et al., 2013; Kessouri et al., 2022;
Redman et al., 1991).

Different geophysical methods have been proposed as economical
and practical tools for monitoring contamination processes and for
characterising contaminated sites before and after remediation
actions (Francisca and Montoro, 2012; Power et al., 2015).
Complex organic compounds are highly resistive fluids. When
replacing water in a porous media they usually provide a strong
electrical contrast (Halihan et al., 2017; Kafarski et al., 2019;
Singha et al., 2015). This resistive contrast enables easy and fast
contamination site characterisation. Dielectric techniques are
widely accepted for this purpose and are based on the principle of
electromagnetic wave propagation. These methods can operate
under a low frequency (LF) or a high frequency (HF).

Electrical resistivity tomography (ERT) and induced polarisation
(IP) are the most widely used LF techniques (Revil et al., 2012).
ERT is a very popular geophysical imaging technique due to the
significant contrast in soil resistivity produced by changes in
moisture content and/or the presence of contaminant fluids in soil
pores (Johansson et al., 2015; Power et al., 2015; Tsai et al.,
2020). ERT has been applied for contaminant mapping and
monitoring because it is possible to assess spatial and temporal
changes due to the presence of pollutants (Tsai et al., 2020). IP
tomography is widely recognised as a valuable tool for
determining the impact of NAPL contamination in the subsurface
(Deceuster and Kaufmann, 2012). However, both methods (ERT
and IP) present some practical limitations in their field
applications. Among the most important issues are the
interpretation of measured data, which is importantly affected not
only by the presence of contaminants from unknown sources but
also by the complexity of local geological and hydrogeological
conditions (Power et al., 2014), which may produce stronger
resistivity variations than those associated with the presence of
NAPLs (Deng et al., 2017). Also, both the electrical and the
electromagnetic responses of contaminant fluids are influenced by
their stage of degradation (Cassidy, 2007; Tsai et al., 2020). The
final limitations of ERT and IP tomography are the reliability of
the signal interpretation and the complex inversion algorithms
required for their numerical processing (Cardarelli and Di Filippo,
2009; Koohbor et al., 2022; Power et al., 2014).

Among HF methods, the most accepted techniques include GPR,
time domain reflectometry (TDR) and coaxial impedance
dielectric reflectometry (CIDR), which are based on the indirect
detection of soil resistivity and conductivity parameters (Benson
and Bosscher, 1999; Cassidy, 2007; Cataldo et al., 2014;
Comegna et al., 2019; Francisca and Rinaldi, 2003; Francisca
et al., 2012; Knight, 2001). These techniques were successfully
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used to measure the moisture content of soils (Mu et al., 2020;
Suchorab et al., 2020), changes in groundwater levels (Cao et al.,
2020; Nemarich, 2001), tree stem moisture (He et al., 2021),
pollutant migration (Cassidy, 2007; Glaser et al., 2012; Lau et al.,
2021) and the moisture content of waste in landfills (Dawrea etal.,
2021); to detect buried objects (Xie et al., 2020); and to monitor
pipe leakage (Cataldo et al., 2014; Liu et al., 2013) and oil tank
leakage (Lee et al., 2019). The main limitation of these
techniques is linked to the fact that organic liquid detection in
soils is restricted to high contaminant concentration levels if the
initial soil condition is not known in advance (Francisca and
Rinaldi, 2001).

Even though several contaminant-monitoring systems exist
nowadays, a significant deficit subsists regarding early spill
detection systems. There is also a lack of research regarding this
problem. Traditionally, contaminant site characterisation
combining traditional and geophysical methods is performed after
notification of an NAPL spill occurrence. However, early NAPL
spill detection at storage plants or transport facilities due to prior
installation and system preparation is uncommon. The set-up for
an early detection system requires a permanently installed sensor
at a specific site, which must be capable of capturing small
variations in soil dielectric properties. For this, CIDR probes
prove to be a versatile, economic, reliable and easy-to-operate
solution. Furthermore, data acquisition is manageable, as time-
measuring intervals can be as short as minutes, favouring
continuous monitoring. Besides these advantages, the results
obtained are also easy to analyse when compared with those by
TDR probes. On the other hand, ground-penetrating radar (GPR)
systems, for example, cannot be permanently installed, and
therefore, frequent surveys may be planned and spills may be
detected only when analysing differences in the results between
consecutive surveys.

Permanent in situ installed sensors allow changes in dielectric
properties to be detected, which may be associated with
contaminant presence. The main objective of this study is to
evaluate the ability of CIDR to determine the dielectric
permittivity of contaminated and uncontaminated soils. The main
goal is to determine if the proposed HF method can be used as a
reliable tool for early detection of contaminants, focusing on the
ability to detect quickly changes in the real relative dielectric
permittivity component of the soil when an immiscible organic
liquid comes into contact with the granular soil matrix, resulting
in a low-cost system for monitoring hydrocarbon spills and
displacements in field applications, such as the early detection of
soil contamination.

Detection principle
Geophysical methods are based on either electromagnetic wave
propagation or reflection when soil changes its electromagnetic
impedance, which is mainly controlled by the present phases of
the heterogeneous phase mixture that form soils: mineral particles,
water, ionic solutions, air, oil and their individual dielectric
properties (Francisca and Rinaldi, 2003).

The dielectric permittivity of soils is a complex parameter that can
be defined as follows:

k � ¼ e�

e0
¼ k 0 − jk 00

1.

where e* is the complex dielectric permittivity, e0 is the free space
permittivity (8.85 × 10−12 F/m), k* is the complex relative
permittivity, j is the imaginary unit and k 0 and k 0 0 are the real and
imaginary components of the complex relative permittivity,
respectively. The real component k 0 (or dielectric constant) is a
dimensionless parameter that captures the ability of a molecule to
be aligned in the direction of an external electric field, while the
imaginary component k 0 0, also dimensionless, represents the
electrical conductivity and conduction losses due to the varying
electromagnetic field.

The dielectric permittivity of soils depends on the different
present phases, their temperature, their electromagnetic properties,
the measurement frequency, the volumetric content of each phase
and the possible interaction between these phases (Atekwana
et al., 2006; Deceuster and Kaufmann, 2012; Rinaldi and
Francisca, 1999). The dielectric permittivities in the megahertz
frequency range of the different phases present in a contaminated
soil at a temperature of 20°C are as follows: pure water, k 0 = 78.5
(Kaatze, 1993); oil, k 0 ≈ 2 (Francisca and Rinaldi, 2003); mineral
particles, k 0 ~ 5.5; and air, k 0 = 1 (Santamarina and Fam, 1997;
Seyfried and Murdock, 2004; Thevanayagam, 1995). Pure water
has a relatively constant dielectric permittivity in the megahertz
frequency range, showing neither relaxation nor dispersion
(Francisca and Rinaldi, 2003; Kaatze, 1993). In the same
frequency range, hydrocarbons have a nearly constant k 0 value
that ranges from 2.01 to 2.46 for different types of oils (Francisca
and Rinaldi, 2003). The dielectric permittivity of common
minerals and rocks ranges from 4 to 9 (Parkhomenko, 1967), with
k 0 ~ 5.5 being a typical value for silica. Thus, the higher the
amount of water, the higher the dielectric permittivity of the soil.

There are two different strategies for determining the relative
volumetric content of each phase in a contaminated soil sample
from measurement of the dielectric constant: using empirical
conversion equations or using dielectric mixing models. Using the
first approach means that empirical conversion equations need to
be calibrated for different type of soils and liquids, while using
dielectric mixing models requires knowing in advance the
dielectric permittivity of the pure materials present in the mixture
(Černý, 2009). The first strategy is usually applied to quantify the
soil volumetric water content, with Topp’s equation (Topp et al.,
1980) being the most popular equation for this purpose.
Regarding the second approach, the dielectric permittivity of
3
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phase mixtures may be predicted from effective medium models
and the electrical response of equivalent circuits (Macdonald,
1987; Mohamed and Paleologos, 2018; Rinaldi and Francisca
1999).

The most general equation for mixing models is Lichtenecker’s
formula:

k ∗
eff

c ¼
X

i
qik

∗
i
c2.

where k ∗
eff is the dielectric permittivity of the phase mixture, c is a

constant that varies between −1 and 1 and k �
i and qi are the

permittivity and the relative volume of the ‘i’ phase, respectively.
A constant c is frequently adopted as a fitting parameter, but when
adopting extreme values, Equation 2 gives the response of
equivalent electrical circuits in parallel and series, which are
known as Wiener’s upper and lower bound limits, respectively.
When c = 1/3, the equation is known as Looyenga’s model, and if
c is equal to 1/2, the equation is known as the complex refractive
index (CRIM) model.

Contaminated soils can be considered phase mixtures (Francisca
and Rinaldi, 2003). In this case, the main objective when
performing dielectric measurements is either contaminant
detection or determination of the relative amount of the
contaminant present in the soil pores. The use of effective
medium models or mixing models requires the extension of these
models from two- (and three-) to four-phase mixtures to be able
to predict the dielectric responses of contaminated soils due to the
presence of solid particles, air, water and NAPL. In this way,
Francisca and Montoro (2012) developed a quantitative procedure
by which the real dielectric permittivity of four-phase mixtures
can be obtained from calibration curves when the dielectric
responses of soil–water (k 0

sw) and soil–organic mixtures (k 0
so) are

previously known, as follows:

k 0
eff
c ¼ ak 0

so
c þ 1 − að Þk 0

sw
c3.

where k 0
eff , k 0

sw and k 0
so are the real dielectric permittivities of

effective media, soil–water and soil–oil at the same liquid
volumetric content; c is a fitting parameter included to maintain
similarity with Equation 2; and a is the relative amount of soil
contaminated with oil mixed with clean sand. Thus, the possible
values of a range between 0 and 1. Assuming constant porosity,
the parameter a is found by (Francisca and Montoro, 2012)

a ¼ qoil
qw þ qoil

4.

where qoil and qw are the relative volumes of oil and water in the
pores, respectively. Note that Equation 3 becomes equal to
4

Equation 2 when k 0
sw and k 0

so are expressed as two-phase mixtures
(particles and water and particles and oil, respectively).

Materials and methods

Soils and fluids
The soil employed for all the tests performed corresponds to a fine
sand obtained from the Anisacate River, located in the province of
Cordoba, Argentina. A qualitative optical diffraction test shows this
sand as mainly composed of pure minerals such as silica, feldspar,
muscovite and rock fragments mostly from granite. The sand has a
mean particle diameter of d50 = 0.3mm and an effective particle
diameter of d10 = 0.1mm. Its grain size distribution presents a
coefficient of uniformity of 3.3 and a coefficient of curvature of 1.2.
Thus, the sand classifies as SP according to the Unified Soil
Classification System (ASTM D 2487 (ASTM, 2017)). Clean sands
were used in the laboratory tests to avoid deviations from difficulty
in the interpretation procedure due to the effect of electrical double-
layer interactions that are expected to occur in clay mineral particles
(Colombano et al., 2021; Dirksen and Gasberg, 1993).

Tap water and paraffin oil were used as mixing liquids for all
tests. The paraffin oil used as an immiscible organic contaminant
had a relative density of 0.846 and a dynamic viscosity of 1.5 ×
10−2 N s/m2. The real dielectric permittivity of the paraffin oil was
k 0
po ¼ 2:01, which is approximately 40 times smaller than the real

component of the dielectric permittivity of water, k 0
w ¼ 78:5. The

difference in real permittivity allows changes in the dielectric
permittivity of contaminated and uncontaminated soil to be
identified (Francisca and Rinaldi, 2003; Montoro and Francisca,
2008).

Dielectric permittivity probe
Dielectric permittivity measurements were performed with the
HydraProbe soil sensor, using CIDR, manufactured by Stevens
Water Monitoring Systems Inc. The probe is composed of four
metal tines, 6 cm long. Three of these tines are disposed in an
equilateral triangle, while the fourth is placed at the centre. The
three outer tines define a cylindrical measurement volume of
2.5 cm diameter and 6 cm height (Figure 1).

A 50MHz electromagnetic wave is generated and transmitted to the
sample by the tines. The dielectric permittivity is determined by the
changes in amplitude between the transmitted and reflected waves, so
the probe enables the real and imaginary components of the dielectric
permittivity to be determined. Seyfried and Murdock (2004)
performed HydraProbe calibrations to determine soil water content,
conducting measurements on different types of soils with different
water contents and also with water with different salt concentrations.
They found that measurements are accurate and precise when k 00 <
50 and tan d < 1.45. The sensor has a real dielectric permittivity
range between 1 and 80 with an accuracy of ±0.5%. The bulk
electrical conductivity measurement range is between 0 and 1.5 S/m,
with an accuracy of ±0.02 S/m, according to the supplier’s
information.
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However, this study analyses only the real component of
dielectric permittivity. The influence of the volumetric content of
oil on the imaginary permittivity of soils can be obtained from the
studies by Francisca (2001) and Rinaldi and Francisca (2006).

The dielectric probe measures the k 0 and k 00 of the material
surrounded by the three external tines that defines the cylindrical
measurement volume (Figure 1). According to Seyfried et al.
(2005) the measurements provide the arithmetic average of the
dielectric permittivities of the materials located within this zone
(e.g. minerals particles, air, water, oil). Given that measurement
frequency is 50MHz, the HydraProbe wavelength is near 6 m.
This represents more than four times the full length of the sensing
volume (6 cm), and therefore it is significantly greater than any
spatial heterogeneity that could be generated within the cylindrical
measurement volume. In this case, the probe provides average
values with negligible scattering effects (dielectric permittivity
remains constant in the megahertz frequency range (Francisca and
Rinaldi, 2003)), so the material under test can be considered an
effective medium (Bore et al., 2021). This spatial sensitivity
analysis and the linear average of dielectric permittivity within the
sensing volume were experimentally confirmed by Francisca and
Montoro (2012). Therefore, small anomalies cannot be detected
given that they produce differences in the effective dielectric
permittivity lower than the accuracy of the probe (±0.5%).
The probe is constructed in such a way that it can resist contact
with hazardous and corrosive substances for long periods of time
and can be placed under the phreatic level.

Experimental procedure
Four different experiments were performed in this research. The
first group of experiments consisted of determining the variation
of the real component of dielectric permittivity with changes in
either the water and/or paraffin oil content in the soil sample.
Different mixtures of dry sand with a known content of either
water and/or paraffin oil were placed in a glass beaker, 10 cm tall
and 5 cm diameter (Figure 1). The relative volume of the liquid
phase to the volume of the mixture varied from 0 to nearly 38%
with the following paraffin oil (PO)–water (w) ratios: 0%
PO–100% w, 50% PO–50% w and 100% PO–0% w, which
correspond to a = 0, 0.5 and 1.0, respectively (Equation 3). The
highest volumetric contents of liquids were close to sample
porosity to ensure a degree of saturation close to 1. The sensing
probe was carefully introduced into the sand to measure the
dielectric permittivity of the sand–water, sand–paraffin oil and
sand–water–paraffin oil mixtures.

The second group of experiments consisted of determining the
size and shape of a controlled paraffin oil spill. A stainless-steel
recipient, 59 cm long, 39 cm wide and 10 cm tall, was used to
perform this experiment. The schematic laboratory set-up is
presented in Figure 2(a). For this experiment, twin samples were
prepared by filling the cell with wet sand (w = 10% by weight)
with a mean porosity of n = 0.38 and dry unit weight gd = 16 kN/
m3 in both recipients. One sample was kept as the reference
situation, while 3200 cm3 of paraffin oil was discharged at the
centre of the cell through a filtrating surface of 23 cm per 16 cm
in the second sample (see Figures 2(a)–2(c)). Then, both sample
surfaces were divided into 143 squares of 4.5 cm per 3.5 cm, and
the probe was introduced at the centre of each square, verifying
that the measurements of dielectric permittivity were made at the
same locations in each sample. The dielectric permittivity
measurements in the first sample gave a reference value to show
the expected influence of any spatial variability effect of soil
properties on dielectric permittivity due to small porosity changes
during the preparation procedure. Dielectric permittivity
measurement in the second sample enabled comparison between
this sample and the first sample to identify the extent of the
paraffin oil spill.

The third type of experiment consisted of preparing a specimen
with a known contaminated region. The same recipient was used
as in the previous experiment, but in this case, the specimens
were intentionally prepared with heterogeneous distributions of
sand–water and sand–paraffin oil. The heterogeneous sample was
prepared with a rhombohedral region at the centre, which was
filled with contaminated sand (paraffin oil content w = 25% by
weight), and the surrounding space was filled with clean sand
Figure 1. Experimental set-up for dielectric permittivity
determination of sand samples with different amounts of fluids
using the HydraProbe sensor
5
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(water content w = 25% by weight) (Figure 2(b)). Both clean and
contaminated sand had a saturation degree of S ≈ 1; the mean dry
unit weight of the sample was gd = 16 kN/m3, and the volumetric
content of the liquid was q ≈ n = 0.38. The surface of the sample
was also divided into 143 squares of 4.5 cm per 3.5 cm and the
dielectric probe was introduced at the centre of each square in
order to measure the dielectric permittivity. In this experiment, the
clean and contaminated areas were known in advance, and
therefore, the dielectric measurements were performed to evaluate
the detectability of areas contaminated with paraffin oil.

The last group of experiments consisted of the detection of a
paraffin oil spill in unsaturated sand. Sands with a moisture
content of w = 5% by weight was placed in a cell 35 cm long,
25 cm wide and 15 cm tall. The wet sand was poured and
compacted in the container, and when it reached 6.8 cm from the
bottom, the dielectric probe was disposed in a horizontal direction
towards the centre of the cell, after which the container was
completely filled (Figure 3). A piezometer was connected to a
6

port placed at the bottom of the container to monitor the position
of the liquid level inside the sample. After filling the cell with wet
sand, paraffin oil was gradually spilled at a constant rate while the
dielectric permittivity was measured every 100 cm3 of paraffin oil
introduced in the sample (Figure 3(b)).
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Results
Figure 4 shows the influence of the volumetric content of liquid
on the real dielectric permittivity on sand for the first group of
experiments, when the mixing fluids were water, paraffin oil and
water–paraffin oil (50%–50%). As can be seen, the real dielectric
permittivity of the sand–water mixtures is higher than that of the
sand–paraffin oil mixtures, due to the higher k 0 of water in
comparison with that of paraffin oil. Although in both cases k 0

rises with the volumetric content of liquid, in the presence of
water, the increase in k 0 becomes significant as water
adopts values of k 0 ≈ 78.5, significantly higher than that of air
with k 0 = 1. Thus, the replacement of air by water inside the
pores justifies the increase in k 0 in the sand–water mixtures
observed at higher fluid volumetric contents. A slight increase in
k 0 with the volumetric content may also be detected when
working with sand–paraffin oil mixtures. This is attributed to the
small difference between the k 0 of paraffin oil (k 0 = 2.01) and that
of air (k 0 = 1). The real dielectric permittivity of sand–paraffin
oil–water (50% PO–50% w) shows intermediate values of k 0 in
comparison with those of clean sand–water mixtures (0%
PO–100% w) and sand–paraffin oil mixtures (100% PO–0% w).

The real dielectric permittivities measured may be compared with
the predicted values using dielectric mixing models. Effective
medium models have the advantages of being of practical
application and implementation, as they require knowledge only
of the component permittivities of the materials and their
fractional volume content. There are many studies previously
published using effective medium models for determining NAPL
contaminant content in soils and porous materials. Glaser et al.
(2012) determined that parallel, serial, CRIM and Looyenga’s
models provided similar dielectric permittivity values when
estimating that corresponding to Ottawa sand, ethanol and water
mixtures. Moreover, recent results indicate that Looyenga’s model
provides the best agreement with ethanol concentrations when
modified to include a factor that takes into account a geometric
term for the granular media (Glaser et al., 2022). However, the
CRIM model is one of the most widely used for hydrological
applications and contaminant identification-related problems, as it
is simple to apply and robust and gives accurate results for
dielectric permittivities measured by HF methods (Cassidy, 2007;
Colombano et al., 2020). Persson and Berndtsson (2002) reported
errors up to 5% for NAPL saturation of paraffin oil in sands.
Besides, there are many sources that strengthen the use of CRIM
models based on the accuracy of their results for different
situations (Colombano et al., 2020; Dirksen and Gasberg, 1993;
Endres and Knight, 1992).

The real dielectric permittivity results obtained were fitted with
Lichtenecker’s model (Equation 2) using exponent c = −1, 1/3,
1/2 and 1. The best fit was obtained for exponent c = 1/2,
showing that the CRIM model is the one that best fits the authors’
experimental results, with a root mean square error (RMSE) of
1.59 in comparison with 6.76 for c = −1, 2.3 for c = 1/3 and 6.46
for c = 1. Figure 4 also shows a comparison between measured
and expected real dielectric permittivities according to the CRIM
model for sand–water and sand–paraffin oil (dashed line). For this
test model, the parameters were porosity n = 0.38 and real
dielectric permittivities of air k 0 = 1; of water, k 0 = 78.5; and of
particles. k 0 = 5.5. The liquid or saturation degree was considered
variable, considering that the volumetric content of liquid, q,
depends on saturation, S, and porosity, n (q = Sn). The
experimental results and the corresponding model responses
provided the required calibration curves for the real dielectric
permittivity of soil–water (k 0

sw) and soil–organic mixtures (k 0
so).

From these values, the real dielectric permittivity of the 50%
PO–50% w was computed from Equation 3 with a = 0.5 and c =
0.5, as in the CRIM model (solid line in Figure 4). The real
dielectric permittivities obtained properly represent the
experimental data, showing the accuracy of the procedure to
predict the dielectric behaviour of the contaminated sand. A
similar analysis was performed for different relative volumes of
paraffin oil with respect to water (different a in Equation 3). In all
cases, the expected values fall between the upper and lower
boundaries shown in Figure 4, which correspond to mixtures of
soil–water–air and soil–paraffin oil–air, respectively.

Real dielectric permittivities lower than those corresponding to
clean specimens (k 0

sw) indicate the presence of a contaminant.
However, this is true only for a given volumetric content of
liquid, considering that different air content and porosity values
can also be responsible for dielectric changes, hiding the effect of
contamination on k 0. Figure 5 presents a comparison between the
experimental results reported in Figure 4 for k 0 and k 0 predicted
with Francisca and Montoro`s model (Equation 3). The
experimental results were obtained from measurements performed
on sand–fluid mixtures, considering sand–water mixtures,
sand–paraffin oil mixtures, both types of mixtures at different
volumetric fluid content and mixtures of sand with both fluids
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simultaneously in the same volume proportion of each fluid.
Symbols represent experimental results, and the dashed line
represents the perfect fit line for Equation 3. Figure 6 shows the
obtained absolute error and also indicates the RMSE as a
measurement between the predicted and measured values.

The real dielectric permittivity of clean wet sand may have
exactly the same value as that obtained for the same sand
contaminated with paraffin oil, as shown in Figure 5. This may be
explained by the relative contribution of the volumetric content
and dielectric permittivity of the different phase mixtures, as
previously reported in the literature. Therefore, the detection of oil
in soils by means of dielectric permittivity is a difficult task
(Cassidy, 2007; Flores Orozco et al., 2012; Revil et al., 2012;
Tsai et al., 2020).
8

Figure 7 shows the results obtained for the second group of
experiments. Figure 7(a) shows the dielectric permittivity map for
a uniform fine sand sample compacted in the cell with an initial
water moisture content equal to w = 10%. The maximum and
minimum values of k 0 are 11.64 and 9.01, respectively.
Deviations of k 0 within this range may be associated with local
variations of either porosity or saturation, as expected according
to Equation 3. In a twin sample, 3200 cm3 of paraffin oil was
spilled on the surface and then the dielectric permittivity was
measured to obtain a second map (Figure 7(b)). Comparison of
the dielectric maps shown in Figures 6(a) and 6(b) confirms that
the presence of contaminant cannot be inferred directly, even in
this experiment under controlled laboratory conditions. Real
dielectric permittivity deviations observed after comparing point
by point on the twin samples at each testing location can be
attributed either to small changes in soil sample properties such as
changes in porosity and slight variations in soil initial water
content or to the presence of paraffin oil. Hence, a decrease in k 0

at any point in Figure 7(b) may be explained either by a small
increase in sample porosity (which means an increase in air
content with k 0 = 1) or by the presence of paraffin oil (k 0 = 2.01).
This result indicates that when aiming to determine the presence
of paraffin oil, this becomes very difficult when the soil samples
in which measurements are performed are not the same and when
initial conditions of k 0 of the samples are not known in advance.

The contrast between the real dielectric permittivities of
contaminated and uncontaminated soils becomes more important
at higher volumetric fluid contents (when saturation approaches
S = 1). Figure 8 shows the dielectric permittivity map for a
heterogeneous sample of fine sand, in which the central
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rhombohedral region was composed of sand with a moisture
content of 25% paraffin oil by weight and the outer region of sand
with a moisture content of 25% of water by weight (third group
of experiments). The map of the dielectric permittivity measured
clearly delineates the region intentionally filled with the
sand–paraffin oil mixture. The real dielectric permittivities
measured match well those shown in the calibration curves
presented in Figure 4. The information shown in Figure 8 is the
raw real dielectric permittivity data obtained with the CIDR
device, which confirms that detection is possible under favourable
conditions without the need of any sophisticated post-processing.

The results confirm that a significant amount of oil is required to
be inside the pores for this to be detected by means of real
dielectric permittivity measurements if the initial condition is not
known in advance. However, if the initial real dielectric
permittivity is known, the probability of success in detecting the
presence of oil increases significantly due to the replacement of
air (k 0 = 1) or water (k 0 = 78.5) by oil (k 0 = 2.01). Thus, the
challenge is not to measure the real dielectric permittivity of the
soil but to monitor changes in k 0.

Figure 9 shows relative changes in the real dielectric permittivity of
wet sand with an initial water moisture content of w = 5% (by
weight) as a consequence of the paraffin oil spill indicated in
Figure 3 for the fourth group of experiments performed. The initial
real dielectric permittivity of the wet sand was k 0

sw ≈ 5. The buried
probe successfully detected increases in k 0 over time while the
paraffin oil was released. The sensor was able to detect the
replacement of air by oil, which led to increases in the real dielectric
permittivity as great as 20%, approximately. The presence of oil
could be confirmed only because the initial stage was known, and an
oil release was expected. Otherwise, the accuracy of measurements
provides only differences in k 0 like that shown in Figure 7, which
cannot be attributed solely to the detection of oil contamination.

The results and procedure developed in this work show the
convenience of using a dielectric sensor buried below oil tanks
and pipelines, as an early detection system for monitoring
unexpected and accidental leakages.
Conclusions
This study experimentally determined and modelled the real
dielectric permittivities of sand–water and sand–paraffin oil
mixtures. Physical models were tested to evaluate the ability of
the HydraProbe soil sensor, using CIDR, to detect oil
contamination in soils. The main conclusions can be summarised
as follows.

■ The real dielectric permittivity of soils is highly dependent on
the volumetric contents and the real dielectric permittivity
of the pore fluid. The CRIM formula is adequate to describe
the fundamental behaviour of the mixtures for practical
purposes. Francisca and Montoro’s formula can be used to
obtain a rapid preliminary quantification of the presence of oil
inside the pores.

■ The spatial variability of soil properties restricts the capacity
of contaminant detection when the initial state is unknown.
The influence of the spatial variability of soil properties,
mainly porosity and liquid content, may induce changes
similar to those expected due to the presence of oil inside the
pores. This may hide the presence of oil and be a strong
limitation for the detectability of soil contamination.

■ It is possible to detect oil in water–wet sand by means of low-
cost CIDR sensors if the initial real dielectric properties of the
soil are known. Thus, the installation of dielectric sensors to
monitor changes in k 0 over time is the most important factor
for success in early detection systems.

■ The replacement of air by oil produces an increase in real
dielectric property values up to 20%, and this can be
measured with high accuracy by means of dielectric sensors.

■ The accuracy of measurements increases with a higher
volumetric content of liquids.
10 cm

12

11

10

9

8

7

6

5

4

Figure 8. Real dielectric permittivity map in a uniform fine sand
sample with a central rhombohedral region initially contaminated
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■ The results obtained show that the dielectric sensor can be
conceived as an early detection system to monitor unexpected
and accidental leakages of oil. Permanently installed sensors
are able to detect small changes in real permittivity and
therefore can be used to analyse periodically possible changes
that may be attributed to the presence of oil.
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