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Contamination of soils with non-aqueous phase liquids (NAPLs) is frequently produced by accidental spills and
storage tanks or pipes leakage. The main goals dealing with soil and groundwater contamination include deter-
mining the extension of the affected zone, monitoring the contaminant plume and quantifying the pollution
degree. The objective of this work is to evaluate the potential of dielectric permittivity measurements to detect
the presence of NAPLs in sands. Tested sampleswere fine, medium, coarse and silty sandwith different volumet-
ric contents of water and paraffin oil. The dielectric permittivity wasmeasured bymeans of a Coaxial Impedance
Dielectric Reflectometry method in specimens with either known fluid content or at different stages during
immiscible displacement tests. A simplifiedmethod was developed to quantify the amount of oil from dielectric
permittivity measurements and effective mixture media models. Obtained results showed that groundwater
contamination with NAPL and the monitoring of immiscible fluid displacement in saturated porous media
can be clearly identified from dielectric measurements. Finally, very accurate results can be obtainedwhen com-
puting the contamination degree with the proposed method in comparison with the real volumetric content of
NAPL (r2>90%).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Soils are porous media composed by multiple phases including
mineral particles, water and air. Organic contaminants in contact with
soils divide between the water, air and mineral phases and sometimes
form a separate phase which is recognized as non-aqueous phase liquid
(NAPL). Detection of NAPL and themonitoring of contaminated plumes
are of fundamental importance in geoenvironmental studies.

The effort to detect organic contaminants in soils is increasing since
the last ten years. The monitoring and mapping of contaminated soil
frequently involve geophysical prospecting methods as complement
of conventional geological, chemical and hydrological studies (Garcia–
Gonzalez et al., 2008; Knight, 2001). Non-destructive geophysical tech-
niques help to rapidly detect contaminants in soils and to monitor the
extension of polluted areas (Carcione et al., 2003). Electric methods
based on the propagation/reflection of electromagnetic waves have
been successfully used in the past to detect organic contaminants in
soils (Ajo-Franklin et al., 2006; Shinn et al., 1998). However, detection
is restricted to sites with spatial and temporal variations of the complex
dielectric permittivity of soils and high contamination levels (Brewster
et al., 1995; Hwang et al., 2008; Kaya and Fang, 1997; Wilson et al.,
2009).

Dielectric measurements are useful to estimate water and oil con-
tent within porous media (Liu andMitchell, 2009; Persson and Haridi,
).
ca).
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2003; Topp et al., 1980). The presence of liquid organic contaminants
in soils can be identified due to their different dielectric, physical and
chemical properties with respect to pore water (Ajo-Franklin et al.,
2006; Moroizumi and Sasaki, 2008; Son et al., 2009). Although previ-
ous studies showed that NAPL affects the complex permittivity of
soils, little concern has been given to the effect of medium heteroge-
neities and the spatial variability of NAPL saturation on computed
concentrations of contaminants.

The purpose of this study is to investigate the correlation between
the volumetric content of NAPL and the dielectric permittivity of
sandy soils. The objectives include the analysis of the dielectric be-
havior of saturated sands contaminated with NAPL, the monitoring
and detection of anomalies and trapped oil by measuring the dielec-
tric permittivity with a Coaxial Impedance Dielectric Reflectometry
sensor, and the development of a simplified procedure to determine
the volumetric content of NAPL by means of dielectric permittivity
measurements. These will provide new results useful to interpret
geophysical field data and to quantify the presence of organic con-
taminants by means of non-destructive dielectric measurements.

2. Complex permittivity of soils

The relative permittivity (κ⁎) of heterogeneous porous media is a
complex parameter defined as:

κ� ¼ ε�

ε0
¼ κ 0−j κ′′ ð1Þ
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where the real and imaginary components are:

κ′ ¼ ε′
ε0

ð2Þ

κ′′ ¼ ε″
ε0

þ σ0

ω ε0
ð3Þ

and j=
ffiffiffiffiffiffiffiffi
−1

p
, ε′ and ε″ are real and imaginary permittivity, respectively,

ε0 is the free space permittivity (8.85×10−12 F/m), ω is the angular
frequency and σo is the conductivity at zero frequency (DC).

The permittivity of soils depends on the volumetric content and
permittivity of each phase, particle shape and orientation, phase
distribution, interaction between phases and the frequency ofmeasure-
ments (Endres and Knight, 1991; Robinson and Friedman, 2002;
Wobschall, 1977). In the megahertz frequency range a relaxation of
soil permittivity arises when electrical charges accumulate at interfaces
and borders (Arulanandan and Smith, 1973). This mechanism can be
very important in fine soils (silts and clays) but has irrelevant signifi-
cance in water-wet sands (Rinaldi and Francisca, 1999; Saarenketo,
1998), dry soils (Ulaby et al., 1990), and soils saturated with NAPL
(Francisca and Rinaldi, 2003).

Effective medium models consider that the effective complex per-
mittivity (κ⁎eff) of phase mixtures depends on the permittivity and vol-
umetric content of each of phase (Kärkkäinen et al., 2000; Van Beek,
1967). Different mixing models predict different effective permittivity
for the same soil. The simplest mixture formulae consider that:

κ�
eff

c ¼ ∑
i

V i

V
κ�
i
c ð4Þ

where κ⁎i and Vi are the permittivity and volume of the ‘i’ phase respec-
tively, V is the total volume, and c is a constant that varies from−1 to 1
depending on the geometrical arrangement of the components
(Lichtenecker and Rother, 1931). The fitting parameter c usually ranges
from 0.4 to 0.8 for soil mixtures (Jacobsen and Schjønning, 1995), when
c=0.5 the model is known as Complex Refractive Index Mixture
(CRIM) and applies for isotropic mediums, and if c=1/3 the Eq. (4) be-
comes equal to the Looyenga's model (Van Beek, 1967). Francisca and
Rinaldi (2003) compiled effective medium models frequently used for
analyzing the dielectric permittivity of soils. These models can be used
to predict the dielectric properties of contaminated soils by extending
them to four-phase mixtures (particles, water, contaminant and air).
Recently, Seyfried et al. (2005) presented a simplified equation to deter-
mine thewater volumetric content of soils from themeasured dielectric
permittivity as follows:

θw ¼ A
ffiffiffiffiffiffiffiffi
κ�
eff

q
þ B ð5Þ

where A and B are fitting parameters. These authors successfully fitted
themodel to 19 different soil samples capturing the influence of satura-
tion and soil texture on dielectric permittivity.

The displacement of immiscible liquids inside the pores modifies
the complex permittivity of soils. The dielectric properties of NAPL
are characterized by κ′≈2 and κ″≈0 due to the low polarizability
and conductivity of these liquids, which results in a low capacity to
dissolve in water and associate with other elements. The NAPL dis-
places either air (κ′=1; κ″=0) or water (κ′≈78.5 and κ″>0)
when penetrating in the soil pores and consequently modifies κ⁎eff
(Darayan et al., 1998; Kaya and Fang, 1997; Son et al., 2009). When
NAPL (κ′≈2) displaces water (κ′≈78.5) in saturated soils, the
change in dielectric permittivity is easily detected (Rinaldi and
Francisca, 2006). However, detection of immiscible displacement be-
comes difficult in the case of unsaturated soil when a liquid with
κ′≈2 replaces the air (κ′=1) in the soil pores. In this case, the initial
dielectric properties of the soil and a complimentary measurement of
contamination are required. The phase distribution and wetting con-
ditions can also affect the permittivity of soil–water–organic mixtures
(Santamarina and Fam, 1997). This phenomenon is significant when
testing clay–water–oil mixtures given that the presence of oil and
the mixing order can affect the development of the diffuse double
layer around clay particles.

Commonly employed techniques to measure soil's dielectric per-
mittivity in the megahertz frequency range include time domain
reflectometry (TDR), ground penetrating radar (GPR), resonant frequen-
cy modulation devices, coaxial transmission lines, and impedance-
network analyzers. The three first techniques can be applied both,
at field or laboratory scale, while the last ones provide very accurate
laboratory data (Benson and Bosscher, 1999; Cassidy, 2007;
Francisca and Rinaldi, 2003; Knight, 2001). There were many efforts
to correlate and upscale dielectric permittivity measurements from the
field to the laboratory with limited success (Brewster et al., 1995;
Carcione et al., 2003). The main identified problems are related to the
spatial variability of soil properties and biodegradation effects
(Johnston et al., 2007; Kao and Prosser, 2001,).

Geoenvironmental applications of geophysical techniques based
on electromagnetic wave propagation frequently include detection
of contaminant in soils and monitoring of contaminant plumes. The
spatial variability of soil dielectric impedance, which is mainly con-
trolled by the spatial variability of soil type, porosity and moisture
content, is the main limiting factor for the identification of dielectric
features that could be associated with contaminants in soil pores.
However, if the dielectric permittivity of an aquifer at a given place is
known before the infiltration of organic contaminants, any change in
dielectric properties can be associated with the contaminant migration.

3. Laboratory methods

3.1. Dielectric permittivity measurements

The complex dielectric permittivity was measured with the Hydra
Probe Coaxial Impedance Dielectric Reflectometry probe manufac-
tured by Stevens Water Monitoring Systems Inc. This sensor has
four metal rods or tines; three of them define a cylindrical measure-
ment volume of 2.5 cm in diameter and 6 cm in length, and the fourth
rod is in the center of this sensing volume [Fig. 1(a)]. The tines are
used to measure the complex dielectric permittivity and a tempera-
ture sensor is placed in the probe head. The probe can be placed
under the water table and in contact with contaminant substances
for very long times without suffering damage.

The equipment generates a 50 MHz electromagnetic wave that
propagates as a planar waveguide to the tines and reflects from the
sensing volume creating a standing wave as in a coaxial transmission
line. The reflected signal depends on the probe impedance which in
turn depends on the dielectric properties of the material in the sens-
ing volume (Campbell, 1990).

The sensor accuracy to measure the real and imaginary compo-
nent of the dielectric permittivity of the material in the measurement
region is ±1% (or ±0.5). The dielectric permittivity response of the
sensor is linear with the contact length of the rods with the tested
material (Seyfried et al., 2005), which allows identifying anomalies
when the measurement are conducted by gradually inserting the
probe in the soil.

The dielectric permittivity is determined from three measured
voltages, but unfortunately, the equation that relates the voltages to
the dielectric permittivity is not provided by the manufacturer
(Blonquist et al., 2005). The volumetric water content, soil salinity,
soil conductivity and pore water conductivity are computed from
the real and imaginary dielectric permittivities (Stevens Vitel,
1994). The soil type under test should be selected given that the
equipment has three specific calibration curves, for sand silt and
clay, to compute moisture content.
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Fig. 1. a) Schematic representation of the Coaxial Impedance Dielectric Reflectometry
sensor and measurement procedure; b) experimental setup used in the immiscible
displacement tests.
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Seyfried and Murdock (2004) determined that the dielectric
permittivity of fluids can be accurately measured with the Hydra
Probe sensor and reported coefficient of variations for their results
lower than 1%. In addition, dielectric permittivities measured with
the Hydra Probe sensor compare very well with that measured with
other commercial electromagnetic probes (Blonquist et al., 2005).

3.2. Tested materials

The tested soils are coarse, medium, fine and silty sands. Table 1 pre-
sents their relevant properties determined by following the American
Society for Testing and Materials (ASTM) standards for soils (ASTM,
2007). The coarse, medium and fine sand are poorly graded and classify
as SP while the silty sand is also poorly graded and corresponds to SP-
SM in the unified soil classification system. Silty sand was prepared
by mixing 75% of coarse sand and 25% of loessical silt from Cordoba
Table 1
Physical properties of the soils.

Property Sand

Fine Medium Coarse Silty

Mean particle size (μm) 410 425 1000 750
Particle sizeb0.6 mm (%) 64 59 24 43
Particle sizeb0.2 mm (%) 15 26 3.50 27
Particle sizeb0.074 mm (%) 2.07 1 1.28 23.32
Clay content (b0,002 mm) (%) 0 0 0 2.32
Specific gravity 2.68 2.68 2.68 2.66
Specific surface [m2/g] 0.001–0.04 0.001–0.04 0.001–0.04 0.15
(Argentina). Most common exchangeable cations found in silt samples
are Ca2+ (3–12me/100 g), Mg2+ (2–6 me/100 g), Na+ (1–15 me/
100 g) and K+ (1–3 me/100 g) (Rinaldi and Cuestas, 2002).

The fluids selected to prepare the mixtures were deionized water
and paraffin oil. The paraffin oil has a relative density of 0.84 and a
real dielectric permittivity of 2.1.

3.3. Experimental procedure

Two different experiments were performed to characterize the di-
electric properties of soil–fluid mixtures and to verify the displacement
of organic liquids inside soil pores. The first group of experiments refers
to dielectric permittivity measurements conducted in mixtures with
known volumetric content of either water or paraffin oil. The second
group of experiments refers to dielectric permittivity measurements
conducted in samples initially saturated with paraffin oil and then
flushed with colored water.

Soil mixtures were prepared with the soils oven dried at 105 °C and
mixedwith different gravimetric content of the liquid (w). Three differ-
ent groups of mixtures were prepared: a) soil–water, b) soil–paraffin
oil and c) soil–water–paraffin oil. The specimens were placed in a
cylindrical glass cup 50 mm in diameter and 100 mm in height, and
weighted to obtain their total unit weight (γ) which was carefully
controlled. The size of the beaker used to hold the specimenwas higher
than the measurement volume of the probe to avoid boundary effects.

The presence of each fluid phase was characterized by means of
the volumetric content (θ) which is a dimensionless ratio between
the volume of the fluid phase respect to the total volume. The volu-
metric fluid content can be obtained from the unit weight of the soil
(γ, the unit weight of water (γw) and the gravimetric fluid content
(w):

θ ¼ Vi

V
¼ w

γw

γ
1þwð Þ ¼ nS ð6Þ

where Vi is the volume of any liquid phase, V is the total volume of the
sample, n is the porosity and S is the degree of saturation. Subscript
“w” or “o” can be used to identify the fluid type inside the pores
(e.g. water or oil). It is important to note that when the soil is fully
saturated with either water or oil (S=1), the fluid volumetric content
is equal to porosity (θ=n).

The dielectric properties of the mixture were obtained by carefully
introducing the probe tines in the soil sample placed in the graduated
cylindrical cup [Fig. 1(a)]. Negligible changes in the total volume of
the soil were detected when introducing the tines in the sample
and no volume changes were observed during the dielectric permit-
tivity measurements.

The second group of experiments was designed to monitor the re-
moval of organic contaminants from the oil saturated soil [Fig. 1(b)].
The test procedure included the following stages. A testing cell of
7 cm in width, 7 cm in height and 14 cm in length was filled with
sand contaminated with paraffin oil. Then the specimen was perme-
ated with the same organic fluid to obtain a saturation degree close
to one. An auxiliary cell (Mariotte's bottle) contains the water colored
with fluorescein which was used to displace the paraffin oil from the
soil. A constant hydraulic gradient equal to one was used to force the
penetration of water inside the sample from bottom to top. Because
the cell wall is transparent the displacing of paraffin oil by colored
water was directly visualized. Water and paraffin oil permeated
through the sample were collected in the outlet port. The volume of
fluids permeated trough the samplewas taken as a reference parameter
to monitor oil displacement and water and paraffin oil saturations.

The volumes of the displacing fluid permeated through the sample
were varied in order to evaluate the dielectric properties of specimens
with different residual saturation of paraffin oil. The dimensionless
number known as pore volume of flow (Npv) was used to allow for

image of Fig.�1
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the ratio between the volumes of displacing fluid (Vd) and resident fluid
(Vv) during the immiscible displacement test:

NPV ¼ Vd

Vv
ð7Þ

At the end of each removal test, the cell was placed in horizontal
position, the top cap was removed and the permittivity was measured
by carefully introducing the dielectric probe in the specimen in 21
different places. The measurement locations were selected such as the
21 sensing volumes have small overlap with each other, and two addi-
tional determinations were placed in coincidence with the inlet and
outlet areas (see online supplementary material). This procedure pro-
vides average dielectric properties for the material within the sensing
volume. The measured dielectric permittivity was attributed to the
central point of the sensing volume in order to create the dielectric
permittivity maps. This procedure allowed capturing the spatial
variability of dielectric permittivity in the horizontal direction in the
specimen.

There is a very small overlap between the sensing volume and the
cell wall for some of themeasurements positions (online supplementa-
ry material). The boundary effect on the dielectric measurements and
maps was verified by testing medium sand saturated with water. The
mean and standard deviation of κ′ were 21.5 and 1.1, respectively. The
obtained standard deviation could be responsible for scatters lower
than 2% on the computed water content which is lower than the
number of significant digits for this soil properties according to the
ASTM D6026 (ASTM, 2007), In addition, the obtained dielectric map
shown in the online supplementary material, reveals an uniform
pattern of dielectric permittivities and negligible boundary effects.

Digital pictures were acquired at different stages during the immis-
cible displacement tests. These pictures were processed in order to
enhance the contrast between areas saturated with water and areas
saturated with paraffin oil. The image analysis was used as a comple-
mentary technique to detect the presence of oil. Image analysis provides
local information about the fluid distribution at the specimen surface
while dielectric measurements provide average volumetric properties
for the sensing volume. Qualitative image analysis allowed justifying
observed changes in dielectric permittivity measurements.

Immiscible displacement tests were also performed in three hetero-
geneous specimens that were: a)medium sandwith a cylindrical inclu-
sion of silty sand perpendicular to the flow direction, b) medium sand
with a cylindrical inclusion of hydrophobicmedium sand perpendicular
to the flow direction, and c) a layer of hydrophobic sand in between of
two layers of hydrophilic sand, oriented parallel to the flow direction.

The hydrophilicity of the sand was modified to favor the affinity
between soil particles and paraffin oil. Hydrophobic sand was prepared
by coating sand particles with a thin film of silicone and then drying the
particles at 105 °C during 24 h. The hydrophobicity was checked by
pouring the sand in water and verifying that the particles remained
dry due to water repellency after 24 h of immersion.

For the special case of the layered sample, the dielectric permittivity
measurements were conducted by gradually introducing the sensor
tines in order to detect changes in the dielectric properties at different
depths. The distribution of the measuring sites is the same shown in
the Online Supplementary Material. In these measurements, the probe
is gradually introduced in the sample and therefore the tines are in
part in contact with air and in part in contact with the specimen
under test. Themeasured dielectric permittivity is expected to be linear
with the penetration length as stated by Seyfried et al. (2005). Changes
in the dielectric properties of thematerial produce deviations respect to
the linear response of the probe.

Forces involved during immiscible displacement are capillary,
gravity and viscous forces. The relative contribution of these forces
during immiscible flow is measured by means of three dimensionless
numbers: the capillary number Nc which relates capillary to viscous
forces, the bond number NB which relates capillary to gravity forces
and the trapping number NT which relates capillary to the bond
number (Pennell et al., 1996). The lowest computed values for these
dimensionless numbers at the end of the immiscible displacement
tests were Nc=1.3×10−7, NB=4×10−6 and NT=4×10−6 (coarse
sand). According to Gioia and Urciolo (2006) there are no ganglia
movement in the porous media for NBb1.2×10−3 and Ncb2×10−4.
Therefore, no redistribution of fluids is expected during the dielectric
permittivity measurements.
4. Results and analysis

4.1. Heterogeneous-phase mixtures

Fig. 2 shows the variation of κ′ and κ″ of the coarse, medium and fine
sands and the silt with the volumetric content of water or paraffin oil.
The volumetric contents were computed by measuring the unit weight
of the sample (γ), moisture content, (w) and using Eq. (6). The real and
imaginary permittivity increases with the volumetric content of
fluid phase since used liquids have higher real permittivity than air
(κa′=1). This increase is higher in the case of water (κ′≈78.5) in com-
parison with the paraffin oils (κ′=2.10), as expected according to
Eq. (4). The imaginary component increases with the volumetric con-
tent only in the case of water but displays near to zero values in all
the sand–paraffin oil mixtures.

Fig. 2 also shows a comparison between the measured data and
Topp et al. (1980) and Seyfried et al. (2005) models (Eqs. (8) and
(5), respectively) for the soil–water mixtures. The models proposed
by Francisca and Rinaldi (2003) (Eq. (9)) and Seyfried et al. (2005)
(Eq. (5)) for soil–paraffin oil mixtures are also included as reference.

κsw′ ¼ 3:03þ 9:3θw þ 146θw
2−76:7θw

3 ð5Þ

κso′ ¼ 2:232þ 2:188 θpo ð6Þ

The measured dielectric permittivity in sand–water mixtures are
adequately predicted by Topp et al. (1980) model. Seyfried et al.
(2005) model was successfully fitted to the experimental data and
allowed distinguishing soil textures. The fitting parameters obtained
for the sand–water mixtures were A=0.115 and B=−0.184, while
for silt–water mixtures were A=0.0931 and B=−0.1896. These
values are in good agreement with those reported by Seyfried et al.
(2005) for similar soils. In the case of soil–paraffin oil mixtures,
Francisca and Rinaldi (2003) and Seyfried et al. (2005) models accu-
rately predicted to the measured data and the fitting parameters of
Seyfried et al. (2005) model resulted A=0.6708 and B=−0.989.

Some of the scatter in the data can be in part attributed to the ef-
fect of sample porosity as predicted by Eq. (4) and most of effective
media models (Zakri et al., 1998), and in part to the accuracy of the
sensor. Very similar κ′ and κ″ values were measured for the fine, me-
dium and coarse sands regardless the volumetric content of either
water or paraffin oil. The observed differences were lower than the
accuracy of the probe. The effect of phase distribution or mixing
order on dielectric permittivity is considered negligible given that
tested soils have low specific surface and the amount of water in
the diffuse double layer can be neglected.

Both real and imaginary permittivities of silt–water mixtures were
higher than for the fine, medium and coarse sands given that at
50 MHz the measurement captured the last part of an interfacial po-
larization mechanism and due to the higher conductivity of the silt
fraction controlled by the presence and mobility of ions (Rinaldi and
Francisca, 1999).
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4.2. Anomaly detection in macroscopic homogeneous samples

Fig. 3 shows the results obtained in immiscible displacement tests
performed in medium sand. The specimen was initially saturated with
paraffin oil and then permeated with colored water. Figs. 3(a) and (b)
present contrast enhanced pictures of the visible face [Fig. 1(b)] after
flushing when the Npv=1 and Npv=20, respectively, and Figs. 3(c)
and (d) show the corresponding real dielectric permittivity maps.

The measured real permittivities after Npv=1 range from 3.08 to
9.92 while after 20 pore volumes of flow were between 17.42 and
21.07. The higher values of κ′ are attributed to the replacement of
the organic liquid (κ′=2.1) by the displacing fluid (κ′=78.65) and
the volumetric content of water (θw) and oil (θo). After the oil dis-
placement the samples still remain completely saturated. Then, the
processed digital pictures shown in Fig. 3 indicate that more paraffin
oil was displaced by water when κ′ has higher values. In addition, the
observed difference between the maximum and minimum values of
κ′ at each state corresponds to regions with different volume of oil
(lower κ′ is expected in areas with paraffin oil ganglia which are
trapped blobs of the NAPL). Similar trends were obtained for the
imaginary component of the dielectric permittivity.

25 tests were performed in macroscopic homogeneous specimens
of fine, medium, coarse and silty sand, with varying volume of displa-
cing fluid (Vd) used to displace the paraffin oil. In general, all speci-
mens showed similar characteristics after finishing the displacement
test and the obtained κ′ and κ″ maps had similar features to the one
shown in Fig. 3. The displacement of paraffin oil by colored water
and the presence of trapped oil were confirmed by visual observa-
tions through the transparent cell wall.

Fig. 4 shows the variation of the mean κ′ and κ″ values between
the 21 measurement positions with the pore volume of flow. The dis-
placement of paraffin oil by water visually observed was also detected
by the dielectric measurements. Both components of permittivity in-
crease with the amount of fluid used to displace the contaminants
approaching the values measured in clean saturated sand. The differ-
ence between the κ′ measured after flushing and the κ′ measured in
clean sand indicates that some oil still remains inside the pores.

4.3. Anomaly detection in macroscopic heterogeneous samples

Fig. 5 shows a contrast enhanced picture of the visible face and the
κ′ and κ″ maps after 20 pore volumes of flow obtained for the mean
sand with a cylindrical inclusion of silty sand, while Fig. 6 presents
similar data for the same sand with a cylindrical inclusion of hydro-
phobic sand. Visual observations confirmed that in both cases there
were clear accumulations of water at the interface between materials
with different capillarity (Das et al., 2004; Van Duijn et al., 2007). In
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addition, higher amount of paraffin oil trapped in the cylindrical
inclusion was qualitatively confirmed bymeans of visual observations
and image analysis.

The real permittivity measured in the silty sand inclusion reaches
values slightly lower than that observed in the sample body
[Fig. 5(b)]. This result indicates that a higher amount of paraffin oil is
being trapped in the silty sand pores. Similar trends are observed in
the dielectric permittivity map of the hydrophilic sand with the hydro-
phobic sand inclusionwhere the local occlusion of NAPL is promoted by
the affinity between the hydrophobic sand grains and the organic fluid
[Fig. 6(b)]. These trends are in good agreementwith visual observations
and image analysis of the exposed face of the specimen under test. Note
that changes in dielectric permittivity could be attributed to soil texture,
bulk density, saturation degree and dielectric permittivity of the pore
fluid. In order to distinguish the effect of texture from contamination,
the initial dielectric permittivity should be known in advance, or soil
layers with homogeneous soil textures should be identified by means
of any complimentary technique. When all soil properties remain
a b

2 cm. 

Fig. 5. Displacement test performed in the medium sand initially contaminated with paraffin
face at Npv=20, black = paraffin oil invaded pixel and white = colored water invaded pixel;
flow direction.
constant, any change in dielectric permittivity can be attributed to
changes in the type and volumetric content of pore fluid.

The higher saturations of oil in the silty sand and hydrophobic
sand inclusions are also inferred from the imaginary dielectric
permittivity maps [Figs. 5(c) and 6(c)]. Very clear higher κ″ values are
observed in coincidence with the anomaly given that the imaginary
permittivity of the sand saturated with water is κ″≈10 while in the
case of silty sand saturated with this liquid is κ″~150. The κ″ in the
silty sand lens was close to 35 after the displacement process which
confirmed that water invaded the pores of this material given that the
κ″ of paraffin oil saturated silt resulted close to zero [Fig. 2(c)]. The κ″
measurements also capture the presence of the hydrophobic sand
inclusion even that hydrophilic and hydrophobic sands have practically
the same permittivity. Hence, the pattern observed in the permittivity
map shown in Fig. 6(c) confirms the presence of trapped oil in the cylin-
drical inclusion of hydrophobic sand.

The dielectric permittivity of the medium sand surrounding the
cylindrical inclusions resulted slightly different in Figs. 5b and 6b;
even the samples were prepared by following the same experimental
procedure. The average increase in κ′ of the sand surrounding the silty
sand and the hydrophobic sand was from 3.1 to 18.6 and from 3.1 to
14.2 respectively, and was attributed to the replacement of paraffin oil
by water. This result confirms that the specimens considered macro-
scopically homogeneous are heterogeneous porous media at micro
scale (Lenormand et al., 1988; Sahimi, 1993). The residual paraffin oil
saturation after immiscible displacement resulted 0.11 and 0.19 for
the samples with the silty sand and hydrophobic sand inclusions,
respectively. These residual oil contents, computed from the volume
of oil collected in the outlet port, are in good agreement with the ob-
served increases of κ′.

Fig. 7a shows an upper view and two cross sections of the tested
specimen. Typical distributions of paraffin oil in the direction perpen-
dicular to the flow path can be observed in the cross sections A-A and
B-B. The hydrophobic sand layer in the middle of the specimen has a
darker color which is produced by the higher content of paraffin oil.
Fig. 7b displays the influence of the probe penetration on κ′ and κ″ in
this layered specimen. The intervals represent two standard deviations
of the experimental κ′ and κ″. The real and imaginary permittivities
increased with the depth of penetration and displayed a change in the
rate of increase as expected in materials with different dielectric
permittivities. The lower increase rate of κ′ and κ″ determined in the
middle of the specimen is produced by the higher volume of paraffin
oil entrapped due to the hydrophobicity of this layer. In addition, the
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Fig. 6. Displacement test performed in the medium sand initially contaminated with paraffin oil with a cylindrical inclusion of hydrophobic sand. a) Contrast enhanced picture of
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scatter of data increases significantly with the penetration, as a result of
the presence of ganglia in the three soil layers. The random distribution
of trapped oil ganglia in the two hydrophilic sand layers and the
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of the sample surface (upper view) and two cross sections (A-A and B-B) after
Npv=20; black = paraffin oil invaded pixel and white = colored water invaded
pixel; b) Dielectric permittivity profile determined after Npv=20.
absence of a perfectly abrupt interface between the hydrophilic–hydro-
phobic and the hydrophobic–hydrophilic strata are responsible of the
observed deviations with respect to the expected linear behavior of
the probe (Seyfried et al., 2005).

5. Discussion

5.1. Indirect estimation of paraffin oil volumetric content

The effect of paraffin oil content on the real dielectric permittivity of
saturated sands was evaluated by testing specimens where the volu-
metric content of oil (θo) added to the volumetric content of water
(θw) is equal to the sample porosity (n=θw+θo). Fig. 8 shows the real
permittivity and volumetric content measured in saturated specimens
prepared with known volumetric content but different θw and θo.
Measurements performed in the specimens tested in the multiphase
flow experiments are also included in Fig. 8. The upper and lower limits
of dielectric permittivity which corresponds to sand–water and sand–
paraffin oil mixtures, respectively, are the best fit curves from the cali-
bration presented in Fig. 2. Since the specimens are saturated (S=1)
the volumetric content of fluids equals porosity (Eq. (6)). The real
permittivity falls in between the two boundaries which means that
real permittivities lower than that measured in the sand–water
mixtures indicate the presence of paraffin oil.

The simultaneous effect of soil porosity and volumetric content on κ′
and κ″ can be obtained from any effective media model. According to
Eq. (4) and adopting c=0.5 changes in porosity can produce changes
in κ′ as high as 140%; while for saturated soils, a change in the fluid
dielectric permittivity from 78.5 (e.g. water) to 2.1 (e.g. paraffin oil)
reduces the expected κeff′ by 920%.

Effective media models need to be extended from two to three
phasemixtures in order tomodel the dielectric response of contaminat-
ed soils. Alternatively, if the dielectric response of soil–water (κsw′) and
soil–organic mixtures (κso′) is known the dielectric permittivity at a
given volumetric content can be determined as:

κ′m
c ¼ α κ′so

c þ 1−αð Þκ′swc ð10Þ

where κ′sw and κ′so are real permittivities of sand–water and sand–par-
affin oil mixtures, measured at the same liquid volumetric content for
the specimen under test, α is the relative amount of organic contami-
nated sandmixed with clean water saturated sand, and c is a fitting pa-
rameter included to maintain similarity with Eq. (4). Note that: a) κ′sw
and κ′so are obtained frompreviousmeasurements or calibration curves
as the ones shown in Fig. 2(a), b) the soil porosity (n) of saturated soils
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can be obtained from the grains specific gravity (Gs) and dry unitweight
(γd) as follows:.

n ¼ 1− γd

Gsγw
ð11Þ

Then, α varies from 0 to 1 and becomes equal to the relative vol-
ume of paraffin oil in the liquid phase:

α ¼ θo
θw þ θo

ð12Þ

Eq. (10) with c=0.5 was used to predict the dielectric response of
soil samples contaminated with different relative volumes of paraffin
oil (α=0, 0.25, 0.5, 0.75 and 1). These theoretical results are pre-
sented in the same Fig. 8. Lower dielectric permittivities are predicted
when the relative volume of paraffin oil increases due to the lower
real permittivity of paraffin oil (κ′=2.10) with respect to that of
water (κ′=78.65). Predicted permittivities when the extreme values
α=0 and α=1 are adopted became equal to the experimental per-
mittivity of sand–water and sand–paraffin oil mixtures, respectively.
The effect of κ″ was ignored because sand–water and sand–NAPL
mixtures are low loss materials.

The volumetric content of paraffin oil was computed from Eqs. (10)
and (12) with κ′sw and κ′so from Fig. 2(a), the dielectric permittivity
measured in the contaminated sample (κ′m) and assuming c=0.5
(alike in CRIM formula). Then, this provides a simplified way to predict
θo from the κ′m and the permittivities κ′sw and κ′someasured at the same
θ. Instead, real oil contents were known from the initial volume of
paraffin oil added to the specimens, sample porosity (n=θo) and the
volume of oil recovered after soilwashing. Fig. 9 compares the volumet-
ric content of paraffin oil computed from Eqs. (10) and (12) with the
known volumetric content. These results include the saturated speci-
mens prepared with different amount of oil and water and those
obtained from the immiscible displacement tests. The trend line has
an r2=0.91 meaning that the methodology proposed in this study
has a very high precision (or accuracy in predicting α).

This result confirms the potential of the dielectric permittivity mea-
surements to detect NAPL in soils and the possibility of estimating the
volumetric content of NAPL by knowing the dielectric behavior of
soil–water mixtures and soil–NAPL mixtures. Identified limitations of
the proposed method to compute the amount of organic fluids inside
soil are: a) soil porosity and the frequency of measurements must be
constants; b) Eq. (10) is valid only for low loss materials, otherwise
the imaginary permittivity must be considered in the analysis; and c)
soil samples should be saturated. Hence, detection is restricted only to
the volumetric content of NAPL since the organic fraction dissolved in
water, adsorbed to the solid phase or in the air inside the pores cannot
be detected with this technique.

Obtained results confirmed that the proposed measurements and
analysis can be used for the development of early spill monitoring
system for buried oil pipes and tanks. Detection of leakage and soil
contamination could be performed by placing the coaxial dielectric
reflectometry probe below the pipes and tanks, and monitoring
changes in the dielectric permittivity of the soil. In addition, the volu-
metric content of organic contaminants could be determined from
calibration curves similar to those shown in Fig. 2, soil porosity, the
initial dielectric permittivity and the change in dielectric permittivity
associated to the saturation of pores with oil.
6. Conclusions

This investigation presents experimental results of dielectric permit-
tivity measurements to detect the contamination of soils with NAPL.
Dielectric permittivity measurements allow determining the presence
of liquids with different κ′ and κ″ inside soil pores. Given that soils are
multiphase mixtures, the effective dielectric permittivity depends on
the volumetric content of the pore fluid. For the tested sands, the effec-
tive dielectric permittivity increases with the volumetric content of
water or paraffin oil for clean and contaminated sand, respectively.
Obtained results are in good agreementwith expected values according
to themodels developed by Topp et al. (1980) for water–sandmixtures,
and Francisca and Rinaldi (2003) for oil–sandmixtures. In addition, the
model proposed by Seyfried et al. (2005) fitted well the experimental
results and allowed capturing the influence of soil texture on the dielec-
tric properties of soil–water and soil–paraffin oil mixtures.

The dielectric permittivity of soils contaminatedwith NAPL depends
on soil porosity, volumetric content of water and NAPL, and degree of
saturation. The dielectric permittivity of phasemixture can be evaluated
by effectivemediamodels. In order to compute the volume of NAPL, the
permittivity of fully cleaned and fully contaminated saturated sand
specimens and soil porosity must be previously known. The analysis
proposed in this research allows estimating oil contents from dielectric
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permittivity measurements that well correlate with the real volumetric
content of the contaminant inside soil pores (r2>90%).

Dielectric measurements can be used for the monitoring of NAPL
displacement in porous media. The immiscible displacement, directly
observed and monitored with image processing, modifies the dielec-
tric properties of soils. This allows evaluating the evolution of the
NAPL saturation degree during remediation processes and computing
the organic content at different stages during remediation.

In the case of heterogeneous materials, the presence of interfaces
can be detected by analyzing the linear dependence between effective
dielectric permittivity and penetration of the sensor tines. This is rele-
vant for the detection of anomalies and for the identification of zones
with higher amount of occluded contaminants. The proposed method-
ology gives the possibility of study soil contamination and monitoring
decontamination processes with fairly similar accuracy in laboratory
and in-situ measurements. Obtained results provide significant infor-
mation about the dielectric properties of heterogeneous soils contami-
nated with NAPL that can be used to improve data analysis from
geophysical methods based on electromagnetic wave propagation.

Supplementary materials related to this article can be found
online at doi:10.1016/j.jappgeo.2012.01.011.
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