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The characterization of contaminated sites is a serious issue that requires a number of techniques to be deployed
in the field to reconstruct the geometry, hydraulic properties and state of contamination of the shallow subsur-
face, often at the hundreds ofmeter scale withmetric resolution. Among the techniques that have been proposed
to complement direct investigations (composed of drilling, sampling, and laboratory characterization) are geo-
physicalmethods,which can provide extensive spatial coverage both laterally and at depthwith the required res-
olution. However, geophysical methods only measure physical properties that are indirectly related to
contamination, and their correlation may be difficult to ascertain without direct ground truth. In this study, we
present a successful example where the results of complex conductivity measurements conducted in an imaging
framework are comparedwith direct evidence of subsoil contamination at a jet fuel impacted site. Thus, proving
that a combination of direct and indirect investigations can be successfully used to image a site in its complex
(potentially 3D) structure in order to build a reliable conceptual model of the site.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Organic compounds, such as chlorinated hydrocarbons (CHCs),
polycyclic aromatic hydrocarbons (PAHs), aromatic hydrocarbons
(e.g., the BTEX group: benzene, toluene, ethyl benzene and xylene),
phenols etc. represent the main contaminants affecting soil and
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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groundwater in Europe (Panagos et al., 2013). Kerosene is a petroleum
hydrocarbon, widely used as fuel, which represents a common and per-
sistent soil contaminant as a result of leakages from storage tanks and
transport pipes, as well as accidental spills. Similar to other petroleum
fuels, kerosene is a light non-aqueous phase liquid (LNAPL), as it is
only marginally soluble in water and it is less dense (i.e., lighter) than
it. Therefore, kerosene spills infiltrate into the soil and initially rest
upon the water table. Yet, as time progresses, LNAPLs can reach deeper
zones following fluctuations of groundwater level. Due to the lack of
ionic or polar groups, “non-polar” compounds, such as kerosene, form
non-miscible discrete droplets within the water-filled pores and with-
out a direct contact with the grain surface. NAPLs thus generally are
the non-wetting phase, unless strong fractions of organic matter are
present as solid phase in the soil.

Over time, hydrocarbon-contaminant plumes face biotic and abiotic
chemical transformations leading to the depletion of soluble and vola-
tile compounds (Totsche et al., 2003) as well as changes in the ionic
composition, turning hydrocarbon fuels into polar compounds (Haagh
et al., 2020). In particular, petroleum hydrocarbons such as kerosene
are easily prone to biotic degradation under both aerobic and anaerobic
conditions, which results in changes in the wettability and mobility of
the contaminant (e.g., Bennett et al., 2004). Accordingly, understanding
the distribution and chemical transformations of fuel hydrocarbon-
plumes is a critical first step towards an adequate management and re-
mediation of contaminated sites (Tang et al., 2012; Lari et al., 2018).

To date, site characterization still relies for the most part on direct
methods, i.e. methods based on direct measurements of contaminant
concentrations in air, soil andwater samples. However, it has been dem-
onstrated that direct methods are limited in the spatial and temporal
resolution of the information (e.g., Cassiani et al., 2014; Binley et al.,
2015; Flores Orozco et al., 2019a), andmight result in a poor estimation
on the concentration and extension of hydrocarbon-plumes (Algreen
et al., 2015;McCall et al., 2018).Moreover, the investigation of extensive
areas with high spatial and temporal resolution by means of direct
methods is prohibitively expensive. To overcome such serious limita-
tions, geophysical electrical methods, such as electrical resistivity to-
mography (ERT), have been widely applied for the characterization
and monitoring of contaminant plumes (e.g., Sauck, 2000; Chambers
et al., 2010; Heenan et al., 2015; Naudet et al., 2014). These attempts
partly relied on the high electrical resistivity of free-phase hydrocar-
bons, and largely on the observation that chemical transformations of
the hydrocarbon plumes result in a significant decrease in the electrical
resistivity due to the weathering of grains, increase in the fluid conduc-
tivity, accumulation of microbial cells and metabolic products such as
carbonic acids (e.g., Cassidy et al., 2001; Werkema Jr et al., 2003;
Atekwana et al., 2004). Hence, fresh spills often show high electrical re-
sistivity values (albeit such “freshness” is quick to disappear), while
aged hydrocarbon contaminant plumes commonly result in electrical
conductive anomalies (for a review we refer to the studies by Che-
Alota et al., 2009; Atekwana and Atekwana, 2010; Caterina et al.,
2017; Heenan et al., 2013).

Although ERT offers the potential to delineate the spatial extent of
hydrocarbon contaminant plumes as well as possible transformation
of the pollutant, variations in the geological features of the subsurface
might challenge the interpretation of electrical signatures. For instance,
conductive anomalies can be observed for areas with high clay content
and bear no relevance to the processes of biodegradation in aged hydro-
carbon contaminants; while high resistivity values can indicate a de-
crease in saturation, the contact to compacted rocks or the fresh spills.

In search for an alternative non-invasive hydrocarbon detection
method, over the last decade several studies have evaluated the applica-
bility of the complex resistivity (CR) or complex conductivity (CC)
method for the characterization of contaminant plumes. Also known
as the induced polarization (IP) method, this is an extension of ERT,
which provides information in terms of the real (σ′) and imaginary
(σ″) components of the complex conductivity (σ ∗). Briefly, the method
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is based on four electrode arrays, where a pair of electrodes are used to
inject a current to the ground and the other pair is used to measure the
resulting electrical impedance. The electrical field imposed into the
ground by galvanic current injection forces the migration of free ions
in the electrolyte (associated to the electrical conductivity measured
in ERT or in the real component, σ′), while part of the ions accumulate
at the electrical double layer (EDL) formed at the interface between
the grains and the fluid. The imposed electrical field also forces a polar-
ization of the ions accumulated at the EDL, with σ″ expressing the
strength of such induced polarization, which is a measure of the capac-
itive (i.e., electrostatic energy storage) properties of the subsurface. Ini-
tial studies (Vanhala, 1997; Olhoeft, 1985; Kemna et al., 2004; Schmutz
et al., 2010) revealed an increase in the IP effect with increasing concen-
trations of non-polar hydrocarbons in soils, such as toluene, benzene,
which are compounds typically found in kerosene. However, recent
studies (Cassiani et al., 2009; Ustra et al., 2012; Schwartz et al., 2012;
Shefer et al., 2013) reported a negligible polarization response in labora-
tory measurement for similar compounds. At the field scale, the studies
by Kemna et al. (2004) and Deceuster and Kaufmann (2012) reported
an increase in the electrical conductivity and polarization response
with increasing the concentrations of kerosene and benzene (respec-
tively); while the studies by Blondel et al. (2014) and Maurya et al.
(2018) report no effect in the IP response in a site impacted by benzene,
yet a reduction in the electrical conductivity. Flores Orozco et al.
(2012a) revealed a linear increase in the IP response with increasing
benzene concentration in groundwater samples, but only below satura-
tion concentration; while higher concentrations as well as the presence
of the LNAPL in free-phase, exhibited an abrupt decrease in the IP re-
sponse to values close to zero. Bücker et al. (2017) explains such a
change as a consequence of the changes imposed in the pore-space ge-
ometry. Based on such model, immiscible oil droplets trapped within
the large pores result in the formation of smaller pores for the displaced
pore-water with an increase in the pore-space tortuosity, which hinder
the free movement of the ions in the pore-water and, thus, enhance the
polarization response. Accordingly, at higher concentrations, hydrocar-
bons are trapped within both big and small pores forming a continuous
phase, while the pore-water is found as a continuous film surrounding
the grains where the ions can migrate; thus, hindering polarization ef-
fects. Alternatively, disconnections in Stern layer (the interior part of
the EDL) have been suggested as the mechanism explaining the ob-
served increase in the polarization response with increasing the volu-
metric content of non-polar compounds (e.g., Schmutz et al., 2010).
However, such mechanism cannot explain the lack of a measurable po-
larization observed in the lab (e.g., Cassiani et al., 2009; Ustra et al.,
2012) or, for high LNPAL concentrations at the field-scale (Cassiani
et al., 2014; Flores Orozco et al., 2012a, 2019a, 2019b). Moreover, it
has been observed that the production of bio-surfactants in mature
plumes can result in modifications in the surface electrical properties
of the hydrocarbons (e.g., Cassidy et al., 2001) and, for instance, pro-
mote a change from “non-wetting” oil to “wetting” oil. Bio-surfactants
are produced by bacteria in order to help emulsify the oil and make it
thus more bio-available. Previous studies in the laboratory (e.g., Revil
et al., 2011) have observed a decrease in the polarization response for
sediments impacted by wetting-oils, explaining it by the modification
of the electrical properties of the grain surface, and thus, the EDL.
Additionally, the changes in the IP response of contaminated sites
have been explained as being caused by the accumulation of microbial
cells or biofilm formation, as also observed in lab measurements
(e.g., Abdel Aal et al., 2006; Atekwana and Slater, 2009), or by the
accumulation of iron sulphides due to the stimulation of iron-reducing
bacteria (Mewafy et al., 2013; Abdel Aal and Atekwana, 2014). The po-
tential of the CCmethod to both textural and chemical properties of the
pore-space has also prompted its application to characterize changes in
the hydraulic conductivity (e.g., Revil and Florsch, 2010), which has
been recently applied byMaurya et al. (2018) to solve for hydraulic pa-
rameters in hydrocarbon-contaminated sites.
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It is clear that the CCmethodhas a great potential to delineate spatial
variations in hydrocarbon-contaminant plumes as well as possible bio-
geochemical transformations in the pollutants, and both types of infor-
mation is needed for the design of field remediation strategies (Flores
Orozco et al., 2015, 2019a). However, the lack of a universal model
predicting the electrical response in presence of jet fuel contaminants,
in particular at the field scale, demands further investigations. To this
end, in this study we investigate variations in the CC response for data
collected in the vicinity of the military airport of Decimomannu (Ca-
gliari, Italy), where aviation fuel spills have been reported in 2007
(~40 m3), in 2009 (~5 m3), and in 2010 (~5 m3).

We conducted CC imaging (hereafter CCI) surveys in the area placed
hydrogeologically down gradient of themilitary base, at the edge of the
well-known kerosene contaminant plume. Measurements were col-
lected along different profiles with the objective to evaluate changes
in the electrical signatures related to the presence of contaminant in
free-phase and at lower concentrations in the plume of dissolved con-
taminants, as well as in areas where we expect clean sediments. Bore-
hole information at the study area permits the interpretation and
evaluation of the CCI results. In particular, the thickness of LNAPL in
free-phase is known at particular positions through laser induced fluo-
rescence (LIF) loggings, and measurements in soil samples. Due to the
available information, the site offers an excellent opportunity to investi-
gate changes in the electrical response for variations in the concentra-
tion of jet fuels. Moreover, interpretation of the CCI results should
permit to evaluate the extension of the jet fuel contaminant plume
down-gradient from the military station and evaluate current models
Fig. 1. Orientation of the complex conductivity imaging (CCI) profiles P1 to P5 at the experi
experimental plot in reference to the military air base where the kerosene spills took p
experimental plot. The position of the electrodes for the CCI measurements the two laser in
while the red symbols indicate the position of piezometers and boreholes for the collection of
measurements for a nominal depth of investigation of 6.7 m is imposed on the aerial phot
present: (a) a geological section constructed after the analysis of soil samples recovered after
in the LIF logs. (For interpretation of the references to color in this figure legend, the reader is
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based on the extrapolation of borehole data. Hence, a second objective
in our study is to addresses the combination of innovative direct and in-
direct methods, such the LIF logging and quasi-continuous CCI, with the
combination of these techniques also being investigated for first time.

2. Material and methods

2.1. Geological and hydrogeological description of the site: the
conceptual model

We conducted complex conductivity imaging (CCI) measurements
in May 2019 to investigate the extent of the kerosene contaminant
plume down-gradient (as illustrated in Fig. 1) of the military base lo-
cated at Decimomannu (Italy). The study area corresponds to a deposi-
tional sequence of Plio-Quaternary alluvial sediments, where materials
recovered from the drilling of seven boreholes (BH1 to BH7) permitted
to develop the geological cross-section presented in Fig. 1a. Such geo-
logical cross-section represents the conceptual model in our study,
characterized by five roughly horizontal layers: (i) on the top, there is
a backfill layer with a thickness ranging between 0.2 and 1 m, where
we expect relatively low conductivity and polarization values: (ii) the
shallowest geologicalmaterials correspond to recent alluvial sediments,
mainly gravels and sands extending to maximum depth between 4 and
6m, whichwe expect to be related to moderate to low CC values; (iii) a
unit of “Hazelnut clay” lenses, composed of sandy-gravelly clays with
hazelnut color with a thickness of ca. 1 to 1.5 m, expected to provide a
significant increase in the conductivity and polarization due to the
mental plot in the Decimommanu site. The satellite image indicates the position of the
lace. The arrow indicates the direction of the groundwater in the airbase and in the
duced fluorescence (LIF) loggings is marked with the black and white dots respectively,
water and soil samples. The map of the apparent conductivity (σa) obtained through EMI
ography to delineate the presence of infrastructure at the experiment plot. The inserts
the drilling of 7 boreholes (BH1 to BH7), and (b) variations of the fluorescence measured
referred to the web version of this article.)



Table 2
Fluid electrical conductivity (Fluid-EC) and concentration of hydrocarbon-contaminants
measured in water samples at different sampling points (i.e., boreholes and piezometers)
in the study area. The CC line closest to the sampling point is also indicated to help in the
comparison with the imaging results.

Sampling
point

CC
line

Benzene
(μg/L)

Ethylbenzene
(μg/L)

Styrene
(μg/L)

TPH
(μg/L)

Fluid EC
(μS/cm)

PZ1 P5, P4 0.0011 0 0.15 0 1194
BH7 P3 0 0.015 0.11 0 1860
PZ4 P1 0 0 0 1200 1197
BH5 P3 0 0 0 4700 1312
PZ2 P5, P4 0 0 0 6400 1214
PZ3 P1 0 0 0 6800 1041
PZ6 P1 0 0 0 18,000 1129
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enhanced surface conductivity; (iv) a layer of ancient alluvial sedi-
ments, which extend to a depth between 8 and 11m, where we expect
a higher polarization and conductivity response than the recent alluvia
due to its higher content of fine grains; and (v) at the bottom a clay-rich
formation which constitutes a lower boundary for groundwater flow
where we expect high CC values. The hydrocarbon-contaminants are
expected to be found in the alluvial sediments with the characterization
of their geophysical response and their extension being the objectives of
this study.

Table 1 presents the grain size distribution measured in sediments
recovered during the drilling of boreholes. Such analyses demonstrate
higher clay content in the ancient (ca. 14%) than the recent (ca. 5%) al-
luvial sediments; yet, both units are still dominated by gravel and sand
content (ca 80%). On the contrary, theHazelnut clay ismainly composed
of fine grains (silt and clay corresponding to more than 60%). The hy-
draulic conductivity of the different units has been estimated in the
range between ~1.8 × 10−4 and 6.5 × 10−6 m/s for the recent alluvial,
and between ~1.7 × 10−6 and 1.9 × 10−8 for the ancient alluvial sedi-
ments; while the values for the Hazelnut and Base clays have been esti-
mated in the order of 3.4 × 10−9 and 1 × 10−10 m/s respectively.
Groundwater flow is found to be predominantly NNE-SSW. During our
geophysical survey, the groundwater level in the measurement area
was located approximately at 3.30 m below ground surface (bgs).

Remediation of the source zone locatedwithin themilitary station is
being monitored by means of a piezometric network consisting of 62
water sampling points. The reported total petroleum hydrocarbon
(TPH) and fluid-EC (electrical conductivity) in groundwater samples
collected during our campaign in piezometers to the south of the mili-
tary station are presented in Table 2. The analyses of water samples re-
veal the highest TPH values (18,000 μg/L) directly at the border of the
military station, with a few wells showing relatively high concentra-
tions (TPH between 1200 and 6800 μg/L) extending to the south, in
the plume of dissolved contaminants. We also note here that fluid-EC
values reveal the lowest values in the hydrocarbon-impacted area
(around 1200 μS/cm), while much higher values are reported in the
clean area (around 1800 μS/cm). Direct-probe investigations using
laser induced fluorescence (LIF) were conducted in 2017 to characterize
the extension and thickness of the LNAPL in the military station. The LIF
logs measure the fluorescence following the excitation of fluorophores
present in jet fuels, permitting a semi-quantitative delineation of
LNAPL trapped in the ground (e.g., Lu et al., 2014; García-Rincón et al.,
2020). In our study area, information from two LIF logs (see Fig. 1b)
are available to aid in the interpretation of the geophysical signatures.
At the logging points, the LIF measurements reveal a maximum NAPL
thickness of ca 50 cm at depths 5 m bgs. The relatively deep location
of the contaminants suggests that the oil was trapped during previous
fluctuations of the groundwater table. No hydrocarbons in free-phase
have been found further to the south of the military station.

2.2. Geophysical investigation – complex conductivity imaging (CCI) survey

The CCI lineswere distributed to cover the different areas of interest:
(a) free-phase LNAPL, (b) plume of dispersed contaminants, (c) clean
Table 1
Grain size distribution measured in soil samples.

Layer Sampling depth (m) Gravel (%) Sand (%) Silt (%) Clay (%)

Recent Alluvial 1.0–3.0 62 26 5 7
2.0–4.0 55 33 8 4
1.0–3.0 59 30 5 6
2.0–4.0 70 23 4 3

Hazelnut clay 14 21 26 39
Ancient Alluvial 7.0–8.0 48 31 8 13

7.0–8.0 53 26 5 16
6.0–8.0 56 29 5 10
6.0–8.0 42 31 9 18
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sediments. Line P1 is 94.5 m long (64 electrodes with a separation of
1.5 m between them) and it is centered at the position where two LIF
logs have shown the presence of contaminants in free-phase, and TPH
in groundwater samples have the highest values (between 1200 and
18,000 μg/L, as presented in Table 2); line P2 is collected in the same po-
sition with a smaller separation between electrodes (0.5 m) to gain in-
formationwith higher resolution at shallower depth. Line P3 represents
the control line, collected over clean sediments (no concentration of
benzene or THP reported, as presented in Table 2),with the same length
as P1, with the three lines oriented in direction E-W. Lines P4 and P5
were collected in the expected plume of dissolved contaminants, in di-
rection E-W and S-N respectively, with a total length of 94.5 and 126 m
respectively (1.5 and 2 m separation between electrodes). The position
of the electrical lines is shown in Fig. 1. Measurements were collected
with a DAS-1 instrument from Multi-Phase Technologies (MPT) at 12
different frequencies between 0.5 Hz and 225 Hz to gain information
about the frequency-dependence of the electrical properties in the so-
called spectral induced polarization (SIP) or multi-frequency CCI. In
each line, measurements were collected with a sequence combining
dipole-dipole (DD) and multiple gradient (MG) configurations. The
DD configuration is characterized by potential dipoles ahead of the cur-
rent dipole (to avoid distortions in the data due to thepolarization of the
electrodes during the current injection); whereas the MG uses small
potential dipoles within a larger current dipole. Such articulated config-
uration aimed at gaining datawith high resolution and depth of investi-
gation (favored by DD) as well as high signal-to-noise ratios (S/N
favored in MG). Both configurations were designed to include voltage
readings with a combination of dipole lengths between 1 and 4 times
the electrode spacing (i.e., using skip0 to skip3 configurations, for de-
tails see Flores Orozco et al., 2018, 2020) and 8 voltage readings for
each current injection (to explore the 8 measuring channels available
in the DAS-1). The top soil layer was dry and compact at the time of
the survey; thus, we opted to deploy stainless steel (instead of non-
polarizable) electrodes hammered in the ground. Contact resistances
were always below 1 kΩ for all data sets presented here. All DD mea-
surements were collected as normal and reciprocal pairs to evaluate
data quality, where reciprocal refers to the collection of the same quad-
rupole after interchanging the current and potential dipole (e.g., Flores
Orozco et al., 2012b).

The location of the CCI lines was decided taking into account a map
of the apparent electrical conductivity (σa) gained through measure-
ments with the electromagnetic induction (EMI) method at the low in-
duction number. The EMI map was collected with a CMD-Explorer
(from GF instruments), which simultaneously collects readings of the
σa with three different receivers, for a nominal depth of investigation
of 2.3, 4.2, and 6.7 m (in vertical configuration). The EMI map revealed
a pipeline crossing the study area with an orientation NW-SE, as pre-
sented in Fig. 1. Hence, the position of the CCI lines was selected to
avoid the vicinity of the pipeline. Nonetheless, the position of line P1
was fixed due to the LIF logs.
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All CCI datasets were inverted with CRTomo (by Kemna, 2000), a
smoothness-constraint inversion algorithm that solves the Helmhotz
equation in the wavenumber domain to calculate the distribution of
complex resistivity in a 2D image plane from a set of electrical imped-
ance measurements. CRTomo permits us to control the inversion of
the data through the definition of a confidence level determined by
the estimated data-error. Quantification of data error in our study was
made following the analysis of the misfit between normal and recipro-
cal measured resistances (described in Flores Orozco et al., 2012b and
Flores Orozco et al., 2018). For the data presented here, our analysis es-
timated a relative error of 5% and an absolute error of 0.01 (Ω) in
impedance-magnitude (i.e., resistance) measurements; whereas an ab-
solute error of 3 mrad was found for impedance-phase readings. Inver-
sion results presented here converged all to an error-weighted
normalized root mean square (RMS) value of 1 ± 0.02, which indicates
that the retrieved electrical model can explain our data in the confi-
dence interval defined by the error model.

3. Results

3.1. The electrical response of clean sediments – line P3

Fig. 2 presents the multi-frequency CCI results of data collected in
the clean area of the experimental plot (line P3). These images show
the electrical conductivity and induced polarization response expressed
in terms of the real (σ′) and imaginary (σ″) components of the complex
conductivity, as well as in terms of the phase-angle of the complex
conductivity (ϕ). Hereafter referred to as phase only, where ϕ values
can be approximated as the ratio of the real-to-imaginary component
(ϕ≈σ″/σ′) for the low values associated to geophysical measurements
(a few tens to hundreds of mrads). Taking into account that both σ′
Fig. 2. CCI results for data collected along the clean sediments along line P3 expressed in terms
acquisition frequencies. The dots at the surface show the position of the electrodes, while the
during our measurements. Lithological information obtained from boreholes BH6 and BH7 is
top (white), the recent alluvial (no color), the Hazelnut clays (gray) and the ancient alluvial se
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and σ″ are affected by the fluid-EC, the saturation and the porosity,
then the phase values might provide a better parameter to evaluate
the strength of the polarization effect (e.g., Slater and Lesmes, 2002).
We also note here that the real component of the complex conductivity
(σ′) is also commonly referred to as the electrical conductivity, bulk
conductivity or direct-current conductivity (DC-conductivity), which
is solved through commonly used electrical resistivity tomography
(ERT).

Fig. 2 shows the presence of fourmain layers in accordance with the
expected geology at the site. The top layer corresponds to the backfill
material and the unsaturated sediments exhibiting the lowest electrical
response (in both conductivity and polarization), with the lowest polar-
ization values observed for the backfill materials. Such low complex
conductivity values are expected for drymaterials with low specific sur-
face area, where current cannot easily flow and the limited presence of
dissolved ions results in negligible polarization of the EDL. The second
layer corresponds to the saturated recent alluvia sediments, related to
moderate values of the electrical conductivity and polarization (σ′ ~20
mS/m and σ″ ~0.8 mS/m). The third layer corresponds to the highest
σ′ andσ″ values associated to the ancient alluvia sediments,with the in-
crease in both parameters explained by surface conduction explained by
the increase in the clay content clay content (e.g., Slater and Lesmes,
2002; Flores Orozco et al., 2018). The images of the σ′ reveal a perfect
agreementwith the location of the groundwater table, with a significant
increase in the electrical conductivity from dry to saturated sediments
(from values ca. 1 to 10 mS/m), as well as a clear contact with the
more conductive materials from the ancient alluvial at ca. 5 m bgs. A
better discrimination of the different units can be observed in the
images of the polarization effect (σ″). Fig. 2 reveals the lowest values
(σ″< 0.01mS/m) resolved for the shallowest backfill materials (within
the surface and 2 m bgs), and intermediate values corresponding to the
of the real, imaginary and phase of the complex conductivity, for data collected at different
continuous horizontal line at 3.3 m depth indicates the position of the groundwater table
imposed on the electrical model, with the boxes, indicating: the backfill materials on the
diments (no color).
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recent alluvia sediments, extending above the position of the ground-
water table to the contact with the Hazelnut clays around 4.5 m
depth. The higher polarization values (σ″ ~ 0.5 mS/m) can be observed
for theHazelnut clays and the ancient alluvia sediments. The Base clay is
found at depth below 8mbgs and cannot be observed in Fig. 2. The high
σ″ values observed above the water table (in the recent alluvia) can be
explained considering that the thickness of the EDL is about a few tens
of nanometers (see Bohinc et al., 2001 and references therein); thus,
the pore space does not need to be fully saturated to permit a polariza-
tion response. Accordingly, a thinwaterfilm surrounding the sediments
might still permit polarization effects even if they are not fully saturated
(as observed in laboratory studies, for instance Breede et al., 2012). The
increase in the polarization response (σ″) in the Hazelnut clays and an-
cient alluvia sediments is consistent with their relatively high clay con-
tent as presented in Table 1. Expressed in terms of the phase, the
polarization images reveal larger variability,with values in the range be-
tween 5 and 15mrads. Variations in the content of coarse and fine sed-
iments (see Table 1) can explain the relatively variability in phase
values observed in Fig. 2. Possible inferences of anthropogenic struc-
tures in the anomaly located between 20 and 30 m along profile P3
can be disregarded, considering that the EMI data did not reveal any
particular feature at this position. Thus, we interpret an increase in the
fine content, as the parameter controlling the increase of ϕ values. The
increase in the values at high frequencies (i.e., above 10 Hz) also con-
firms the polarization of the fine fraction, which is expected at high fre-
quencies (e.g., Revil and Florsch, 2010; Breede et al., 2012; Bücker et al.,
2019). Nonetheless, at such frequencies it is not possible to neglect po-
tential distortions in the polarization measurements due to undesired
electromagnetic (EM) fields, commonly referred to as EM coupling
(e.g., Hallof, 1974, and Flores Orozco et al., 2018; Zimmermann et al.,
2019; Flores Orozco et al., 2020 and references therein). Hence, the in-
crease in the phase observed at 15 and 37.5 Hz cannot be only
interpreted as the response related to clay minerals (e.g., Slater and
Lesmes, 2002; Breede et al., 2012; Bücker et al., 2019), but a superposi-
tion with possible EM effects.

3.2. The electrical response of sediments impacted with free-phase LNAPL –
line P1

In Fig. 3 we present the imaging results for data collected along line
P1, where two LIF logs are available for the interpretation of the electri-
cal signatures (at 45 and 80m along P1). In agreementwith the imaging
results for the control line, Fig. 3 also reveals three layers, with the top
layer related to the lowest σ′ and σ″ values above the groundwater
table and the second layer corresponding to the saturatedmaterials cor-
responding to higher σ′ and σ″ values. The third layer, corresponding to
the Hazelnut clays and ancient alluvia sediments, reveals high values
which are consistent (σ′ ~80 and σ″ ~0.8 mS/m) to those resolved for
line P3; however, the contact to this layer is found at a depth of ca.
5 m, corresponding to ~1 m shallower than in line P3. LIF revealed
peaks with 20% fluorescence at 4 and 6 m bgs in LIF log 1, and 25%
was observed at 6m bgs in LIF log 2, while the highest values (50% fluo-
rescence) were observed in LIF log2 at 8 m depth. Interpretation of the
LIF data at the site delineates LNAPL in free phase as a continuous
layer of ~50 cm thickness. However, such interpretation cannot be sup-
ported with CCI presented in Fig. 3.

Similar to the control line, the lowestσ″ values (<0.01mS/m) corre-
spond to the backfill and the recent alluvia sediments (compacted and
dry), whereas moderate values are resolved around the groundwater
table (~0.08 mS/m) and the highest values in the Hazelnut clays and
the ancient alluvia. Recently, the studies by Mewafy et al. (2013) and
Abdel Aal et al. (2014) suggested that accumulation of iron sulfides
(an electrical semi-conductor) could explain an increase in the complex
conductivity, especially evidenced by an increase in the polarization ef-
fect. At the field scale, CCI results, also in alluvial sediments, revealed a
significant increase in the polarization response accompanying the
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stimulation of iron reducing-bacteria during bioremediation of a
uranium-contaminated site (e.g., Flores Orozco et al., 2011, 2013).
However, analyses of the sediments during the excavation of boreholes
BH1 to BH7 did not reveal any change that could point to the accumula-
tion of iron sulfides; thus, we cannot use the arguments pointed out in
the studies by Mewafy et al. (2013) and Abdel Aal et al. (2014). None-
theless, the slight increase in the complex conductivity could be related
to changes in the wettability of the compound, due to the chemical
transformations of the contaminant as a consequence of possible
biosurfactants (e.g., Cassidy et al., 2001). The increase in the real and
imaginary components of the CC due to oil-wetting oils has been
reported in laboratory studies (Revil et al., 2011; Abdel Aal and
Atekwana, 2014).

Fig. 3 shows a significant decrease in ϕ for those locationswhere the
LIF revealed the presence of free-phase LNAPL, in accordance with pre-
vious studies investigating non-polar compounds in the laboratory
(e.g., Ustra et al., 2012) and at the field scale (e.g., Flores Orozco et al.,
2012a, 2019b). The anomalous regions show lower ϕ values than
those observed in the clean sediments (line P3), clearly indicating the
sensitivity of the CCI to delineate subsurface variations imposed by the
LNPAL in free-phase. The free-phase found by LIF data shows up in dis-
connected regions in the deeper position of the profile, below thewater
table; thus, these anomalies are likely to be related to trapped hydrocar-
bons, which cannot any longer move up and down together with the
groundwater level.

Additionally, Fig. 3 also reveals a weak frequency-dependence in the
complex conductivity, with σ″ and ϕ values exhibiting only small varia-
tions for data collected at different frequencies. Similar to the results ob-
served for line P3 (Fig. 2), the highest response is observed at 0.5 Hz,
with a decrease in the values towards 15 Hz, yet a larger increase in
σ″ and ϕ can be observed at 37.5 Hz, likely indicating the polarization
of the fine grains and possible distortions in the data due to EM effects.

3.3. The plume of dissolved contaminants – line P4

Line P4 was collected in areas where direct measurements on
groundwater samples reveal total petroleum hydrocarbons (TPH)
values around 500 μg/L (Table 2), corresponding to a plume of dissolved
contaminants. Fig. 4 shows the electrical images for line P4, which yield
a magnitude and distribution of the complex conductivity parameters
(σ′, σ″ and ϕ) consistent to those of lines P1 (Fig. 3) and P3 (Fig. 2),
yet some differences can be identified. We can still interpret the three
layers model defined by unsaturated sediments, the saturated ones
and the Hazelnut clays and ancient alluvia at the bottom. Although the
backfill and unsaturated alluvia sediments reveal consistently low σ″
values (<0.01 mS/m), this layer exhibits higher electrical conductivity
values (σ′ > 15 mS/m) than those observed in lines P1 and P3. More-
over, the saturated aluvia sediments show higher values for both σ′
and σ″ than those observed in lines P1 and P3. This is a clue that some
other subsurface phenomena, in addition to geological contrasts, con-
trols the electrical conductivity distribution in the shallow subsurface
at the position of line P4.

Measurements at high frequencies (>37.5 Hz) reveal in general an
increase in the polarization response resulting from the polarization of
the fine fraction, and possible inductive EM effects in the data. Lateral
variations in the electrical properties presented in Fig. 4 can be related
to the variations in fine fractions of the Hazelnut clays and ancient allu-
vial sediments, as observed in the alluvia sediments reported in Table 1.

4. Discussions

4.1. Comparison of electrical signatures: data collected in clean and
hydrocarbon-impacted sediments

For a quantitative comparison of the electrical signatures at low fre-
quencies, we present in Fig. 5 the σ″ values plotted against the σ′ for



Fig. 3. CCI results for data collected along profile P1 where the presence of LNAPL in free-phase has been reported by means of LIF logging (indicated by the blue rectangles at ca. 45 and
80mof the profile distance). The CCI are presented in terms of the real, imaginary and phase of the complex conductivity. The dots at the surface show the position of the electrodes,while
the continuous horizontal line at 3.3 m depth indicates the position of the groundwater table during ourmeasurements. Lithological information obtained from boreholes BH6 and BH7 is
imposed on the electrical model, with the boxes, indicating: the backfill materials on the top (white), the recent alluvial (no color), the Hazelnut clays (gray) and the ancient alluvial
sediments (no color). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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pixel values extracted from the imaging results for lines P1
(representing the LNAPL in free-phase), P2 (clean sediments) and P4
(plume of dissolved contaminants) but sorted in three regions: unsatu-
rated sediments (between 1 and 2 m bgs), around the water table
where the LNAPL is expected (between 2.80 and 3.80 m bgs) and in
the saturated sediments (between 4.5 and 5.5 m bgs). Fig. 5 reveals
some clear features, namely: (Abdel Aal and Atekwana, 2014) electrical
parameters for the contaminated sediments are higher than those in
clean sediments, and (Abdel Aal et al., 2014) an increase in the electrical
properties with increasing frequency. As discussed above, the increase
in the σ″ with increasing the frequency is related to the polarization of
the fine fraction, associated to fast polarization processes, captured at
frequencies above 100 Hz (e.g., Slater and Lesmes, 2002; Revil and
Florsch, 2010; Binley et al., 2015; Osterman et al., 2019); although a pos-
sible superposition of EM inductive coupling and Maxwell-Wagner po-
larization effects cannot be neglected. Nonetheless, Fig. 5 reveals
consistent patterns in the electrical properties (σ′ and σ″) for changes
in the concentration of LNAPL in the subsurface, with such variations
observed for all frequencies investigated here (between 0.5 and
37.5 Hz).

The lowest σ′ and σ″ values correspond to backfill materials and the
unsaturated recent alluvial sediments. This is as expected, considering
that the EDL can only be formed at the grain-fluid interface, which
might not be developed in dry sediments. Yet among these, the highest
values correspond to those retrieved from the dissolved plume of con-
taminants. Although σ″ values are two orders of magnitude smaller
than σ′, unconsolidated sediments at low frequencies (0.125 and
1 Hz) reveal a bulk conductivity (in the range σ′ between 5 and 10
mS/m) much larger than the polarization (σ″ between 0.025 and 0.05
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mS/m). Based on such variation, we conclude that electrolytic conduc-
tion dominates over surface conduction. In case of the unsaturated ma-
terials, our results reveal consistency with previous laboratory studies
which also have observed an increase in the electrical conductivity
(σ′) when increasing the volumetric content of non-polar compounds
(Schwartz et al., 2012; Shefer et al., 2013). Likewise in the saturated
zone, our results are consistent with the laboratory studies which
have reported an increase in σ″with increasing the volumetric content
of non-polar compounds (e.g., Schmutz et al., 2010; Blondel et al., 2014).
Similar to the study by Blondel et al. (2014), we observed at the field
scale an increase in the electrical conductivity (σ′) in apparent contra-
dictionwith lab studies. Taking into account the relatively low TPH con-
centrations measured in water samples (Table 2) in our study, we
interpret such increase in both σ′ and σ″ due to enhanced surface con-
ductivity following the enrichment of charges at the EDL due to the
presence of non-miscible oils in the pore water. Such increase in both
components of the CC for low concentration of non-wetting compounds
has also been predicted by themodel by Bücker et al. (2017). Moreover,
we cannot disregard the possibility that thewettability of such oils have
changed their polarity and act as wetting-oils, which cause an increase
in σ″ (e.g., Revil et al., 2011: Abdel Aal and Atekwana, 2014). Accord-
ingly, the simultaneous increase in σ′ and σ″ results in the low ϕ values
in saturated materials in the dissolved plume observed in Fig. 4. How-
ever, contrary to the study by Schmutz et al. (2010), in our studywe ob-
serve the lowest polarization values (both σ″ and ϕ) resolved for the
saturated areas where LIF data indicate the presence of free-phase
LNAPL.

The increase of electrical conductivity observed in the contaminated
areas can be explained by the adsorption of the NAPL into the grain



Fig. 4. CCI results for data collected along the expected position of the plume of contaminants (line P4). The electrical response is expressed in terms of the real, imaginary and phase of the
complex conductivity at different frequencies. The dots at the surface show the position of the electrodes, while the continuous horizontal line at 3.3 m depth indicates the position of the
groundwater table during our measurements. Lithological information obtained from boreholes BH6 and BH7 is imposed on the electrical model, with the boxes, indicating: the backfill
materials on the top (white), the recent alluvial (no color), the Hazelnut clays (gray) and the ancient alluvial sediments (no color).
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surface (e.g., Schwartz et al., 2012) or by the accumulation of metabolic
products accompanying the stimulation of microbial activity, as ob-
served in numerous studies (e.g., Abdel Aal et al., 2006, 2014;
Atekwana and Atekwana, 2010; Cassiani et al., 2014; Flores Orozco
et al., 2012a, 2019a, 2019b; Mewafy et al., 2013). Microbial transforma-
tion of hydrocarbon contaminants results in the formation of a redox zo-
nation following a respiration pathway, the sequence of which depends
on the potential energy yield (Löser et al., 1998; Kłonowski et al., 2008).
In particular: aerobic respiration, denitrification, manganese reduction,
iron reduction, sulphate reduction, and metanogenesis proceed in de-
creasing order of energy efficiency, with different bacterial strains tak-
ing advantage of the relevant electron acceptors. Accumulation of
metabolic products could also explain why the conductivity values in
the sediments impacted by NAPL in free-phase show a higher conduc-
tivity than those in the clean area. However, analyses of groundwater
samples reveal that fluid-EC values in samples collected from clean
areas (between 1200 and 1800 μS/cm) are higher than in those samples
collected around P1 (values between 1000 and 1200 μS/cm). The higher
fluid-EC values reported in clean areasmight not support the accumula-
tion of metabolic products. Hence, we hypothesize that the increase in
the polarization response could be related to changes in the wettability
of the jet fuel followinghydrocarbon degradation and the activity of sur-
factants at the site (e.g., Cassidy et al., 2001). Althoughwe lack evidence
about this, the presence of polar compounds (i.e., oil-wetting the grain
surfaces) results in an increase in theσ″, in agreementwith the patterns
observed in Fig. 5.

Fuel hydrocarbons are LNAPL and, thus, are expected to float on top
of the water table. Yet, it is well known (e.g. Cassiani et al., 2014) that
water table fluctuations inevitably trap free phase hydrocarbon as a re-
sidual phase in the so-called smearing zone. Hence, plots in Fig. 5 aimed
at comparing the electrical response around the water table with the
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one related to the saturated zone are very instructive. In general, it is
possible to observe that both regions have similar distribution, with σ′
and σ″ values laying along a linear model (σ′~100σ″). The increase in
both conductivity and polarization indicates that in these regions sur-
face conductivity dominates over electrolytic conductivity. Hence, it is
the polarization of the EDL that controls the electrical response for the
sediments extending below2mdepth down to the contactwith theHa-
zelnut clays. The only difference observed is that the response around
thewater table is ca 30% lower than the one related to the saturatedma-
terials. Similar to the trend observed for unsaturated materials, higher
values are also observed for the plume of dissolved contaminants,
while the clean sediments show the lowest response for both σ′ and
σ″. The increase of both the electrical conductivity and the induced po-
larization can be explained by the addition of charges from the bulk
electrolyte into the EDL associated to the presence of immiscible oils
in pore water (e.g., Bücker et al., 2017). As discussed above, the increase
in the fluid conductivity due to the biotic (or abiotic) transformation of
the fuel and the weathering of grains cannot be sustained in our study
considering that fluid-EC in groundwater samples from clean sediments
is higher than those collected in the plumeof contaminant. Nonetheless,
changes in the wettability of the oil cannot be disregarded, which could
provide a simple explanation on the observed increase in the polariza-
tion response for hydrocarbon-impacted sediments, as observed in pre-
vious laboratory studies (e.g., Revil et al., 2011; Abdel Aal andAtekwana,
2014).

4.2. Improved interpretation of jet fuel spills by combination of fluorescence
logs and complex conductivity imaging

Comparison of the CCI results collected at different locations of the
study area cannot sustain the interpretation of a contaminant continuous



Fig. 5. Correlation of the electrical conductivity and induced polarization properties of the subsurface, expressed in terms of the real (σ′) and imaginary (σ ′ ′) component of the complex
conductivity. The plots show pixel values extracted from the CCI results extracted at different depth: between 1 and 2 m (in the unsaturated zone), between 2.80 and 3.80 (around the
water table), and between 4.5 and 5.5 (in the saturated materials). Electrical parameters are extracted from the different areas: clean sediments (corresponding to P3), around the
areas where LNAPL has been detected in free-phase (P1) and in the plume of dissolved contaminants (P4). The black line indicates a linear increase related to the model σ′ = 100σ ′ ′,
which is used to indicate regions dominated by electrolytic conduction (below line) and surface conduction (along the line).

A. Flores Orozco, P. Ciampi, T. Katona et al. Science of the Total Environment 768 (2021) 144997
layer between LIF logging points 1 and 2 located along line P1. This is the
main limitation of direct methods: though they provide direct measure-
ments of the contaminants, the information is limited to the sampling lo-
cation or logging profile. Hence, the joint interpretation of direct
measurements and geophysical surveys permits to obtain a better
image of the site's conditions. Based on the interpretation of both CCI
and LIF results, it is possible to suggest that the LNPAL moved down-
gradient from the source zone near the fuel tanks along preferential
pathways which can be observed in the two points spotted by the LIF
logging. Such points are related to low σ′ and σ″ values, while the soil
material between them shows higher conductivity and polarization re-
sponse at the same time. Thus, CCI indicates that such points are not con-
nected by a continuous contaminant plume. Moreover, the electrical
survey results for areas affected by the plume of dissolved contaminants
(line P4) show much higher σ′ and σ″ values than those between the
LIF logs, suggesting that the kerosene in free-phase is not extended
down-gradient from the position of line P1, but towards the location of
P4 and P5. The highest fluorescence values (>20%) are observed below
the water table, in discrete positions, supporting the interpretation that
these points are not connected as a continuous free-phase contaminant,
but likely represent an immobile residual fraction of the jet fuel.
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Moreover, the highest fluorescence (>40% in the LIF log2 presented in
Fig. 1) is found at the depth corresponding to the Hazelnut clay; this sup-
ports our interpretation that these contaminants refer to an immobile
phase trapped within soils with high content in fine fractions. Changes
in pore-space geometry due to oil droplets trapped within the micro
pores has been suggested as an explanation of the sudden drop in the po-
larization response in CC measurements (see Bücker et al., 2017). How-
ever, this model predicts that the free-phase is connecting both large
and small pores, which cannot be expected for the spatially constraint
spots in our study. Hence, we suggest that the free-phase contaminants
are trapped within sediments rich in fine fractions, related to smaller
pore throats (e.g., Binley et al., 2015). Accordingly, the free-phase contam-
inant is likely connecting a series of small pores resulting in the decrease
of the polarization response, in agreement with the model proposed by
Bücker et al. (2017).

Although CCI permits to solve for quasi-continuous information
about subsurface properties, the interpretation of the electrical proper-
ties is unfeasible without geochemical information, for instance, con-
taminant concentrations and grain size distribution. The sensitivity of
the electrical signatures to textural parameters of the soil (e.g., Revil
and Florsch, 2010; Binley et al., 2015; Bücker et al., 2019), NAPL
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concentrations (e.g., Cassiani et al., 2009; Schwartz et al., 2012; Shefer
et al., 2013) as well as to chemical parameters of groundwater such as
salinity, pH, and wettability of NAPL (e.g., Hördt et al., 2016; Revil
et al., 2011; Bücker et al., 2017) make the postulation of a universal
law for the interpretation of CC signatures almost impossible. The inter-
pretation of CC signatures at the field scale becomes more challenging
when biogeochemical transformations of the hydrocarbon and the ma-
trix are taken into account (e.g., Abdel Aal et al., 2006, 2014; Atekwana
and Atekwana, 2010; Mewafy et al., 2013). In particular, the application
of the CCI method requires of analyses to assess the wettability of the
hydrocarbon-contaminants, as this parameters play a dominant role in
the actual electrical properties (e.g., Revil et al., 2011; Schwartz et al.,
2012; Shefer et al., 2013; Abdel Aal and Atekwana, 2014). Hence, the
collection of data through directmethods is critical for a quantitative in-
terpretation of the geophysical results. Additionally, geophysical results
could be used to select the location for the collection of soil and water
samples, rendering both a cost-effective investigation of contaminated
sites and fully exploit the high spatial resolution from geophysical
results.

Regarding the conduction of CC (or IP) surveys, to date inversion al-
gorithms (e.g., Fiandaca et al., 2013) also permit to solve for the
frequency-dependence of the electrical properties based on measure-
ment of the full-wave form in direct-current (DC) instruments; thus, re-
ducing acquisition time by avoiding the repetition of themeasurements
at different frequencies. However, in this study we aimed at gaining
information about the actual frequency-dependence in the data and
the comparison of field and laboratory signatures. Such information
may help to understand the controls of the electrical properties in
hydrocarbon-impacted areas at the field-scale and exploit the full po-
tential of the CC method, which could be also used to gain information
about hydraulic properties of the subsurface (e.g., Kemna et al., 2004;
Maurya et al., 2018; Revil and Florsch, 2010). Such information might
be relevant for the delineation of preferential flow paths for contami-
nant. Fig. 5 presents a simple way to visualize changes in the CC associ-
ated to different concentrations of hydrocarbon-contaminants in
groundwater. As discussed before, such variations are consistent with
laboratory observations, yet might be site-specific. Accordingly, further
field investigations are required to better understand the controls of the
IP response, in particular, to discriminate between textural information,
hydrocarbon concentration and possible biogeochemical transforma-
tions of the pore-space.

5. Conclusions

Our study demonstrates that the combination of direct investiga-
tions and geophysical results, the latter obtained by means of the com-
plex conductivity imaging (CCI) method, can significantly improve a
site's conceptual model in terms of hydrocarbon contaminant distribu-
tion. In particular, in our study we demonstrate that the interpretation
of interpolated LIF logs as a continuous LNAPL contaminant might not
be accurate because of inadequate spatial sampling. Interpretation of
CCI results alone,without the LIF data,would also be impossible, consid-
ering that different chemical and textural parameters control textural
and chemical the electrical response of contaminated soils. However, a
combination of both the CCI and the LIF data provides a better under-
standing of subsurface properties and the architecture of contaminant
plumes. Hence, we interpret the anomalous regions along line P1 char-
acterized by low ϕ values as two points where kerosene is trapped in
free-phase, resulting in anomalous values with high fluorescence in
LIF logs.

Although the exact values on the volumetric content of kerosene are
not known in the area under investigation, the comparison of CCI results
collected at different locations allows us to delineate a clear pattern in
the electrical properties regarding the extension of themature kerosene
contaminant plume: the lowestσ′ andσ″ are related to clean sediments,
whereas the highest values indicate areas affected by the dissolved
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plume of contaminants. This increase can be explained by two main
mechanisms: (i) the disconnection of the electrical double layer due
to the presence of immiscible oils in the pores; and (ii) the increase of
ions from the bulk electrolyte into the electrical double layer associated
to the presence of the non-miscible oils in the pore water. The observed
increase in the electrical properties for hydrocarbon-impacted sedi-
ments also suggests changes in the wettability of the contaminant,
with oil-wetting (i.e., polar) compounds commonly related to similar
responses to those observed in our study.
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