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S U M M A R Y
Laboratory and field studies have demonstrated the applicability of nanoparticles (NP) for
accelerated contaminant degradation. Beside other limitations (e.g. costs, delivery, longevity,
non-target specific reactions), concerns of regulators arose regarding toxicity of injected NP
and particles delivered off-target (i.e. renegade particles). Renegade particles also significantly
reduce the efficiency of the remediation. The delivery of particles off-target is caused, mainly,
by unintended fracking, where the fractures act then as preferential flow paths changing the
trajectory of the particles. Hence, the real-time monitoring of particle injection is of major
importance to verify correct particle delivery and thus help to optimize the remediation
strategy. However, to date NP monitoring techniques rely on the analysis of soil and water
samples, which cannot provide information about clogging or the formation of fractures
away of the sampling points. To overcome these limitations, in this study we investigate
the applicability of complex-conductivity imaging (CCI), a geophysical electrical method, to
characterize possible pore clogging and fracking during NP injections. We hypothesize that
both processes are related to different electrical footprints, considering the loss of porosity
during clogging and the accumulation of NP in areas away of the target after fracking. Here,
we present CCI results for data collected before and during the injection of Nano-Goethite
particles (NGP) applied to enhance biodegradation of a BTEX (benzene, toluene, ethylbenzene
and xylene) contaminant plume. Imaging results for background data revealed consistency with
the known lithology, while overall high electrical conductivity values and a negligible induced-
polarization magnitude correspond with the expected response of a mature hydrocarbon plume.
Monitoring images revealed a general increase (∼15 per cent) in the electrical conductivity
due to the injected NGP suspension in agreement with geochemical data. Furthermore, abrupt
changes in this trend, shortly before daylighting events, show the sensitivity of the method to
pore clogging. Such interpretation is in line with the larger variations in CCI resolved in the
unsaturated zone, clearly indicating the accumulation of renegade NGP close to the surface
due to fracking. Our results demonstrate the applicability of the CCI method for the assessment
of pore clogging accompanying particles injection.

Key words: Hydrogeophysics; Electrical resistivity tomogrpahy (ERT); Permeability and
porosity; High-pressure behaviour.

1 I N T RO D U C T I O N

An extensive number of laboratory studies have demonstrated that
nanoparticles (NP) could speed up the degradation of groundwa-
ter contaminants, taking into account their large specific surface
area and high surface reactivity (for a review see Grieger et al.

2010; Trujillo-Reyes et al. 2014; Adeleye et al. 2016 and references
therein). Moreover, NP injection offers a promising cost-effective
approach for the in-situ remediation of contaminated areas inacces-
sible for other techniques such as deep contaminant plumes, areas
beneath infrastructure, as well as for multisource contaminated ar-
eas in low hydraulic permeable media (e.g. Karn et al. 2009; Tosco
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et al. 2014 and references therein). Given their relatively low costs,
zero-valent iron (ZVI) and iron-oxide NP have become popular due
to their ability to promote the degradation of a variety of pollutants
(e.g. Grieger et al. 2010; Tosco et al. 2014; Velimirovic et al. 2014;
Chen et al. 2015; Schmid et al. 2015; Bhattacharjee & Ghoshal
2018). Iron-oxide particles are of special interest due to their non-
toxicity, adsorption capacity and ability to stimulate bioremediation
(Hua et al. 2012; Xu et al. 2012; Braunschweig et al. 2013; Lei et al.
2018). Especially, goethite (α-FeOOH) has demonstrated a high
sorption capacity for metal cations (e.g. Hua et al. 2012), as well as
the potential to enhance contaminant degradation by iron-reducing
bacteria (Bosch et al. 2010). Specifically, ferric iron can act as an
electron acceptor for microbial respiration (Fe3+-reduction coupled
with the oxidation of contaminants) and can overcome limitations
in electron-acceptor availability.

Results observed in laboratory have encouraged field-scale NP
injections, with pilot and full-scale experiments reported to date
in 92 sites worldwide (e.g. Mueller et al. 2012; Patil et al. 2016;
Bardos et al. 2018 and including interactive map). Yet, there are
still concerns regarding the effective delivery to the targeted ar-
eas and potential toxicity of the particles (e.g. Grieger et al. 2010;
Bianco et al. 2017). Subsurface heterogeneities play an important
role in the actual trajectory of the injected particles, for instance
unintended injections into preferential flow paths might lead to par-
ticles traveling off target. Nathanail et al. (2016) adopted the term
‘renegade particles’ to describe those NP that deviate from the in-
tended trajectory, either not reaching the targeted pollutant or pass-
ing through it. A particular case refers to the so-called daylighting,
the incident in which renegade particles emerge to the surface along
preferential flow paths, for instance through fractures developed by
non-intended fracking. Fracking results from pressure building up
during the NP injections due to continuous injections performed
at high pressure (Hosseini & Tosco 2015; Luna et al. 2015), as
well as from clogging of the pore space following aggregation and
sedimentation of the injected particles (e.g. Tosco & Sethi 2010)
enhanced by slow injections (e.g. Luna et al. 2015).

Hence, the real-time assessment of pore clogging during NP
injection offers the opportunity to relocate the injection and may
be the best approach to minimize unintended fracking and, thus,
improve the efficiency of NP delivery into the target zone. However,
to-date, the monitoring of NP injections still relies on direct methods
based on the analysis of soil and groundwater samples (Tosco et al.
2014). Although such methods provide information about chemical
parameters of interest, they are not suited for real-time monitoring
and cannot identify pore clogging.

Geophysical methods can provide essential information about
subsurface properties in quasi real-time and with high spatial reso-
lution, offering a unique possibility to identify pore clogging dur-
ing NP injections. In particular, the complex-conductivity imag-
ing (CCI) method appears to be a suitable technique, considering
that laboratory investigations have demonstrated the ability of the
method to gain information about pore-space properties (e.g. grain
size, pore length) controlling water flow (e.g. Slater 2007; Revil &
Florsch 2010; Kemna et al. 2012; Okay et al. 2013; Binley et al.
2016; Gallistl et al. 2018; Maineult et al. 2018). Based on the elec-
trical properties of contaminants, the CCI has also shown to be a
well-suited method for characterization of contaminated sites (e.g.
Deceuster & Kaufman 2012; Flores Orozco et al. 2012a; Johansson
et al. 2015; Deng et al. 2018; Ntarlagiannis et al. 2018). Moreover,
it has been observed that microbial activity also modifies the CCI
response, either by the electrical properties of the microbial cells

themselves (e.g. Revil et al. 2012) or by induced chemical transfor-
mations (e.g. Atekwana and Slater 2009; Abdel Aal et al. 2014 and
references therein). Built on such observations, the method has also
been applied at the field-scale for the monitoring of bio-geochemical
processes accompanying a variety of remediation techniques (e.g.
Slater & Binley 2006; Williams et al. 2009; Flores Orozco et al.
2011; Chen et al. 2012; Saneiyan et al. 2019).

Regarding NP investigations, columns studies have demonstrated
variations in the electrical response due to different nanoparti-
cles (e.g. Joyce et al. 2012; Abdel Aal et al. 2017; Mellage
et al. 2018). However, only the study of Flores Orozco et al.
(2015) has reported the application of the CCI method at the field
scale. The authors revealed changes in the electrical images as-
sociated with accumulation of bare and coated microscale ZVI
particles.

In this study, we extend previous investigations to evaluate
the capabilities of the CCI method to monitor the fate and
transport of a suspension of nano-goethite particles (NGP) in-
jected in a BTEX-contaminated site. CCI measurements were
conducted at the field scale with high temporal resolution aim-
ing at identifying potential pore clogging due to particle sedi-
mentation. The possible pore clogging indicated by the electri-
cal images is supported by extensive geochemical data. Informa-
tion on pore clogging and the reduction of hydraulic conductiv-
ity is critical towards the development of strategies for the effec-
tive delivery of NP and the improved remediation of contaminant
plumes. To our best knowledge, this is the first field-scale
study presenting the CCI monitoring results along nanoparticles
injections.

2 M AT E R I A L A N D M E T H O D S

2.1 Pilot site: Spolchemie II in the Czech Republic

Our study presents imaging results for data collected during the
injection of NGP at the Spolchemie II site within the scope of the
NanoRem project. The Spolchemie II site is located in an indus-
trial area near Ústı́ nad Labem (Czech Republic) characterized by
an unconfined aquifer underlain by a clay layer of low hydraulic
permeability at a depth of ∼10 m; while an anthropogenic layer
(with a thickness of ∼1 m) covers the surface. The aquifer, lo-
cated below this anthropogenic layer, is composed of quaternary
sediments, mainly sand and gravel, with a hydraulic conductiv-
ity of ∼5.9 × 10−5 m s−1, and the main groundwater flow goes
in south-eastern direction (NanoRem Bulletin 8). The groundwa-
ter table was found at 5 m below ground level (bgl) during our
experiments.

The production of synthetic resin as well as the storage of various
raw materials at the site has led to extensive groundwater contam-
ination by BTEX compounds, with toluene representing the main
contaminant, followed by xylene and ethylbenzene, and a negligi-
ble amount of benzene. The experimental area for the NP injection
covers an area of approximately 10 × 10 m2, where seven existing
wells permit the collection of groundwater samples for geochemical
analysis (Fig. 1). At the time of our experiments, BTEX concentra-
tion at the water table exceeded 50 mg l−1 (as presented in Fig. 1),
with lower concentrations for samples collected at larger depths, as
expected considering that BTEX compounds are light non-aqueous
phase liquids (LNAPL).
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Figure 1. Schematic plan view of the Spolchemie II, CZ site, indicating the position of the monitoring wells and the injection points, BTEX concentrations (in
mg l−1) in the monitoring wells, as well as the layout of the electrical profiles M1 and M2 (red lines). The shaded areas indicate the position of infrastructure
such as buildings, roads, etc.

2.2 Nano-Goethtite particles, particle injections and
geochemical monitoring

NGP coated with humic acids to reduce particle aggregation and
enhance their mobility (Tiraferri et al. 2017), were provided in
a stock suspension by the University of Duisburg-Essen and are
described elsewhere (Meckenstock & Bosch 2014). The injection
suspension was prepared on site by diluting the stock suspension
with the filtrated water from the nearby Elbe River and adding a
potassium-bromide (KBr) tracer and stored in two tanks.

The injection suspension was intended to contain a particle con-
centration of 5 g l−1, aiming at delivering a total of 300 kg of NGP.
Injections were planned between 5 and 8 m bgl (from top to bottom)
in half-metre intervals at low pressure (between 1 and 12 bars) us-
ing a direct-push probe. Although injections were planned at five
locations, in this study we are only presenting results observed for
injections performed at two locations (Inj1 and Inj2 as depicted in
Fig. 1) while groundwater sampling was possible. Clogging of the
observations wells (as described in the following sections) hindered
sampling required for geochemical analysis and therefore will not
be presented here.

Prior to the NP injection, geochemical measurements were per-
formed in all observation wells using the membrane-interface
well logging probe (MIP) Ecoprobe-5 (from RS Dynamics). The
Ecoprobe-5 is equipped with a photo-ionization detector (PID) and
an InfraRed (IR) sensor permitting the in-situ screening for total
petroleum hydrocarbons (TPH) and volatile organic compounds
(VOC). For the monitoring of geochemical parameters upon the
NGP injections, seven observation wells were available. Five of
those were equipped with micro pumps at 5, 7 and 8 m bgl (multi-
level monitoring wells). Two additional observation wells, screened
between 4 m and 8 m bgl, were situated up- and down-gradient from
the injection points aiming at the detection of renegade NP. Along
the NGP injection, in-situ groundwater parameters, such as tem-
perature, electrical conductivity (i.e. fluid conductivity, σ f), pH and
redox potential, were determined with calibrated probes. It was not
possible to employ an on-site turbidity probe, as the diameter of the
turbidity probe exceeded that of the groundwater monitoring well.
Therefore, turbidity was determined in non-filtered groundwater
samples upon return to the laboratory using a turbidimeter 2100 N
IS (Hach Lange, Germany) calibrated with formazine standards.
Total iron (Fetot) content in groundwater samples, determined by
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ICP-OES Optima 5300DV (PerkinElmer, USA) after acid digestion
(with 30 per cent HCl and 5 M HNO3), was used as a proxy of NGP
concentration.

2.3 Indirect monitoring method: complex-conductivity
imaging

Complex-conductivity measurements, also referred to as induced
polarization (IP), are based on four-electrode arrays and can be
performed in the time- or frequency-domain (Ward 1990). When
performed in the frequency-domain (as in this study), two elec-
trodes are used to inject a sinusoidal current to the ground, and the
second pair of electrodes is used to record the associated phase-
shifted voltage. The deployment of tens of electrodes, for the col-
lection of hundreds of measurements, permits to solve for spatially
quasi-continuous models (i.e. images) of the subsurface complex
conductivity (Binley & Kemna 2005; Kemna et al. 2012). The real
(σ ′) and imaginary (σ ′′) components of the complex conductivity
(σ ∗) represent the low-frequency (<1 kHz) electrical conductivity
(i.e. energy loss) and capacitive (i.e. energy storage) properties of
the subsurface, which can also be expressed in terms of magnitude
(|σ |) and phase (φ):

1

ρ∗ = σ ∗ = σ ′ + i σ ′′ = |σ | eiφ, (1)

where i = √−1 represents the imaginary unit. In most subsurface
investigations, the values of φ are sufficiently small (<100 mrad),
such that σ ′ ≈ |σ |, which is typically referred to as the electrical
conductivity (σ ) or its inverse the electrical resistivity (ρ = 1/σ ).
Equally, for sufficiently small values, the phase of the complex
conductivity can be approximated by the ratio of the imaginary to
the real component (φ ≈ σ ′′

σ ′ ), which has been also suggested as a
valid proxy to quantify the IP effect.

In most subsurface materials, electrical conduction is carried by
the electrolyte (i.e. ionic conduction) and through the electrical dou-
ble layer (EDL) covering the pore surface (e.g. Waxman and Smits
1968; Leroy et al. 2008, and references therein). Ionic conduction
is controlled by porosity, saturation and fluid conductivity (σ f) (e.g.
Slater 2007 and references therein); surface conduction along the
EDL mainly depends on surface charge and surface area (Schwarz
1962; Schurr 1964; Leroy et al. 2008). For clay and other materi-
als characterized by high surface charge and surface area, surface
conduction is the dominating conduction mechanism under most
conditions (i.e. for low and intermediate ionic strengths of the pore
water) and commonly related to high σ values (e.g. Marshall &
Madden 1959; Revil & Florsch 2010).

The IP effect in such (metal-free) media results from the mi-
gration and accumulation of charge carriers within the different
parts of the EDL and has been described by means of two principle
mechanisms (e.g. Kemna et al. 2012 and references therein): (i)
the polarization of the Stern layer (e.g. Leroy et al. 2008; Revil &
Florsch 2010; Revil et al. 2017) or the diffuse layer (e.g. Fixman
1980; Shilov et al. 2001) around isolated mineral grains; and (ii)
the polarization of overlapping diffuse layers in pore throats bet-
ter known as membrane polarization (Marshall & Madden 1959;
Ward 1990; Bücker & Hördt 2013; Hördt et al. 2017). If highly
conductive inclusions are present as a discontinuous phase (e.g.
metallic nanoparticles or disseminated minerals), the conductor–
electrolyte interfaces polarize giving rise to a strong polarization
response. This so-called electrode polarization has been described
for perfectly conducting inclusions, such as metallic conductors

(e.g. Wong 1979; Bücker et al. 2018) and more recently for semi-
conducting inclusions, such as most natural metal ores (e.g. Revil
et al. 2015; Misra et al. 2016).

2.4 Complex-conductivity imaging monitoring set-up

CCI monitoring data sets were collected in the frequency domain
(at 1 Hz) using the eight-channel DAS-1 (from Multi-Phase tech-
nologies) along two profiles (M1 and M2, as depicted in Fig. 1).
Each profile comprised 32 electrodes with a separation of 0.75 m
between electrodes, aiming at a depth of investigation of 8 m. The
presence of concrete walls and roads impeded to extend the length
of the profiles for a larger investigation depth. A multiple-gradient
configuration (Dahlin & Zhou 2006) was used for both profiles
with eight potential dipoles (with lengths of a = 0.75, 1.5, 2.25 and
3 m) nested within the current dipole yielding 380 quadrupoles per
profile. We opted for this electrode configuration considering that
it provides measurements with a larger signal-to-noise ratio (S/N)
than other configurations (Dahlin & Zhou 2006; Flores Orozco et al.
2018a). Moreover, initial measurements proved sensitive within the
required depth of investigation (between 5 and 8 m bgs) and showed
negligible distortions due to anthropogenic noise. Monitoring data
sets were collected independently along each transect, i.e., no 3-D
acquisition schemes to reduce the acquisition time. We aimed at
collecting an entire data set in less than 7 min to enhance the tem-
poral resolution of the CCI monitoring. The only gaps in the CCI
monitoring corresponds to the overnight brea, where the instrument
needed to me retrieved from the field.

For the inversion of the observed CCI data, we used CRTomo, a
finite-element smoothness-constraint algorithm (by Kemna 2000),
which solves for the subsurface distribution of σ ∗. This algorithm
was selected, as it permits to fit the data within the inversion to a
confidence interval, which is defined by an error model (e.g. Kemna
2000; Flores Orozco et al. 2012b). Such approach minimizes the
risk of overfitting the data during the inversion and the associated
creation of artefacts (e.g. Kemna 2000; Slater & Binley 2006; Flores
Orozco et al. 2012b; Lesparre et al. 2017). Blanked areas in the
imaging results correspond to regions associated with cumulated
sensitivity values two orders of magnitude smaller than the highest
cumulated sensitivity (i.e. the sum of absolute, data-error weighted,
sensitivities of all considered measurements; see e.g. Weigand et al.
2017).

The error model aims at describing the magnitude of random
error present in the data; yet it cannot be used to describe a system-
atic error. Hence, as a first step in the data processing, we removed
physically implausible measurements, namely those associated with
a negative current amplitude, geometrical factor or apparent resistiv-
ity. Then we performed a histogram analysis as proposed by Flores
Orozco et al. (2018b) to assess the spatial consistency within the data
set. Such approach suggests that the occurrence of empty bins in the
histogram can be used to define maximum and minimum threshold
values in the measured resistances and apparent phase-shift. Yet,
no measurement was removed after those analyses demonstrating
the good quality of the data. To better illustrate this, we present
in the complementary material exemplary pseudo-sections for data
collected at different time-lapses.

The analysis of normal and reciprocal readings has been widely
accepted for the quantification of random error (e.g. Slater et al.
2000; Flores Orozco et al. 2012b). However, the fast process under
investigation in this study and the collection of gradient configura-
tions limited the possibility to collect reciprocal readings. Hence,
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error parameters were estimated based on the analysis of the data
quality computed by the instrument (standard deviation from three
repetitions) and for the linear error model (e.g. Slater et al. 2000)

ε (R) = a + bR, (2)

where, a and b refer to an absolute (a = 1 m� in our study) and
relative (b = 5 per cent in our study) error parameters (Slater et al.
2000). In case of phase measurements, we used a constant error
equal to 1 mrad (e.g. Slater & Binley 2006). All inversion results
presented here converged to a root-mean-square (RMS) equal to 1,
where the RMS refers to the error-weighted misfit between the data
and the modelled forward response (for a comprehensive description
of the inverse modelling, we refer to Kemna 2000). CCI monitoring
data sets were processed and independently.

3 R E S U LT S A N D D I S C U S S I O N S

3.1 Background electrical imaging results delineate
lithology and contamination levels

Background measurements were collected approximately 24 hr be-
fore the first NGP injection. Fig. 2 presents imaging results for
background data expressed in terms of the electrical conductivity
(|σ |) and the IP effect (φ) along M1, where lithological information
is available (core drilling of the observation well AW6-42). Imag-
ing results for background data collected along M2 are consistent
to those presented in Fig. 2 (data not shown). The top panel of
Fig. 2 shows that spatial variations in the electrical conductivity
(|σ |) are in agreement with lithological changes. The lowest |σ |
values (<50 mS m−1) correspond with unsaturated loess and sandy
gravels, with a slight increase in |σ | associated to the occurrence
of finer grains (sandy gravel) at depths between 4 and 5.5 m bgl in
the unsaturated zone. The highest |σ | values (>80 mS m−1) below
5.5 m bgl correspond with the saturated sandy clay. The φ image
presented in the bottom panel of Fig. 2 shows no clear correlation
with the lithological units. While the lower part of the image (<2–
4 m bgl) is dominated by low values (<5 mrad), the shallow part
of the image reveals locally high IP responses, yet these anomalies
are most likely due to anthropogenic structures (e.g. pipes, backfill
material).

The presence of two shallow cast-iron pipes (located at a depth
between 1 and 2 m) is reported at the site, approximately at 7 and
15 m (along direction of profile M1). The pipes have a diameter
of 12 cm (smaller than a fifth of the electrode separation), and are
coated and wrapped with rubberized products to prevent contact
with soil and groundwater and hinder corrosion. Such coating ex-
plains the lack of an IP response, as expected due to electrode
polarization typical of blank metallic structures. Nonetheless, small
phase anomalies (φ ∼3 mrad) can be distinguished in the shallow
areas (between the surface and 2 m depth), which may be related to
the heterogeneities in the anthropogenic (gravel) layer around the
pipes and likely also distort the magnitude image in the shallow ar-
eas (1–2 m depth). Hence, monitoring imaging results presented in
this study are only related to model parameters below 2 m depth, at
which the distortion caused by the anthropogenic structures might
be negligible (e.g. Flores Orozco et al. 2012a; Flores Orozco et al.
2019).

BTEX compounds are non-polar and, thus, tend to form droplets
caged between the water molecules; these are also referred to as
non-wetting hydrocarbons considering that they are not in direct
contact with the grain surfaces (e.g. Schmutz et al. 2010). Early

laboratory investigations on non-wetting hydrocarbons reported an
increase in the IP effect for increasing hydrocarbon concentration
(e.g. Olhoeft 1985). Based on laboratory observations, an empirical
model was proposed by Schmutz et al. (2010), which predicts a
monotonous increase in the polarization response with increasing
saturation of non-polar hydrocarbons (e.g. toluene). Such model
is based on the polarization of the Stern layer and incorporates
variations of the polarization response due to the presence of an
electrically insulating and non-polarizable contaminant. A recent
study demonstrated its applicability for laboratory measurements
conducted on clayey soils (Deng et al. 2018).

At the same time, recent studies have revealed the opposite re-
sponse, that is, a decrease of the polarization response with increas-
ing saturation of hydrocarbon contaminants, at frequencies below
100 Hz (e.g. Schwartz et al. 2012; Ustra et al. 2012; Shefer et al.
2013). This behaviour may be explained by an increase of the wet-
tability of the non-polar hydrocarbons, as proposed by Revil et al.
(2011). These authors suggest that absorption of polar compounds
to the grain surface will result in an increase of the bulk conductiv-
ity and a decrease of the polarization response. Microbial activity is
also known to increase the wettability of hydrocarbons, due to the
release of metabolic products that change the electrical properties
of the hydrocarbons (e.g. Cassidy et al. 2001).

Investigations at the field scale (Flores Orozco et al. 2012a) have
permitted to differentiate two behaviours: (i) a linear increase of
the IP response φ for BTEX concentrations below the saturation
concentration of the hydrocarbon; and (ii) a negligible IP response
(φ < 5 mrad) for hydrocarbon concentrations above the saturation
concentration—at which the contaminant is present in free-phase.
The change in the IP response around the saturation concentration
has also been studied by Bücker et al. (2017) based on an analytical
membrane-polarization model. These authors argue that low BTEX
concentrations are related to the presence of small isolated hydrocar-
bon droplets within the large macro pores and a large membrane-
polarization effect (i.e. an increase in φ) is caused by the small
ion-selective pore throats, which are essentially contaminant free, if
the hydrocarbon is non-wetting. However, if hydrocarbon concen-
tration increases, the contaminant phase becomes continuous and
fills both macro pores and pore throats, hindering the formation of
ion-selective throats and, thus, reducing the IP effect (Bücker et al.
2017). Based on this model, the negligible IP response observed in
Fig. 2 seems to be a consequence of toluene concentrations, which
in fact exceed saturation concentration at the study site (saturation
concentration of toluene is around 520 mg l−1).

3.2 Mature hydrocarbon plumes show an increased
electrical conductivity

Chemical transformations of hydrocarbon contaminant plumes may
change the electrical footprint sensed in the subsurface, as observed
in laboratory investigations (e.g. Heenan et al. 2014; Ntarlagian-
nis et al. 2018 and references therein). Besides this, hydrocarbon
plumes represent a source of organic carbon, which may stimu-
late microbial activity (Huling et al. 2002). Microbial activity en-
hances the transformation of contaminants (e.g. Schirmer et al.
2006), as well as the release of metabolic products, such as car-
bonic acids, commonly resulting in an increase of fluid conductivity
and, thus, of the bulk electrical conductivity |σ | (e.g. Atekwana &
Atekwana 2010; Cassiani et al. 2014; Heenan et al. 2014; Cate-
rina et al. 2017 and references therein). Moreover, carbonic acids
have also been related to grain weathering and the development
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Figure 2. Electrical imaging results for data collected one day prior to the NGP injection expressed in terms of the magnitude (|σ |) and phase (φ) of the
complex electrical conductivity. The positions of the monitoring wells (AW6-31, AW6-34 and AW6-42) and the injection points are indicated (solid vertical
lines), as well as the depth to the groundwater table during the experiments (solid horizontal line). The overimposed lithological log of well AW6-42 aids the
interpretation of the electrical units.

of secondary porosity and biofilms, further increasing the elec-
trical conductivity of mature hydrocarbon plumes (Abdel Aal et
al. 2004; 2006). Hence, chemical transformations related to a ma-
ture contaminant plume explain the high |σ | values observed in
Fig. 2, which might seem to be in contradiction to the low conduc-
tivity of fresh hydrocarbon spills (Cassiani et al. 2009). Further-
more, an increase in σ f also has an effect on the IP response, as
it reduces the contribution of the EDL to the overall conduction
and, thus, further decreases the φ due to membrane polarization
(Hördt et al. 2016).

TPH and VOC well-logs revealed high values around the wa-
ter table (∼5 m bgl), which was in agreement with the analysis of
groundwater samples (Fig. 1) and the highest |σ | values observed in
Fig. 2. Moreover, MIP measurements of methane (CH4) and carbon
dioxide (CO2) also revealed high concentrations in both the vadose
and the saturated zone (Fig. 3), likely due to the stimulated micro-
bial activity at the site, supporting the interpretation of the electrical
images presented above.

3.3 Daylighting and other problems observed during the
injection of the nano-goethite particles

NGP injection began at well Inj1 using the suspension from the first
storage container, which at the site revealed a larger than intended
particle concentration (ca. 20 g l−1 measured in the storage tank).
The particle injection at the first, second and third injection depth
(5, 5.5 and 6 m bgl in Inj1) were performed at a low pressure (5–
6 bar, for a duration of ∼75 min at each depth) aiming at preventing
fracking. Nevertheless, even if the injections were performed at low
pressures, during the third injection (at 6 m bgl) in Inj1, solution
escaped to the surface (daylighting) through wells AW6-30, AW6-31
and AW6-32 (a picture from the field conditions during daylighting
is presented in Fig. 4). Furthermore, daylighting was also occurring
at observation well AW6-30, which is located up-gradient from
Inj1, clearly indicating the transport of particles away from the
target areas and opposed to the main direction of groundwater flow,
sustaining the interpretation of ongoing pore clogging close to the
injection point.
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Figure 3. Geochemical data in selected monitoring wells measured in situ
prior to the injection of the NGP. TPH: total petroleum hydrocarbons, VOC:
volatile organic compounds. Data provided by AQUATEST a.s. (CZ).

NGP injections became less regular after the first daylighting;
namely, injection in Inj1 at 6 m depth was suspended after a few
minutes due to solution flowing to the surface. Injections at the
next depth (6.5 m) were performed at higher pressure (>10 bar)
to force the delivery of NGP in the subsurface, but after a few
minutes, suspension was again flowing to the surface hindering
further injection at that depth. At this point, the solution flowing
out near the observations wells AW6- 30, 31 and 32 was visibly
containing iron (see picture in Fig. 4). To allow the delivery of the
slurry, injections at 7 and 7.5 m depth were performed at even higher
pressure (>12 bar), reducing the injection time to ∼40 min for each
step.

Injections at the second injection point (Inj2) started ∼50 min af-
ter the last amendment in Inj1, at depths of 5, 5.5 and 6 m (at 12 bar
and a delivery time of ∼40 min). Yet, suspension flowing to the sur-
face still occurred in several observation wells during the injection
periods. Furthermore, geochemical sampling was hindered due to
clogging of the tubing in observation wells affected by daylighting.

After an overnight break, which impeded the collection of CCI
and geochemical data, NGP injections were restarted using suspen-
sion from the second container (initial particle concentration of ca.
10 g l−1). During the second day, NGP injections were performed
at 6.5, 7 and 7.5 m in Inj2 (also at 12 bar). Yet, daylighting was
observed also for these injections and geochemical sampling was
compromised again. Hence, in the following sections, we do not
consider further injections points and only present results for data
collected during the delivery of the NGP suspension from the first
container in Inj1 (all injection depths) and Inj2 (only down to 6.5 m
bgl).

3.4 Electrical monitoring images evidence fracking
following particles injection

CCI measurements were collected every 7 min along the monitoring
transect (i.e. profiles M1 and M2), with a long break overnight due
to safety regulations within the facilities. CCI monitoring data sets
were processed and inverted independently before the calculation
of percentage changes between the baseline and the monitoring
imaging results, as presented in Fig. 4.

As discussed above, anthropogenic structures close to the sur-
face resulted in the creation of artefacts in the electrical images
within the first 1 m depth. Under similar conditions, earlier studies
have demonstrated the capability of the CCI method to characterize
subsurface processes accurately at depths below the anthropogenic
structures (e.g. Flores Orozco et al. 2012a, 2015; Caterina et al.
2017; Lesparre et al. 2017). Accordingly, here, we present only the
temporal changes below the cover layer (between 1 and 8 m bgl),
which reveal consistent results during the entire experiment, as ob-
served in exemplary images presented in Fig. 4. Monitoring data
sets in profile M2 were mainly collected along the injection of the
solution of the second NGP storage tank and, as mentioned above,
are not further discussed.

The imaging results in Fig. 4 show a modest increase (∼10 per
cent) in |σ | in the saturated zone after concluding the first NGP in-
jection (at 5 m depth). Images for data collected at later times (and
injections) reveal a further increase in |σ |, with the last images,
showing an increase of up to ∼20 per cent in the electrical conduc-
tivity of the saturated zone, when compared to the baseline image.
These recorded changes in the electrical conductivity correspond
to subsurface amendment of NGP suspension, characterized by a
fluid conductivity (σ f) ∼27 per cent higher than the groundwater
(Table 1).

The increase in |σ | (between 10 and 20 per cent over baseline
measurements) in Fig. 4 close to the injection wells is clearly re-
lated to the addition of the NGP suspension. Nevertheless, changes
in the electrical properties are not only confined to the depth of the
NGP injection (between 5 and 8 m bgl), but are also observed in the
unsaturated zone, in particular, between 2 and 4 m bgl. A straight-
forward explanation for such variations is that fractures developed
during the NGP delivery extended from the injection point to the
unsaturated zone, which led to the accumulation of the injected
solution containing free humic acids, and likely NGP, close to the
surface. The accumulation of particles away from its initial target
has been previously reported for field-scale particles injection (e.g.
Flores Orozco et al. 2015; Luna et al. 2015).

The impossibility to collect water samples in the unsaturated zone
hinders the quantitative interpretation of the CCI anomalies. Nev-
ertheless, our interpretation of the shallow electrically conductive
anomaly is supported by the occurrence of daylighting in monitoring
wells AW6-31 and AW6-32 during the third injection step (at 6 m
bgl). Following this argumentation, the shallow conductive anomaly
observed in Fig. 4 (after a few minutes after starting the very first
injection) indicates that the fracking started much earlier than the
daylighting (∼160 min after starting the first injection), likely al-
ready during the first injection in Inj1 (at 5 m bgl). The position
of the main conductive anomaly observed in the CCI monitoring
results in Fig. 4 corresponds with loess material, which offers a per-
fect environment for the capture of renegade NGP due to its high
porosity.

The monitoring results for images of the IP effect are not pre-
sented, as the monitoring images revealed negligible φ values along
the entire experiments, similar to those resolved for the background
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Figure 4. CCI monitoring results: (a) Daylighting observed in the vicinity of observation wells AW6-31 and AW6-32 after starting NGP delivery at 6.5 and
7 m bgl in Inj1. (b) CCI time-lapse imaging results for profile M1 in terms of the percentage change in |σ | at different steps of the monitoring period. In
Fig. 4(b), the dashed line indicates the depth to groundwater during the experiments, whereas the solid vertical lines show the position of the injection wells,
with the rectangles indicating the injection areas.

Table 1. Fluid conductivity (σ f) of NGP stock and injection suspension as well as the reference value of the groundwater
and the Elbe River water. n.a.: not available.

Sample Br− concentration σ f (μS cm−1) pH

NGP stock suspension Stock suspension + ca.
1 g L−1 Br−

4640 n.a.

NGP injection suspension
(particle concentration ca.
20 g l−1)

Sample 1 + ca. 50 mg L−1

Br−
1621 7.6

Elbe River water 504 7.53
On-site groundwater (containing BTEX) 1279 6.78

data (e.g. Fig. 2). The lack of an IP response following the injection
can be explained by an increase in the fluid conductivity due to
the injection of NGP suspension, characterized by a higher fluid
conductivity than the one of the groundwater at the site (Table 1). A
previous study in the laboratory revealed an initial increase in the
polarization response with increasing fluid conductivity associated
with sorption of ions into the Stern layer (Revil & Skold 2011).
These authors also report a decrease in the polarization response
at high salinity values for some samples, which they suggests may
be due to membrane polarization. Based on the analysis of differ-
ent samples, Weller et al. (2015) propose that the decrease in ion

mobility at high salinity values causes the decrease in the IP re-
sponse. Based on the modelling of membrane polarization, Hördt
et al. (2016), argue that a decrease in the zeta-potential needs also
to be taken into account to explain the decrease in the IP response
at high salinity values.

To better investigate the spatiotemporal changes in the electri-
cal signature and their correlation with subsurface processes along
the entire monitoring period, we present in Fig. 5 the values of
representative geochemical parameters measured in water samples
collected in different observation wells (AW6- 30, 31, 32, 34), as
well as pixel values retrieved from the electrical images. Such pixel
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Figure 5. Geophysical and geochemical results for the monitoring period of the NGP injection. The electrical conductivity (|σ |) represents pixel values
extracted from the electrical images between 5 and 7 m depth at the position of the injection points (Inj1 and Inj2) and observation wells (5a) along with the
fluid electrical conductivity (5b), oxidation–reduction potential (5c), total iron content (5e) and turbidity (5e) measured in water samples. The grey-shaded
zones represent the injection periods at each injection well. The vertical dashed line indicates the time of the first two daylighting events reported. The symbols
(∗) represent the beginning of injections at depths of 5, 5.5, 6 and 7.5 m at Inj1, as well as at depths of 5, 5.5 and 6 m depth at Inj2.

values represent the median |σ | values between 5 and 8 m depth
at the position of the observation wells and the first injection point
(Inj1). The injection periods at Inj1 and Inj2 are indicated by the
grey shaded areas. The blank area in Fig. 5 (between ∼500 min and
24 hr) is due to overnight breaks, during which it was not possible
to collect geophysical or geochemical data.

Fig. 5 reveals a slight increase in |σ | during the injection period
for most of the retrieved pixels, with the exception of observation
well AW6-42. After finishing the injection in Inj1, Fig. 5 reveals a
drop in the |σ | values, which bounce back once the injection starts
in Inj2. However, a more significant decrease in |σ | is observed
during the overnight break, which evidences a change from 75 mS
m-1 to 55 mS m-1 for pixels extracted at the position of Inj1. Similar
variations in |σ | are also observed for the rest of the extracted pixels,
with the exception of observation well AW6-42. This well is located
15 m down gradient from the injection point, where only a slight
change in |σ | is observed, suggesting that only minimal amounts of
NGP suspension were transported to such distance during the first

injection day. In agreement with those observations, NGP injections
at the second point (Inj2) are also related to a slight increase in |σ |.

Opposite to the trend observed in |σ | values, in-situ measure-
ments of σ f revealed a significant decrease (∼45 per cent) directly
after starting the injection for water samples collected in observation
wells close to the injection point (AW6- 31 and 32). Such observa-
tion is not easy to explain, considering that the fluid conductivity of
the injected NGP suspension is higher than the one of the ground-
water (Table 1). Instead, we hypothesize that the mixing of shallow
and deeper groundwater due to the NGP injection concurrent with
the pumping in the observation wells causes the observed decrease
in σ f. This hypothesis is consistent with the lack of changes in ob-
servation wells located down gradient (e.g. AW6-42) the injection
points.

Due to the high reactivity of the particles, Oxidation-Reduction
Potential (ORP) measurements can be used as a proxy to monitor
particle delivery (see Shi et al. 2011 and references therein). Con-
sistently, during our experiments subsurface enrichment with NGP

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/218/3/1838/5510446 by Bibliothek der Technischen U

niv user on 26 June 2019



CR monitoring during nanoparticles injection 1847

can be evidenced by the continuous increase in ORP values in ob-
servation wells AW6-30 and AW6-31 along the entire monitoring
period (Fig. 5c). Yet, such trend is followed by a decrease to pre-
injection values after ∼30 min, which is the time at which fracking
can be inferred from the CCI results.Hence, ORP variations are also
consistent to the interpretation of the electrical images.

Distinctive to such trend, ORP measurements reported 15 m
down gradient from the injection point (AW6-42) reveal negligible
changes over the first 450 min of the NGP amendment. Neverthe-
less, samples collected after concluding injections at 5.5 m depth
at Inj2 show an increase in the ORP values, suggesting that some
NGP suspension might have been transported 15 m after 8 hr. Such
observation is also consistent with the slight increase in |σ | resolved
trhough the electricalmonitoring . However, the negligible changes
in Fetot indicate that no NGP were transported to such distances and
the observed changes may be related only to the accumulation of
the stabilizing solution of humic acids.

Measurements of the Fetot (Fig. 5d) can be used in the inter-
pretation of CCI results and to evaluate the delivery of NGP. As
expected, following the first injection, iron concentration increases
in the observation wells near the injection (AW6-31 and AW6-32).
Accordingly, Fetot also increases in the observation well located up
gradient the injection point (AW6-30) after the reported daylight-
ing (∼160 min after starting the first injection). However, the Fetot

concentration in AW6-30 dropped significantly before finishing the
first injection period. Such observation in well AW6-30 is consis-
tent with the turbidity measurements (another proxy to assess the
presence of NP in water samples, see Shi et al. 2015), which also re-
veal an increase concurrent with the reported daylighting (Fig. 5e).
However, turbidity bouncing back to initial values after starting the
second NGP amendment (in Inj2) can be related to problems with
the sampling or deviations in the particles due to fractures created
during the first injection (e.g. daylighting). Aditionally, turbidity
measurements reveal an initial increase in AW6-30 and AW6-32 af-
ter starting the injections; yet, this is followed by fluctuations poorly
correlated with the NGP injections. Furthermore, turbidity values
show negligible changes in samples collected in observation wells
AW6-31 (directly next to the injection well) and AW6-34 (15 m
downgradient), suggesting that particles were mainly delivered to
fractures connecting the injection point to the surface. Both, temper-
ature and pH revealed only negligible changes along the monitoring
period, with values around a mean value of 13 ◦C and a quasi-neutral
pH of 7.2 (data not shown).

3.5 The lack of sensitivity of induced polarization images
following the injection of nano-goethite particles

As an induced-polarization method, CCI is known to be highly
sensitive to metallic particles in the subsurface (e.g. Pelton et al.
1978; Ward 1990). The large polarization magnitude of the under-
lying electrode-polarization process is mainly caused by the high
electrical conductivity of the particles compared to the one of the
surrounding electrolyte solution (e.g. Wong 1979). Although it is an
iron-bearing mineral, goethite is a semiconductor and its relatively
large band gap (2.1 eV) results in a very low electrical conductivity
(approx. 10–3μS cm−1) at room temperature (Cornell & Schwert-
mann 2003). Thus, the polarization response of goethite cannot be
attributed to electrode polarization. More likely, it is caused by the
polarization of the electrical double layer covering the charged sur-
face of non-conducting particles as discussed by Abdel Aal et al.
(2014). A non-zero charge at the surface of goethite particles is

well documented (e.g. Cornell & Schwertmann 2003; and refer-
ences therein), such that it is straightforward to assume the action
of a Stern-layer (e.g. Leroy et al. 2008) or diffuse-layer (e.g. Fixman
1980; Shilov et al. 2001) polarization process around the goethite
particles. Laboratory IP measurements on goethite indicate a low
(Huisman et al. 2014) or negligible low-frequency polarization (Ol-
hoeft 1982; Abdel Aal et al. 2014) of goethite surfaces compared
to those on conductive minerals (e.g. pyrite, magnetite, graphite).
Thus, the absence of a characteristic CC signature of the NGP at
frequencies around 1 Hz in our experiments is in perfect agree-
ment with both theoretical considerations and earlier experimental
findings.

A possible technical means to increase the phase response of
the particles or particle aggregates would be to use (much) higher
frequencies: Laboratory measurements with goethite nanoparticles
conducted by Huisman et al. (2014) found a measureable increase of
the imaginary part of the conductivity around 1 kHz and for compa-
rable particle concentrations. However, in field applications, induc-
tive and capacitive coupling effects generally mask the IP response
and render the interpretation of high-frequency CCI data challeng-
ing (e.g. Pelton et al. 1978; Flores Orozco et al. 2013, 2018a and
references therein). In particular, inductive coupling effects arise
due to the conduction of current along the cables connecting the
measuring instrument and the electrodes, which are proportional to
the bulk conductivity of the subsurface, the acquisition frequency
and the square of the cable length (Hallof et al. 1974). Hence, col-
lection of high-frequency IP data in areas characterized by high
electrical conductivity (e.g. mature hydrocarbon plumes) or by the
injection of NP dispersions with high fluid conductivity may be
challenging due to contamination of the IP data by inductive cou-
pling. Clearly, the problem will increase with increasing the depth
of investigation, which requires the collection of data with longer
cables. A recommendation for future campaigns would be to find a
trade-off between signal strength and adverse high-frequency effects
in order to maximize the information on NPG in the phase response.
Accordingly, the development of dispersion solutions characterized
by low fluid conductivity could also be beneficial to improve the
sensitivity of the CCI method for the characterization of nanopar-
ticles injections. The collection of IP data over a long time-span
might also be important for further studies to assess long-term vari-
ations in the signatures associated with the agglomeration of the
particles, which may result in larger particle sizes and measurable
IP signatures at the low frequencies. Moreover, further changes in
the IP signatures might also be related to chemical transformations
of the contaminant (e.g. Revil et al. 2011) or the accumulation of
iron-minerals (Flores Orozco et al. 2011, 2013; Abdel Aal et al.
2014) due to the expected stimulation of microbial activity (e.g.
Braunschweig et al. 2013).

3.6 The potential of geophysical monitoring to reveal
pore-space clogging and to guide geochemical sampling

To facilitate the quantitative interpretation of changes in the electri-
cal conductivity along the monitoring period, we present in Fig. 6
the response of the same extracted pixels presented in Fig. 5, but
plotted as the change in the |σ | from baseline.

Fig. 6 clearly reveals a significant decrease in the bulk elec-
trical conductivity concurrent with the daylighting reported in
wells AW6-31 and 32 (indicated by the dashed lines). A straight-
forward explanation of such sudden drop can be given by the
pore-space clogging due to the accumulation and sedimentation
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Figure 6. Percentage changes in the electrical conductivity (|σ |) for the inversion results between the baseline and monitoring measurements. Electrical
parameters represent the median for pixel values extracted from the electrical images between 5.5 and 7 m depth at the position of the injection and observation
wells. The vertical dashed line represents the time at which the first daylighting was observed in well AW6-30. The grey polygons represent the delivery periods
in Inj1 and Inj2.

of NGP near the injection point. The interaction between NP and
the corresponding agglomeration and loss of mobility over time
have been largely documented, including coated iron oxides (e.g.
Vecchia et al. 2009; Tiraferri et al. 2017); furthermore, as dis-
cussed by Luna et al. (2015), long injections commonly result in
the sedimentation of the particles. Hence, a two-step process can
explain the |σ | patterns observed in Fig. 6: (1) first a decrease
in porosity (and |σ |) due to the clogging of the pore space; fol-
lowed by (2) an increase in the porosity (and |σ |) due to fracking
and the filling of the associated fractures with NGP solution and
groundwater.

To better illustrate this, we can look in detail at the changes in
|σ | accompanying the first injection (i.e. at Inj1 and 5 m depth).
Here, the NGP delivery was performed at low pressure (5–6 bar)
and over a long injection time (>60 min), which are conditions
promoting particle sedimentation (e.g. Luna et al. 2015). Accord-
ingly, the observed decrease in |σ | values (at ∼28 min), is most
likely an indication of pore clogging. Hence, the further delivery
of NGP suspension resulted in an increase in pore-pressure and the
development of fracking, which can be evidenced in the geophys-
ical imaging by the rapid increase in |σ |, for instance at ∼35 min.
Hence, the slight decrease in the electrical conductivity observed
during the injections at 5.5 m depth can be related to clogging of
both the pores and the previously created fractures. Consequently,
further injections at 6 m depth, and related plugging of the pore
space, resulted in the strong decrease in |σ | observed at ∼160 min,
which also led to the further development of the fractures and the
daylighting events.

While geochemical analysis cannot help to validate the inter-
pretation of the electrical images, the presence of iron in the
solution flowing to the surface, clearly indicates that the in-
jected solution was delivered through fractures to observations
wells and the surface. Moreover, the increase in the |σ | values
in the unsaturated zone close to the injections wells observed in
Fig. 4 also supports our interpretation. Here, such anomalies sug-
gest that NGP and/or the dispersion solution found preferential
flow paths leading to their accumulation in the unsaturated loss
materials.

Following the overnight break, CCI results reveal a significant
decrease in |σ |, even below baseline values. In particular, pixel val-
ues close to Inj1 (e.g. AW6-31) show a decrease of 16 per cent in
comparison to baseline values and about 26 per cent when compared
to the measurement before the overnight break. A first explanation
for this conductivity drop can be the degradation of the humic acids
coating the NGP particles, and, thus, pore clogging due to particle
aggregation. Yet, no hydro-geochemical data are available to sus-
tain this possible interpretation. Nonetheless, our results suggest
that CCI may be a suitable method to evaluate changes in poros-
ity following the subsurface enrichment with NP, either associated
to fracking developed during the injection or pore clogging after
finishing the delivery of the slurry.

While geochemical data are available only in ca. 12 samples for
each observation well, CCI data sets were collected every 7 min
allowing tracking the fate of NP in 54 time steps. In addition to that,
not all observation wells were sampled along the 12 geochemical
time lapses, for instance, observations wells up and down gradi-
ent (AW6-30 and -34, respectively) were sampled only 30 min after
starting the injection, and then only every 60 min. Moreover, clog-
ging in the tubing of the monitoring wells affected by the daylighting
(AW6-32) impeded the collection of water samples, further limiting
the resolution of the geochemical monitoring. CCI may overcome
some of these limitations in monitoring applications, especially re-
garding the spatial and temporal resolution.

Although our results show that CCI is a promising method for
the monitoring of NP injections, geochemical monitoring is still
critical to permit an adequate interpretation of the electrical signa-
tures. We suggest that following experiments consider adjusting the
geochemical sampling in order to take into account the geophysical
response. Hence, a coupled geochemical–geophysical monitoring
could improve the quantitative interpretation of CCI images and
permit to improve the efficiency of the remediation method by pro-
viding real-time information.

Further information is needed to evaluate the uncertainty in
geochemical data. The geochemical variations observed in well
AW6-34 illustrate the problem: geochemical monitoring revealed
no changes in σ f, Fetot and turbidity, suggesting that NGP were not
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transported 15 m down gradient the injection points. However, ORP
measurements revealed an increase in AW6-34 after starting the
first injection (∼480 min), which are also consistent with a slight
increase in |σ | in that area after concluding the NGP amendment
at 6 m depth in Inj2 (∼453 min after starting the first injection as
presented in Fig. 6). We explain our observations as the effect of
the injected solution consisting only of humic acids (causing the in-
crease in |σ | and ORP), but negligible NGP concentrations. On the
one hand, the lack of changes in the σ f seems to challenge such inter-
pretation. On the other hand, well AW6-34 is fully screened between
6 and 8 m depth, which might induce the mixing of groundwater
from different depths and distances during the sampling. Hence, the
discrepancy observed between |σ | and σ f might be related to mixed
water samples, which may also bias other geochemical parameters
such as Fetot.

4 C O N C LU S I O N S

We presented the first field-scale application of the CCI method
to monitor subsurface processes accompanying the injection of
nanoparticles, in particular NGP. Our imaging results permitted
to identify clogging of the pore space, that is, a decrease of hy-
draulic conductivity at the injection point. The continuous injection
resulted in the unintended development of preferential flow paths
and the delivery of NGP in areas away of the target, leading to an
overall decrease in the efficiency of the remediation technique.

Spatial variations in the electrical conductivity |σ | for baseline
images revealed a good correlation with the lithological units. The IP
effect, a measure of the capacitive properties, revealed only a weak
response, which can be explained by the occurrence of the con-
taminant in free-phase (displacing groundwater) and the high fluid
conductivity of groundwater; the latter possibly being a result of
the release of carbonic acids as metabolic products of hydrocarbon-
degrading organisms, a well-documented process in mature plumes.

CCI monitoring results revealed four consecutive steps in the
electrical signatures governed by the delivery and transport of NGP
suspension, namely: (i) an increase in the electrical conductivity
(|σ |) associated to the subsurface enrichment of the NGP solution,
characterized by a fluid conductivity 26 per cent higher than that of
groundwater; (ii) a sudden drop in |σ |, likely associated to pore clog-
ging and permeability loss; which is followed by (iii) an increase in
|σ |, accompanying daylighting events, likely indicating the occur-
rence of fracking and the development of secondary porosity and
(iv) an important decrease of ∼14 per cent below baseline values
in |σ | during the overnight brake, which can be explained by clog-
ging due to changes in the surface properties of injected NGP. Our
study demonstrates that geophysical monitoring data—if incorpo-
rated into the design of NP injections—offers unique possibilities
to improve the efficiency of groundwater remediation measures. On
the one hand, CCI results for background data demonstrate that pre-
injection information could be used in the design of the injection
strategy (e.g. to avoid injection to low hydraulic conductive areas).
On the other hand, monitoring results can be used to gain informa-
tion in quasi real-time to assess clogging of the pore space; thus,
permitting re-locating the NP injection and a more effective de-
livery of particles. Although CCI monitoring provides information
with enhanced spatial and temporal resolution, the complete advan-
tages of the method cannot be fully exploited without additional
geochemical information for the quantitative interpretation of the
results. Hence, we suggest that the geochemical sampling should be
performed taking into account real-time CCI results.
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