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a b s t r a c t
In this study, we investigate the applicability of the Induced Polarization (IP) imaging method to discriminate between biogeochemically active and inactive areas of a landfill. The elevated amount of degradable
organic carbon in landfills results in the development of biogeochemical hot-spots associated with high
rates of microbial activity and the generation of landfill gas and leachate as metabolic products. Our
results demonstrate that the electrical conductivity is mainly sensitive to the increase in the fluid conductivity associated to leachate production and migration. Whereas images of the polarization effect,
expressed in terms of the imaginary component (r00 ) or the phase of the complex conductivity (/), reveal
the potential to characterize variations in the architecture and biogeochemical activity of the landfill.
Correspondingly, biogeochemically active zones (leachable TOC contents above 1500 mg/kg dry waste)
are related to high polarization values (r00 > 10 mS/m, / > 40 mrads), whereas low leachable TOC contents
(<300 mg/kg dry waste) in the inactive areas are characterized by low polarization values (r00 < 1 mS/m,
10 < / < 25). Additionally, landfill sections corresponding to construction and demolition waste (CDW),
associated to negligible TOC content, exhibit the lowest polarization response (r00 < 0.1 mS/m, / < 15). We
prove that IP imaging is a well-suited method for landfill investigations that permits an improved characterization of landfill geometry, variation in waste composition, and the discrimination between biogeochemically active and inactive zones.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Within the last years, there has been a growing interest in the
economical exploitation of landfills, either for energy production
or for the mining of raw materials. For landfill mining, the characterization of the internal structure and waste composition is critical for an adequate valorization of the landfill economic potential.
Landfill investigations with high spatial resolution are also critical
for environmental protection, for instance to evaluate the potential
release of pollutants associated to landfill leachate production
(Rinne et al., 2005; Fellner et al., 2009), or the emission of landfill
gas (Chiemchaisri et al., 2007; Laner et al., 2011; Ritzkowski and
Stegmann, 2013). In this regard, a high content of organic matter
disposed in municipal soil waste (MSW) landfills may enhance
the development of biogeochemical hot-spots associated with high
rates of microbial activity, resulting in the production of landfill
gas and leachate as metabolic products. The accumulation of landfill gas accompanying microbial activity in MSW landfills may
⇑ Corresponding author.
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result in spontaneous combustion and fires (Frid et al., 2010). Furthermore, MSW landfills are responsible for ~5% of the global
greenhouse gas emissions (Zhang et al., 2019), which may continue
for decades after landfill closure (Christensen and Kjeldsen, 1989;
Huber-Humer et al., 2008; Laner et al., 2012; Brandstätter et al.,
2015). Therefore, understanding microbial activity in landfills is
critical to reduce the production of methane (CH4) and carbon
dioxide (CO2) and minimize their environmental impact.
MSW containing high amount of organic carbon stimulates the
activity of fermentative and acid-forming bacteria being able to
degrade waste biomass into organic acids, carbon dioxide (CO2)
and hydrogen, whereas CO2 and carbonic acids stimulate the activity of methanogenic bacteria, resulting in the emission of methane
(CH4) as a metabolic product (Barlaz et al., 1990). Beside the content of organic matter, other factors such as the moisture content
or redox conditions prevailing in the landfill (presence or absence
of oxygen) strongly determine the metabolic products, in particular the generation of methane (Gurijala and Suflita, 1993). Landfill
aeration systems, based on air injections into the landfill, switch
degradation processes from anaerobic to aerobic, which increases
the production of CO2 and H2O, but at the same time hinders the
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generation of CH4 (Ritzkowski et al., 2006). Although water is produced during aerobic waste degradation, the water content of the
landfilled waste tends to decrease, as the temperature of waste
increases and a significantly higher volume of water saturated off
gas is released in comparison to anaerobic degradation. Accordingly, a detailed characterization of waste composition, landfill
geometry and internal structure is critical to evaluate the landfill
potential for the generation of greenhouse gasses, and the design
of adequate stabilization systems.
To date, landfill characterization is based on the combination of
information gained through direct methods such as chemical analyses of waste, water and gas samples, as well as indirect information by means of geophysical methods (e.g., De Carlo et al., 2013;
Konstantaki et al., 2013, 2016; Soupios and Ntarlagiannis, 2017;
and references therein). Although direct methods provide information about the waste composition and concentration of chemical
parameters, the number and distribution of samples limit the resolution of the investigation. While increasing the number of samples can improve the spatio-temporal resolution of the
investigations, high number of samples and analyses may render
landfill investigations prohibitively expensive (e.g., De Carlo
et al., 2013; Flores Orozco et al., 2012a). Geophysical methods have
proven to be well suited for landfill investigations with adequate
spatial and temporal resolution, as they provide quasi-continuous
spatial and temporal information about subsurface properties in
a non-invasive manner (for a review we refer to Nguyen et al.,
2018).
In particular, the electrical resistivity tomography (ERT) has
become a widely-used method for landfill investigations considering its sensitivity to variations in water content, salinity and temperature, as demonstrated in the review by Nguyen et al. (2018).
Particularly, the decrease in the electrical resistivity due to an
increase in salinity and fluid conductivity permits the application
of ERT to delineate leachate production, migration and leakages
(e.g., Clément et al., 2010; De Carlo et al., 2013; Tsourlos et al.,
2014; Feng et al., 2020). Additionally, temporal variations in the
electrical resistivity images have also been used for the characterization of water content changes within the landfill (e.g., Dumont
et al., 2018; Neyamadpour, 2019). Furthermore, the Induced Polarization (IP) method has also proven to be a useful technique to
improve the lithological characterization of landfills (e.g., Dahlin
et al., 2010; Gazoty et al., 2012; De Donno and Cardarelli, 2017).
As an extension of the ERT technique, the IP method can provide
information about the electrical conductivity and capacitive properties of the subsurface, with the latter being related to the polarization of the ions in the electrical double layer (EDL) formed at the
fluid-grain interface during the injection of an electric field.
The IP method was initially applied for the prospection of
metallic ores due to the strong polarization observed in electronic
conductors and semi-conductors (Seigel et al., 2007). However,
recent laboratory investigations have demonstrated a high sensitivity of the method to textural parameters of soil and rocks; thus,
its applicability for the characterization of subsurface hydraulic
properties (e.g., Revil et al., 2015a; Binley et al., 2015; Osterman
et al., 2019). Additionally, laboratory experiments revealed that
the high surface area of microbial cells may also result in a measurable polarization response, allowing the application of the IP
method for the delineation of biofilm formation (Ntarlagiannis
et al., 2005; Revil et al., 2012), as well as microbiologically mediated processes (Atekwana and Slater, 2009 and references therein).
Field scale IP measurements conducted during biostimulation of
iron-reducing bacteria for the immobilization of radionuclides
have confirmed the ability of the method to characterize changes
in microbial activity (e.g., Williams et al., 2009), the accompanying
variations in redox-status (Flores Orozco et al., 2011) and the precipitation of biominerals (Flores Orozco et al., 2013). Based on such

findings, the method has been used recently to map (at the floodplain scale) naturally reduced zones (i.e., biogeochemical hotspots), characterized by high IP response due to the presence of
iron sulfides (Wainwright et al., 2016).
Built on results mentioned above, we propose here the IP as a
method to discriminate between biogeochemically active and inactive zones in MSW landfills. Considering that active zones behave
as biogeochemical hot-spots, we expect a moderate to high IP
response and low electrical resistivity values, associated to the precipitation of secondary minerals and the accumulation of organic
acids accompanying high rates of microbial activity. IP measurements are performed in a MSW landfill being stabilized by means
of in-situ aeration, were biogeochemically active zones are related
to elevate production of CO2. Additionally, we investigate the
applicability of the IP method for an improved characterization
of landfill geometry, in particular to discriminate between the bottom of the landfill and the extension of the leachate leakage below
it. In our study, we used the total organic carbon (TOC) contents in
the leachate of solid waste samples as a proxy to microbial activity.
In the next section, we present the details of the IP method and
a review of the current conduction mechanisms required for an
adequate interpretation of the imaging results. This is followed
by the description of the study area and the geophysical survey.
In a third and fourth sections, we present the IP imaging results
and discuss their interpretation, followed by our conclusions. To
the authors’ knowledge, this is the first study to apply the IP
method for delineating biogeochemically active (i.e., hot-spots)
and inactive zones in landfills.

2. Material and methods
2.1. The induced polarization (IP) method and the complex
conductivity (r )
The IP imaging method, also known as complex resistivity or
complex conductivity method, is an extension of the ERT, and is
also based on current injection through an electrode pair, while a
second pair measures the resulting voltages. Measurements can
be performed either in time domain (TDIP) or in the frequency
domain (FDIP) depending on the characteristics of the measuring
device, with TDIP typically working with direct current (DC) and
FDIP with alternating current (AC). In this study, we will focus on
TDIP measurements, considering that these can be collected with
the majority of commercially available ERT instruments. In TDIP,
current injection is performed using a square-wave (i.e., switching
the current injection on – off – on – off), and the measurements are
commonly expressed in terms of the measured resistance (R), corresponding to the voltage-to-current ratio (V/I) during the current
injection (i.e., primary field), and the integral chargeability (M),
which measures the voltage decay after current switch-off. This
secondary field (i.e., the voltage decay) develops due to the polarization of the free charges in the electrical double layer at the
grain-fluid interface (illustrated in Fig. 1), which dissipates over
time after switching the current off.
Imaging applications deploy hundreds of electrodes to solve for
2D or 3D models of the subsurface electrical properties using
inversion algorithms. The inversion of the ERT data provides subsurface models in terms of the electrical resistivity (q), or its
inverse the electrical conductivity (1/q = r). The inversion of TDIP
data can be expressed in terms of the complex resistivity (q*), or
the complex conductivity (1/q* = r*), which permits to represent
both the conductive and capacitive properties of the subsurface.
The real component of the complex conductivity (r0 ) represents
the energy loss, i.e., conduction; whereas the imaginary
component (r00 ) represents the energy storage, i.e., polarization.

A. Flores-Orozco et al. / Waste Management 107 (2020) 121–132

123

Fig. 1. Schematic representation of low frequency subsurface conduction mechanisms, i.e., in landfills: matrix (rm ), electrolytic (rf ), and surface (rs ) conduction. The
subplots illustrate the distribution of charges (indicated as + and - symbols) in the electrical double layer (EDL) formed at the grain-fluid interface of non-metallic (top) and
metallic (bottom) minerals before and during the injection of an electric current.

Alternatively, the r* can also be given in terms of its magnitude
(|r|) and phase (/), such as:

1

q

¼ r ¼ r þ ir ¼ jrjei/ ;
0

00

ð1Þ

pﬃﬃﬃﬃﬃﬃﬃ
where i ¼ 1. In most applications, measured phase shifts are suf0
ficiently small (<100 mrad) to assume that r  jrj and to approximate the phase / with the ratio between real and imaginary
00
0
component, i.e. /  r =r . A detailed review of the TDIP and FDIP
method can be found in Sumner (1976), Ward (1988), and Binley
and Kemna (2005), amongst others.
2.2. Conduction mechanisms in landfills – the importance of the
surface conduction to understand electrical signatures
As illustrated in Fig. 1, the complex conductivity in the subsurface, i.e., in landfills, is controlled by three mechanisms acting in
parallel: matrix, ionic and surface conduction (e.g., Waxman and
Smits, 1968; Ward, 1988). The matrix conduction (rm ) takes place
along the solid phase (relevant only for metals and other materials
permitting electronic conduction); ionic or electrolytic (rf ) conduction through the fluid-filled pore space; and (rs ) surface conduction along the electrical double layer (EDL) formed at the
fluid-grain interface. While rm and rf contribute only to the ohmic
conduction, the surface conduction is complex-valued contributing
to both conduction and polarization. Accordingly, the real component of the complex conductivity can be written as:

r ¼ rf þ rm þ rs ;
0

0

ð2Þ

The electrolytic conductivity (rf ) is controlled primarily by the
porosity and the interconnection between pores (i.e., tortuosity), as
well as by the saturation and the conductivity of the pore water
(rw ), all of them parameters of interest in landfill investigations.
0
Commonly, high electrical conductivity (r ) values in landfill investigations are associated to high volumes of (interconnected) metallic waste due to the contribution of matrix, i.e., electronic
conduction (rm ). However, a larger increase in the electrical con-

ductivity (r ) is expected in fine-grained materials (e.g., silt, clay
and organic matter), which are characterized by a high surface area
and charge; thus, contributing to surface conduction (e.g., Leroy
et al., 2008; Revil et al., 2017). Although commonly ignored, surface conduction (r’s) can dominate over electrolytic conduction
even for the case of clay-free sediments (e.g., Revil et al., 2014).
As illustrated in Fig. 1, for any grain in contact with an electrolyte, the surface charge of the grains will attract counterions
(ions from the opposite charge) from the electrolyte forming the
EDL at the interface between the grain and electrolyte. The Stern
layer is formed by the ions adsorbed at the grain surface, whereas
the diffuse layer is populated by counterions at some distance from
the grain surface (e.g., Schwarz, 1962; Leroy et al., 2008). The
movement of the ions in the Stern layer is restricted to the grain
surface, whereas in the diffuse layer it is unrestricted within the
electrolyte. Hence, current injections enhance the migration of
the ions in the diffuse layer and the polarization of the Stern layer,
causing an excess of charge responsible for the surface conduction
(rs ). The imaginary component of the complex conductivity is only
related to the imaginary component of the surface conduction,
such as:
0

r ¼ rs ;
00

00

ð3Þ

In case of the metal-free sediments, the polarization of the Stern
layer is what causes the secondary electrical field in IP measurements. This polarization effect is dependent on the electrochemical
properties of the interface, such as the mobility and concentration
of ions, the surface charge and surface area (Leroy et al., 2008; Revil
et al., 2014, 2017; Bücker et al., 2019). In case of metallic minerals,
as also illustrated in Fig. 1, the application of an external field (i.e.,
current injection) also enhances the polarization of the electronic
semi-conductor, thus, resulting in a stronger polarization effect
in the so-called electrode polarization mechanism. A revision on
the electrode polarization mechanism is presented in detail in
Bücker et al. (2018, 2019). Additionally, the models proposed by
Revil et al. (2015b) and Misra et al. (2016) consider the reduction
of the electronic conduction following the full polarization of the
metals and electronic conductors, taking into account that a
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perfect capacitor is characterized by a net zero electrical
conductivity.
2.3. Study area: the Heferlbach landfill (Vienna, Austria)
Geophysical measurements were conducted at the ‘‘Heferlbach”
landfill, situated close to Vienna (Austria), where 219,000 m3 of
waste were disposed between 1965 and 1973. The landfill is about
950 m long with a width varying between 50 and 150 m, and an
average thickness of 3.5 m, with the bottom of the landfill found
between 3 and 4.5 m depth. The old deposit ‘‘Heferlbach” is located
in a border area of the Danube lowlands (conformed by alluvial
deposits of the Danube) and Mannswörther Terrasse (from the
Würmeis period). Underneath the landfill, quaternary gravels form
a potent aquifer, which is on top of tertiary sands that form an
aquiclude (Environmental Agency Austria, 2005). The groundwater
table is found at a depth of approx. 10 m below the bottom of the
landfill. The disposed waste consists mainly of municipal solid
waste (MSW, 660 kg/t moist mass), excavated soil (180 kg/t moist
mass) and construction and demolition waste (CDW, 160 kg/t
moist mass). The landfill has no membrane and leachate is not collected; yet, it is fully equipped with an aeration system in order to
accelerate the biodegradation of organic matter aiming at mitigating subsurface migration of landfill gas into neighboring buildings.
The air is injected close to the bottom of the landfill and the off-gas
generated is extracted and treated via bio-filter. For technical and
operational reasons, the landfill was divided into eight sections
(lengths varying between 80 and 140 m), which can be aerated
at different rates. The latter is crucial insofar as the share of
biodegradable waste (i.e., MSW) varies considerably between the
different sections (see Tables 1 and 2 in the supplementary information, SI), but also within each section, as illustrated in Fig. 2.
Analyses of waste samples revealed pH values fluctuating around
7, water content varying between 14 and 30%, and a fluid electrical
conductivity (rf ) in the range between 0.3 and 2.6 mS/cm (see
material presented as SI). For further details about the landfill
and the aeration system, we refer to and the studies of
Brandstätter et al. (2016; 2020) and Fellner et al. (2015).

2.4. IP survey – Data acquisition, processing and inversion
IP measurements were collected using the Syscal Pro Switch 72
equipment (IRIS Instruments), using a 50% duty cycle square wave
with a pulse length of 500 ms and 20 gates for the sampling of the
decay curve. Chargeability measurements were collected after a
delay of 20 ms, with a constant gate length of 20 ms. Such settings
aim at reducing contamination of the data in early times due to
parasitic electromagnetic fields (i.e., EM coupling) and ensures a
fair sampling of the decay curve over the entire 500 ms. Additionally, by the selection of a short pulse length, we aim at constraining
the IP response to a polarization processes within a narrow frequency range. Accordingly, the use of a larger pulse length measures both relatively fast (in the early times) and slow
polarization (at the late times) processes, which cannot be distinguished in measurements of the integral chargeability. Measurements were conducted along 17 profiles distributed in relevant
areas of the landfill (as depicted in Fig. 2), and areas near excavations points, where samples were collected for their chemical analysis (see Tables 1 and 2 in the SI). The pie charts presented in Fig. 2
represent the concentrations of total organic carbon (TOC) measured in the leachate of the solid waste samples taken at each excavation point.
The number of electrodes, position, orientation, and the length
of the different IP profiles are presented in Table 3 (see SI). As
shown in Fig. 2, profiles L1 to L5 are located within landfill section
2, which is characterized by low contents of MSW and thus
biodegradable waste, as indicated also by low TOC concentrations
observed in points A5 to A8 (see Table 2 in the SI). Profiles L6 to L9
are located in landfill section 3, corresponding to high contents of
biodegradable waste, as indicated by the high TOC concentrations
observed in excavation points A10 to A13 (see Table 2 in the SI).
Profile L10 was designed to go through landfill sections 7 and 8,
corresponding to a lateral change from MSW to CDW, and the corresponding decrease in the TOC concentrations measured in samples extracted at the excavation points A17 to A23 (see Fig. 2 and
Table 2 in the SI). Profiles L11 and L12 were collected at the border
and a few meters away of the landfill to characterize the IP

Fig. 2. Geometry of the Heferlbach landfill, with different areas delineating the investigation zones regarding different rates of biogeochemical activity (directly linked to
different contents of MSW). The red lines indicate the position and orientation of the IP data collected along the different zones of the landfill. The pie charts illustrate the
amount of total organic carbon (TOC) measured in leachate of solid waste samples extracted at each excavation point.
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response of the natural lithology. Additionally, five roughly parallel
lines (L13 to L17) were collected to map the variations between
landfill sections 2 and 3, corresponding to the lowest and highest
TOC contents within the MSW. The vegetation in the landfill hindered the layout of strictly parallel profiles.
For the conduction of the IP measurements, we used stainless
steel electrodes, in arrays with 0.5 or 1 m spacing between them,
aiming at a depth of investigation of 10 m, which represents almost
two times the thickness of the landfill. In case of lines L1 to L4 we
used 36 electrodes and 1 m separation, which resulted in fast
acquisition times and a depth of investigation of ca. 12 m: whereas,
for lines L6 to L9 we reduced the electrode spacing to 0.5 m for a
shallower investigation with high resolution within the waste unit.
For lines, L10 and L13 to L17 we used 1 m spacing as these aimed at
mapping lateral changes across two sections of the landfill (Table 3
in the SI). For the data collection, we used a dipole-dipole configuration, combining dipole lengths of 1, 2 and 3 times the separation
between electrodes (i.e., DD skip 0, 1, and 2 as for example
described by Flores Orozco et al., 2018a). To avoid the contamination of the data due to polarization of the electrodes themselves,
the measuring sequence was designed to perform voltage measurements in electrodes always ahead of the current dipole, avoiding voltage measurements with electrodes previously used for
current injection. Using these settings, data collection for each profile took ca. 10 and 20 min, for acquisitions with 36 and 72 electrodes respectively.
All datasets were inverted with CRTomo (by Kemna, 2000), a
complex resistivity inversion algorithm (for a full description on
the implementation we refer to Kemna, 2000; Kemna et al.,
2002). Using a finite-element (FE) discretization, CRTomo solves
the Helmhotz equation in the wavenumber domain (Kemna,
2000) to calculate the distribution of the complex resistivity
(q ¼ jqjei/ ) in a 2D image plane given in terms of its magnitude
(|q|) and phase (/) of the complex resistivity. As described in
Kemna (2000; 2002), the inversion algorithm iteratively minimizes
an objective function, W(m), which is composed of the measures of
data misfit and model roughness, with both terms being balanced
by a real-valued regularization parameter k, such as:
2

ðmÞ ¼ kd ½d  fðmÞk þ kkm mk2

ð4Þ

In equation (4), d is the complex-valued data vector (logtransformed electrical impedance di = log Zi), m is the complexvalued model vector (mj = log qj, with j = 1. . . N; with N being
the number of parameter cells in the FE grid), f(m) is the
complex-valued operator of the forward model, Wm is a realvalued matrix evaluating the first-order roughness of m, and Wd
is a complex-valued data weighting matrix. The iteration process
is stopped when the RMS data-misfit value (Equation (5)) reaches
the value of one for the smoothest possible model.

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u n
u1 X jdj  f j ðmÞj2
RMS ¼ t
n j¼1
jej j2

ð5Þ

with

ej ¼ sðlog jZ j jÞ þ isð/i Þ

ð6Þ

where s(log |Zi|) and s(ui) represent the real-valued data error
(standard deviation) of the log magnitude (i.e., resistance, R), |Zi|,
and the phase, ui, respectively
To improve the delineation of the vertical contacts of the landfill, we used a preferential smoothness in the horizontal direction,
with a ratio of 30 to 1 with respect to the smoothness in the vertical direction. Furthermore, to solve for sharp contrasts, we used the
minimum-gradient
support
(MGS)
functional
(Wm;MGS )
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implemented in CRTomo (for a complete description in the implementation, we refer to Blaschek et al. 2008). The MGS functional permits to resolve for sharp boundaries in the electrical models, but
smooth variations within each zone. The MGS functional can be written (Portniaguine and Zhdanov,1999; Blaschek et al., 2008) as:

Wm;MGS ðmÞ ¼

Z
V

rm  rm
dv
rm  rm þ b2

ð7Þ

Such approach requires the definition of a parameter b, which in
small values (b < 1) behaves as a step function (Blaschek et al.,
2008) and therefore favors larger contrasts in the electrical models.
Accordingly, for large values (b > 1) imaging results are smoother
and converge to those solved with a ‘‘standard” smoothnessconstraint regularization. In our study we used b = 0.03, considering that smaller values resulted in the formation of artifacts (for
0 < b < 0.02); whereas higher values resulted in similar images to
those obtained without using the MGS functional (for b > 0.05).
The use of CRTomo permits the inversion of the data to a confidence level determined by an error model to enhance the resolution of the electrical images (e.g., Flores Orozco et al., 2012b).
Quantification of data error in our study was made following the
decay-curve analysis (DCA) described by Flores Orozco et al.
(2018b). Based on an analysis of the quality of the decay curve
and the spatial consistency within the imaging measurements,
the DCA permits to identify outliers, as well as to determine error
parameters for the magnitude and phase of the measured transfer
impedances. For the former, our analysis estimated a relative error
of 5% and an absolute error of 0.01 (X); whereas for the phase, our
analysis revealed a constant an absolute error in the phase of 5
mrad, for the model presented in Equation (6). Inversion results
presented here converged all to an RMS (Equation (5)) value of
1 ± 0.02.
To assess the resolution of the inverted electrical images, we
analyzed the cumulative sensitivity, a common technique for
image appraisal in electrical imaging (e.g., Kemna et al., 2002;
Binley and Kemna, 2005; De Donno and Cardarelli, 2017;
Weigand et al., 2017 and references therein). In particular, for
our study we define as well-resolved regions with values above
3 of the normalized sensitivity (i.e., normalized sum of absolute,
data-error weighted sensitivities of all model parameters). In other
word, in each profile we blank/ignore model parameters in the
imaging results associated to sensitivity values three order of magnitude smaller than the maximum sensitivity resolved.
To compute the phase-shift of the electrical impedance, the
total chargeability measurements were linearly converted to
frequency-domain phase values (at the fundamental frequency of
0.125 Hz) assuming a constant-phase response (van Voorhis
et al., 1973). Such approach has the advantage that we can directly
invert for the complex resistivity, which directly expresses the
physical (i.e., electrical conductivity and capacitive) properties of
the subsurface. Flores Orozco et al. (2012b) demonstrates that converted data collected in the time-domain using such approach permits to invert for quantitatively similar results to those obtained
when data is actually collected in the frequency-domain. Furthermore, the inversion of complex resistivity data using CRTomo fits
simultaneously the magnitude and phase of the electrical impedance, avoiding the typical two-steps approach to invert timedomain data, where the resistivity model is inverted before the
inversion of the integral chargeability data.
Recent algorithms for the inversion of time-domain IP data aim
at resolving the Cole-Cole parameters describing the frequencydependence of the complex resistivity based on the sampling with
high resolution of the entire waveform (e.g., Fiandaca et al., 2013).
Such approach is not used in our study due to two main reasons.
On the one hand, the measuring device does not collect the wave-
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form of the current injection, and it applies a 10 Hz digital filter in
the recorded voltages, reducing the capabilities of the full waveform method. On the other hand, we cannot assume that our measurements follow a Cole-Cole response considering heterogeneities
in waste composition, water saturation and leachate content.
Moreover, we do not know if a given model can describe the
frequency-dependence of all model parameters in a given profile,
considering the degree of heterogeneity observed in the waste
composition of the Heferlbach landfill (Brandstätter et al., 2016,
2020; Fellner et al., 2015). Accordingly, we opted to collect data
with a short pulse length to narrow the frequency range in the IP
effect underlying our response. Moreover, we opted for the inversion of the complex resistivity to solve directly for subsurface
physical properties.

3. Results
3.1. Using IP images to characterize landfill geometry
In Fig. 3, we present the IP imaging results for data collected
along L3 in a landfill segment with low contents of MSW and thus
biodegradable waste (see supplementary material). The imaging
results are expressed in terms of the real (i.e., electrical conductivity, r0 ) and imaginary (i.e., the polarization effect, r00 ) components
of the complex conductivity. The electrical images reveal, in general, three main layers. The shallowest layer, characterized by the
lowest conductivity (r0 < 5 mS/m) and polarization (r00 < 0.05
mS/m) values, corresponds to the unsaturated sand and silty soils
(~0.5 m thick) and a top waste unit (thickness between ca. 0.5 and
1 m) of excavated soils and CDW (values of r0 ~ 10 mS/m and
r00 ~ 0.1 mS/m). Lateral variations within this layer are interpreted
as changes in the thickness of the CDW and silt content. The second

layer shows the highest electrical conductivity (r0 > 100 mS/m) and
polarization (r00 > 1 mS/m) values corresponding to the MSW
extending between approximately 1.5 and 4.5 m depth. This layer
reveals a varying thickness of the waste unit, which becomes
thicker to the south of the landfill. Below this unit, at the expected
position of the natural soils (gravel and sands, with varying clay
content), the electrical images reveal still high conductivity values
(~75 mS/m), yet only a moderate polarization response (~0.75
mS/m). The increase in the conductivity can be explained by
leachate leakage, commonly related to high fluid electrical conductivity (e.g., Clément et al., 2010 and references therein). Inverted
models for data collected along L1, L2, L4 and L5 revealed practically identical results to those presented in Fig. 3 (data not shown
for brevity).
Considering that such parameters as salinity, temperature,
porosity and saturation control both components of the complex
conductivity (r00 , r0 ), we also present IP results in terms of the
phase of the complex conductivity (/). Fig. 3 reveals the highest
/ values corresponding to the MSW (between ca. 2 and 4.5 m
depth), whereas much lower values are observed at the top (soils
and CDW) and bottom (sand and gravel from the host formation)
layers. The polarization effect in the MSW presented in Fig. 3 is
much higher than the one observed in clay-rich sediments
(/ between 10 and 20 mrads, or r00 values of a few hundreds of
lS/m, as presented in Flores Orozco et al., 2018a). Such high IP
response is common in the presence of metals, due to electrode
polarization mechanisms (e.g., Bücker et al., 2018). However, no
metallic waste (except of a few coins and tools found in the waste
sample taken) was reported in the excavated samples (A5 to A8)
near the L1 - L5 profiles (see Table 2 in the SI). Accordingly, variations in the characteristics of the MSW control the increase in the
polarization response observed to the North of profiles presented
in Fig. 3.

Fig. 3. IP imaging results for data collected at L3 expressed in terms of the real (r0 ) and imaginary (r00 ) component of the complex conductivity (first and second row
respectively), as well as their ratio expressed in terms of the phase of the complex conductivity (/). The black dots at the top of each figure represent the position of the
electrodes at the surface, while the horizontal black lines indicate the bottom of the landfill as observed during excavations for the collection of waste samples, and the name
of the sample indicated at each point.

A. Flores-Orozco et al. / Waste Management 107 (2020) 121–132

In general, the layer characterized by the highest conductivity
values (r0 ) defines the geometry of the landfill. However, the actual
bottom of the conductive unit cannot be easily identified due to the
lack of contrasts in the electrical conductivity between the landfill
and the geological unit below it. Considering that the Heferlbach
landfill is not isolated, the increase in the fluid conductivity due
to leakage of leachates explains the high conductivity values
observed below the landfill (depth > 4.5 m), where much lower values are theoretically expected due to the presence of gravel and
coarse sand. Opposite to this, polarization images (/ as well as
r00 ) provide a much sharper contrasts at a depth of ~4.5 m, which
corresponds to the bottom of the landfill as observed during the
excavation at the sampling point A6, as indicated in Fig. 3. Thus,
IP images provide a more accurate delineation of landfill geometry
than investigations performed only with ERT (e.g., Leroux et al.,
2007; Dahlin et al., 2010; Ustra et al., 2012; Gazoty et al., 2012).
3.2. Using IP images to map biogeochemical active zones (hot-spots)
Fig. 4 presents the imaging results for data collected along profile L6, in the landfill section 3, where high rates of microbial activity are expected as evidenced by the high TOC leachate contents in
solid waste samples collected at excavation points A10 to A13 (see
supplementary material). Inversion results for data collected along
L7 to L9 revealed an identical distribution of the complex conductivity (data not shown for brevity). The imaging results show three
main units consistent to those resolved for profile L3 presented
before. Based on data collected with a shorter separation between
electrodes (0.5 instead of 1 m), the cover layer is better resolved,
with a thickness of ~50 cm, corresponding to low conductivity
and IP values (r0 < 10 mS/m and r00 < 0.1 mS/m respectively).
Accordingly, the natural sand and gravel sediments below the
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landfill also revealed consistent results to previous lines L1 to L5,
characterized by a similar IP response (r00 < 1 mS/m and / < 15
mrad). However, the MSW in L6 to L9 reveals a much larger polarization effect (both r00 > 5 mS/m and / > 40 mrads) than those
observed in L1 to L5 (r00 > 1 mS/m and / > 25 mrads).
The geometry of the polarizable unit (r00 > 1 mS/m and / > 15
mrad) appears to accurately resolve for the bottom of the landfill,
observed at a depth of ca. 5 m during the excavations of soil samples A11 to A13, as presented in Fig. 4. The / image reveals a higher
contrast between the organic waste and the natural sediments
than the image of the imaginary component (r00 ). On the contrary,
the image of the electrical conductivity (r0 ) yields a poor contrast
between the landfill and the soil beneath, hindering a proper delineation of landfill geometry.
The highest concentrations of biodegradable carbon at the
Heferlbach landfill refer to those measured in samples A10 to
A13 (see SI), which also correspond to the highest induced polarization response (r00 > 5 mS/m and / > 20 mrad), observed to the
south of the profiles L6 to L9. The higher production of TOC and
CO2 indicate high rates of microbial activity, which might also
explain the 28.8% increase in the fluid conductivity reported in
samples A10 to A13 in comparison to those in samples A5 to A8
(around L1 to L5, see Table 2 in the SI). Hence, the IP images appear
to be a well-suited method to not only delineate landfill geometry
but also to map changes in waste composition and biogeochemical
activity.
3.3. Using IP images to delineate changes in waste composition
To further investigate the applicability of the IP method for discriminating between biogeochemically active and inactive areas,
we present in Fig. 5 the IP imaging results for data collected along

Fig. 4. IP imaging results for data collected at L6 expressed in terms of the real (r0 ) and imaginary (r00 ) component of the complex conductivity (first and second row
respectively), as well as their ratio expressed in terms of the phase of the complex conductivity (/). The black dots at the top of each figure represent the position of the
electrodes at the surface, while the horizontal black lines indicate the bottom of the landfill as observed during excavations of waste samples, and the name of the sample
indicated at each point.
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Fig. 5. IP imaging results for data collected at L10 expressed in terms of the real (r0 ) and imaginary (r00 ) component of the complex conductivity (first and second row
respectively), as well as their ratio expressed in terms of the phase of the complex conductivity (/). The black dots at the top of each figure represent the position of the
electrodes a the surface, while the solid black lines indicate the bottom of the landfill as observed during excavations for the collection of waste samples, and the name of the
sample indicated at each point. Vertical dashed lines indicate variations in the waste composition.

L10, which extends from section 7 to 8 in the landfill, corresponding to a lateral change from MSW to CDW (see Table 3 in the SI).
Fig. 5 reveals large variations in the electrical properties, both
laterally and vertically, stressing the complexity in landfill internal
structure and composition. Nonetheless, consistent with previous
results, the IP images still solve for the three main units. The top
layer is resolved with a thickness varying between 1 and 1.5 m,
which consists of the cover material and excavated soils corresponding to the low electrical parameters (r0 , r00 and /). Underneath, highly conductive and polarizable material characterizes
the waste unit, with lateral variations corresponding to the transition from MSW to CDW. At the bottom, the gravel and sandy sediments correspond to moderate r0 , r00 values and a low / response.
Moreover, Fig. 5 reveals that the contact between MSW and CDW is
located at ca. 210 m along profile direction, characterized by a lateral change in the electrical properties from high to moderate r0 , r00
and / values (for instance, / < 15 mrad in case of CDW and at least
2 times higher values for MSW).
The CDW at the Heferlbach landfill is characterized by negligible content of fine grains (see Table 2 in the SI), which might
explain their low polarization response. The relatively low volumetric content of metals (Table 2 in the SI) also makes electrode
polarization mechanisms negligible. Moreovr, the low electrical
conductivity values (r0 ) resolved for the CDW unit indicate suggest
low saturation and fluid conductivity (e.g., Clément et al., 2010;
Dumont et al., 2018). However, deeper areas, on the east part of
profile L10, reveal moderate conductivity values (ca. 50 mS/m),
which may suggest the presence of pore water enhancing electrolytic conduction (rf in Eq. (1)). The polarizable anomaly found
at ca. 225 m (along profile direction) may be related either to
exposed metals or to the presence of wet fine grains (clay and silt)
filling pores and enhancing surface conduction mechanisms
through the polarization of the EDL. However, no information is
available to confirm this interpretation.
In Fig. 6 we present the imaging results for profile L15, extending from landfill section 2 to 3, both characterized by MSW, but
with different rates of microbial activity, as indicated by the variable TOC contents in leachate of solid waste samples. These imaging results are consistent with those obtained for data collected
along L13 to L17. In particular, the images reveal lateral contacts
approximately at 30 and 80 m along the profile direction, indicat-

ing variations in the biogeochemical activity of the MSW. Model
parameters to the east side of the profile (between 100 and
140 m) evidence much higher conductivity values (r0 ) than those
resolved within the first 40 m of the profile. Likewise, TOC concentrations reported in samples A10 to A13 (between 100 and 140 m
along L15) are almost 3 times higher than those measured in samples A6 to A9 located on the west side of the profile. As suggested
before, the anomalies with the highest phase values may permit to
delineate the position and geometry of microbiologically active
zones (hot-spots). Hence, in case of profile L13, the biogeochemically active zone is located between 80 and 120 m along profile
direction and between 1 and 3.5 m depth. Such findings are in
agreement with high production rate of CO2 reported at the site
(e.g., Brandstätter et al., 2020).
4. Discussion
IP imaging results presented in Figs. 3–6 are consistent with
previous studies (e.g., Leroux et al., 2007; Dahlin et al., 2010;
Ustra et al., 2012; Gazoty et al., 2012), which demonstrate that
the polarization response (r00 and /), gained through IP surveys,
provides an improved characterization of landfill geometry when
compared to the images of the electrical conductivity (r0 ). In our
investigation, / images revealed strong contrasts at the bottom
of the landfill in agreement with direct observations during the
excavation of waste samples. The r0 images appear to be dominated by conductive anomalies, which extend below the landfill,
likely related to leachate leaking due to the lack of a membrane
or impermeable layer below the waste unit. Leachate generated
in the landfill tends to enhance the fluid conductivity (rf), resulting
in a high electrical conductivity (r0 ). Hence, instead of resolving for
high electrical resistivity values, as expected for the gravels underlying the landfill, the electrical images reveal high conductivity,
corresponding to the migration of the leachate, as observed in previous studies (e.g., Clément et al., 2010 and references therein). The
percolation of leachate also explains the relatively high polarization (r00 ) observed in the gravels below the landfill, these values
are much higher than those expected for gravels due to the
increase in fluid conductivity (e.g., Clément et al., 2010;
Neyamadpour, 2019; Feng et al., 2020). However, the high contrasts in the / images at the bottom of the landfill suggest that
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Fig. 6. IP imaging results for data collected at L15 expressed in terms of the real (r0 ) and imaginary (r00 ) component of the complex conductivity (first and second row
respectively), as well as their ratio expressed in terms of the phase of the complex conductivity (/). The black dots at the top of each figure represent the position of the
electrodes at the surface, while the horizontal lines indicate the bottom of the landfill as observed during excavations for the collection of waste samples, and the name of the
sample indicated at each point.

the salinity plays a more important role in the electrical conductivity (r0 ) than in the polarization (r00 ), resulting in the low / values
observed for the gravels beneath the MSW. Accordingly, the geometry of the MSW landfill can be easily retrieved from the phase
images, which represent the ratio of the imaginary-to-real components of the complex conductivity.
We have observed that MSW results in an increase in the complex conductivity, in particular in the polarization response (either
expressed in terms of r00 or /); whereas a much weaker response is
observed for CDW. MSW is related to the high volumes of organic
matter (e.g., Castaldi et al., 2005), which is characterized by high
surface area and surface charge (Schwartz and Furman, 2014).
Therefore, we explain the increase in the polarization response
(/ as well as r00 ) in the MSW unit as a consequence of the polarization of the Stern layer from organic matter, similar to the response
observed in peat (Ponziani et al., 2012). The polarization effect is
further enhanced by the increase in fluid conductivity due to carbonic and organic acids (e.g., Revil and Skold, 2011; Weller et al.,
2015; Hördt et al., 2016), as well as by a potential decrease in
water saturation (Jougnot et al., 2010) imposed by the aeration system. Evidence of microbial activity is given by the contents of TOC
in the leachate of the solid waste samples, with the polarization of
biofilms representing another possible contribution to the polarization response (e.g., Ntarlagiannis et al., 2005). However, field
investigations have revealed that field IP measurements may not
be sensitive enough to the weak response of biofilms and microbial
cells, but rather to the accumulation of metabolic products (e.g.,
Flores Orozco et al., 2011, 2013).
Our results reveal that the highest polarization response (expressed either in terms of r00 or /) correspond to high TOC measured in leachate of waste samples, which we use as a proxy to
assess microbial activity and biodegradability of the waste according to previous investigations at the Heferlbach landfill
(Brandstätter et al., 2014). Accordingly, the IP imaging method
appears to be a suitable technique to map biogeochemically active
zones (hot-spots) in MSW landfills. In Fig. 7, we present the correlation between the electrical parameters retrieved from the imaging results and TOC measured in leachate from solid waste samples

(A6 to A23, with their position indicated in Fig. 1 and values presented in Table 2 in the SI). The electrical parameters represent
the median value of model parameters extracted from the electrical images with a size of 2 m width and 1 m height around the
excavation points for the collection of waste samples. We note
here, that model parameters were extracted at three depths, corresponding to the different sampling depths for each location (see
Table 2 in the SI). For the preparation of Fig. 7, we used imaging
results obtained from all measuring profiles (L1 to L17), with
exception of L11, L12, and L17, where no sampling points were
available.
Fig. 7 reveals the lowest values in electrical and geochemical
parameters corresponding to CDW, with a slight increase in the
electrical parameters corresponding to biogeochemically inactive
zones (low TOC), that we interpret as dry MSW. At high TOC concentrations, we observe that the polarization (r00 ) dominates over
the conductivity response (r0 ). Considering that TOC concentrations in the leachate from solid waste samples are used as a proxy
for microbial activity, we can assume that the increase in r00 and r0
should be related to the presence of biogeochemical active zones
(hot-spots), likely related to wet MSW. As expected, Fig. 7 also
demonstrates an increase in / with increasing r00 , and a good correlation with TOC concentrations in leachate samples.
Fig. 7 reveals the capability of the IP method to discriminate
between different waste compositions in landfills. As presented
in Fig. 7, we observed a slightly better correlation between the
r00 and the TOC (linear correlation coefficient r = 0.9), than the
one between the TOC and / (linear correlation coefficient
r = 0.79). Based on the plots presented in Fig. 7, we may propose
following categories:
(1) Low conductivity and phase values (r0  40 mS/m, r00  0.4
mS and / < 15 mrad): corresponding to negligible microbial
activity (leachable TOC < 800 mg/kg dry sample), with no gas
production. Such response should be expected for CDW
landfills or excavated soils without organic matter.
(2) Moderate conductivity and phase values (40 < r0  80 mS/m,
0.4  r00 1.2 mS and 10 < / < 20 mrad): corresponding to dry
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MSW or waste with low content of organic matter, resulting
in low rates of microbial activity (leachable TOC < 1500 mg/
kg dry sample) and thus low gas and leachate production.
(3) High conductivity but moderate phase values (80 < r0  180
mS/m, 1.2 < r00  4 mS and 20 < / < 30 mrad): corresponding
to wet MSW, with some content of organic matter and
potential for the production of biogas due to microbial activity (leachable TOC > 1500 mg/kg dry sample). Increasing
concentrations of leachate and fine grains result in the
increase of fluid and surface conductivity contributing to
both r0 , r00 and thus yielding low / values.
(4) Anomalous high phase values (r0 > 180 mS/m, r00 > 4 mS and
/ > 30 mrad): corresponding to biogeochemically active
zones in MSW with high organic matter, which is responsible for high rates of microbial activity, as evidenced by high
TOC leachate contents (>2200 mg/kg dry sample). The high
contents of organic matter result in high polarization (r00 ),
which surpasses the high salinity and conductivity (r0 ), thus,
resulting in the highest phase values in the landfill. Such
zones need to be carefully monitored due to their potential
for the generation of methane, when air injection is
terminated.

Fig. 7. Correlation between the electrical parameters (r0 , r00 , and / retrieved from
the imaging results) and the biogeochemical information (expressed in terms of the
TOC in leachate from solid waste samples). Based on the changes in the
conductivity (r0 ), polarization (r00 ) and TOC, different categories can be defined,
with the lowest values corresponding to CDW, and dry MSW; whereas wet MSW
and biogeochemically active zones (hot-spots), related to high TOC concentrations,
correspond to the highest polarization response observed for wet MSW and
biogeochemically active zones (hot-spots). The coefficient of correlation (r)
between the polarization parameters and the TOC (bottom) demonstrates that
both parameters can be used to delineate biogeochemically active zones (hotspots).

To demonstrate the capabilities of the IP imaging method to
map the geometry of biogeochemical hot-spots, we present in
Fig. 8 a map constructed with the polarization parameters (r00
and /) resolved through the inversion of data collected within
the segment 2 and 3 of the landfill. Both segments correspond to
MSW, but with large variations in the TOC concentrations measured in solid waste. As mentioned above, vegetation hindered
the regular spacing of the profiles causing poor sensitivity in large
areas where it was not possible to install electrodes. Thus, we
opted for interpolation of the data to solve for a continuous map,
using a kriging algorithm. Maps are presented at depths of 3 and
5 m, with the former related to the MSW unit and the latter to
the bottom of the landfill. The map at 3 m depth clearly reveals
the extension of the biogeochemical hot-spots related to high
polarization values (r00 > 5 mS/m and / > 30 mrad); whereas lower
values refer to biogeochemically inactive zones. The lack of information below the landfill hinders the quantitative interpretation
of the map at 5 m depth, yet we believe it reflects variations in
the concentration of percolated leachate.

Fig. 8. Map of the polarization response expressed in terms of the / (top) and r00 (bottom) at 3 m (left) and 5 m (right) depth. The dashed lines mark the border between
sections 2 and 3 of the Heferlbach landfill, both consisting of MSW, yet with important changes in the TOC concentrations measured in leachate of solid waste. The
circumferences on the maps indicate the position and name of sampling points where geochemical data is available, e.g., TOC (see SI).
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5. Conclusions
Our study reveals the possibility to improve landfill investigations by the application of the induced polarization (IP) imaging
method, in particular, to determine biogeochemical active zones.
For measurements collected at the Heferlbach landfill, we demonstrated that IP imaging results permit to solve for spatial variations
in landfill geometry and biogeochemical activity with higher resolution than investigations solely based on the analysis of excavated
samples. Moreover, including images of the polarization effect,
either in terms of the imaginary component (r00 ) or the phase (/)
of the complex conductivity, permits an improved interpretation
of the electrical conductivity, for instance to accurately delineate
the geometry of the landfill. The polarization effect is an important
parameter in landfill investigations, as it is sensitive to variations
in the waste composition, especially to the content of organic matter, whereas electrical conductivity appears to be dominated by the
increase in salinity related to leachate formation. Hence, the interpretation of landfill geometry solely based on electrical conductivity images (i.e., resistivity methods) might be biased due to the
leachates extending below the actual contact of the landfill.
Polarization images (r00 ), revealed a sharper contrast between
the landfill and the host geology than the conductivity images
(r0 ); with even a higher resolution observed in IP imaging results
expressed in terms of the phase (/). The landfill geometry is properly delineated by high / values (/ > 10 mrads), evidencing a
higher polarization effect for MSW than the one associated to subsurface materials. Moreover, we observed a positive correlation
between leachable TOC concentrations and the polarization effect
(r00 or /), with the former used as an indicator of microbiological
activity. Accordingly, low polarization (r00 or /) values are observed
in microbiologically inactive areas; while the highest values are
observed in microbiological hot-spots, associated to high leachate
and CO2 production. Our results reveal that an increase in salinity
(i.e., fluid conductivity) plays only a secondary role in the polarization effect. Taking into account the negligible amount of metallic
waste observed in samples, we suggest that the high polarization
effect observed in our results is controlled by the presence of
organic matter, characterized by high surface area and surface
charge. Thus, IP imaging proves to be an optimal non-invasive
method to evaluate the biogeochemical status in landfills with
high spatial resolution.The quantification of microbial rates based
only on field IP imaging might still not be possible without further
development of adequate models linking the electrical and geochemical parameters. Hence, investigations at laboratory scale
are required to permit the development of models linking the IP
parameters with gas production. Moreover, further studies should
also investigate in detail the frequency-dependence of the low frequency electrical properties in biogeochemical active MSW landfills, as well as the applicability of the IP imaging method for
deeper landfills.

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.wasman.2020.04.001.
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