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Kurzfassung

Kurzfassung

3D-Verfahren der Induzierten Polarisation (IP) werden gewdhnlich unter Verwen-
dung paralleler 2D-Elektrodenlinien mit Messungen innerhalb der einzelnen Linien
durchgefiihrt. Die Anwendung solcher Messkonfigurationen fiihrt jedoch zu einer
verringerten Auflosung zwischen den Linien, was besonders im Falle heterogen ver-
teilter elektrischer Eigenschaften im Untergrund, wie z.B. in Deponien, kritisch ist.
Um derartige Probleme zu vermeiden, wird im Rahmen dieser Arbeit untersucht,
wie 3D-Konfigurationen die Auflosung bei Messungen der Spektralen IP verbes-
sern konnen, genauer gesagt wurde untersucht wie gut verschiedene 2D- und 3D-
Elektrodenkonfigurationen bei Verfahren der Einzel- und Multi-Frequenz IP die elek-
trischen Eigenschaften des Untergrundes wiedergeben kénnen. Dazu wurden zuerst
Unterschiede zwischen parallelen 2D-Linien und zwei 3D-Konfigurationen mithilfe
einer numerischen Modellierung herausgearbeitet. Als 3D-Konfigurationen wurden
eine Grid-Konfiguration, bei der die Elektroden in einem quadratischen Raster an-
geordnet wurden, sowie eine Kreis-Konfiguration, bei der die Elektroden in vier kon-
zentrischen Kreisen angeordnet wurden, untersucht. Um die Konfigurationen unter
richtigen Feldbedingungen zu testen, wurden im néchsten Schritt Messungen mit den
2D- und 3D-Konfigurationen in zwei Deponien durchgefiihrt. Sowohl die Ergebnisse
der numerischen Modellierung als auch die Ergebnisse der Feldmessungen zeigen,
dass sich bei Messungen mit den parallelen 2D-Linien Artefakte und eine verringer-
te Auflésung im resultierenden 3D-Modell bilden, besonders im Falle polarisierbarer
Anomalien. Im Gegensatz dazu zeigen die Ergebnisse der numerischen Modellie-
rung und der Felddaten, dass 3D-Konfigurationen IP-Anomalien gut detektieren
konnen und tragen so zu einer Verbesserung der Abschétzung der rdumlichen Ver-
breitung von Miill bei. Weiters zeigen die Ergebnisse, dass die Raster-Konfiguration
mit Messungen iiber Elektrodenlinien hinweg und verschiedenen Dipolrichtungen

bessere Ergebnisse liefert als die Kreis-Konfiguration, die im Zentrum ihrer kon-
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Kurzfassung

zentrischen Kreise eine verringerte Auflosung aufweist. Zusétzliche Untersuchungen
der Frequenzabhéngigkeit der synthetischen Daten und der Felddaten zeigen, dass
3D-Konfigurationen stabilere Spektren der komplexen Leitfdhigkeit liefern als 2D-
Konfigurationen. Stabile Spektren sind fiir eine genaue Schiatzung von Parametern,

die die Frequenzabhéngigkeit beschreiben (z.B. Cole Cole), notig.
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Abstract

Abstract

3D induced polarization (IP) surveys are commonly conducted by using a series
of parallel 2D electrode lines with collinear measurements. However, such measure-
ments are limited in the resolution between the lines which is critical in the case of
highly heterogeneous subsurface conditions, such as in landfills. To overcome this, we
investigate here the enhanced resolution in spectral IP (SIP) measurements through
3D imaging measurements, i.e., we investigate the resolving capabilities of different
electrode configurations for 3D single- and multi-frequency IP surveys. First, we in-
vestigate, through a numerical study, the difference between results from using 2D
parallel collinear electrode arrays and true 3D configurations. In particular for 3D
settings, we investigate (1) a grid array with electrodes set in a quadratic mesh, and
(2) a circular array with electrodes set in four concentric circles. Second, we collected
SIP data using 2D and 3D configurations in two landfills to evaluate the application
of our results in real field conditions. Both the numerical and the field experiments
demonstrate that measurements of parallel 2D collinear arrays result in the creation
of artifacts and the loss of resolution in the 3D structure, especially of polarizable
features. In contrast, the two 3D configurations are able to resolve IP anomalies in
synthetic simulations and in the field trials, resulting in a better delineation of the
geometry of waste units. Furthermore, our results show that the 3D grid array with
crossline measurements and multiple dipole orientations provides better results than
the 3D circular array, as the latter lacks resolution in the central area of the survey
region. Additional investigations of the frequency-dependence of the synthetic and
field data demonstrate that 3D configurations provide more stable spectra of the
conductivity magnitude and phase than 2D configurations, which is essential for an

accurate estimation of relaxation (e.g., Cole Cole) parameters.
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1 Introduction

1 Introduction

1.1 The induced polarization method in landfills

The induced polarization (IP) imaging method is an extension of electrical resistivity
tomography (ERT) (for an overview see e.g., Kemna et al., 2012; Binley and Slater,
2020). The IP method provides a measure of both the electrical conductive and
capacitive properties of the subsurface with several studies revealing the sensitivity of
these to textural parameters (e.g., Revil et al., 2017; Weller et al., 2010), geochemical
properties (e.g., Slater et al., 2007; Flores Orozco et al., 2020) and hydrogeological
properties (e.g., Binley et al., 2005; Weller et al., 2015; Revil et al., 2021). Built on
such links, field investigations have demonstrated the potential of the IP method
in environmental investigations, such as the understanding of the driving forces of
landslides (Revil et al., 2020; Flores Orozco et al., 2022; Gallistl et al., 2022), as well
as the distribution and transport of groundwater contaminants (e.g., Cassiani et al.,
2009; Flores Orozco et al., 2012a; Slater et al., 2010; Bording et al., 2019). There is
also growing interest on the application of the IP method on the field to understand
geochemical and microbially-mediated processes in the subsurface (Atekwana and
Atekwana, 2010; Flores Orozco et al., 2011; McAnallen et al., 2018; Katona et al.,

2021).

One of the main environmental applications of the IP method is the investigation
of landfills (Iliceto and Morelli, 1999; Johansson et al., 2007; Dahlin et al., 2010).
To characterize the internal state of landfills, approaches nowadays typically com-
bine direct methods (i.e., chemical analysis of gas, waste and leachate samples) and
geophysical measurements (for a review see Nguyen et al., 2018). ERT has become
a well-established method for the delineation of the landfill geometry (Chambers et
al., 2006; Soupios et al., 2007; Maurya et al., 2017; Di Maio et al., 2018), as well as

for the estimation of the water content (Steiner et al., 2022) and the identification
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1 Introduction

of leachate plumes (Clément et al., 2010; De Carlo et al., 2013; Bichet et al., 2016;
Maurya et al., 2017). The IP method has been used to improve the delineation of the
waste unit(s) in landfills (Johansson et al., 2007; Dahlin et al., 2010; Nguyen et al.,
2018), considering the strong contrast between waste (commonly associated with a
high electrical polarization) and the host geology (commonly with a relatively low

polarization characteristic) (e.g., Leroux et al., 2007; Frid et al., 2017).

Understanding the landfill composition is important as the anaerobic degradation
of organic waste produces methane, which is not only responsible for about 5% of
the global greenhouse gas emissions (Lou and Nair, 2009) but also poses a direct
threat for surrounding areas because of its potential to cause fires and explosions
(Christophersen and Kjeldsen, 2001). Recently, Flores-Orozco et al. (2020) demons-
trated the possibility to map areas with high methane production in municipal solid
waste (MSW) (i.e, biogeochemically active zones) due to the association with a high
polarization characteristic. The authors revealed a lineal correlation between the
polarization response and the total organic carbon (TOC), which in turn is linked

to high methane production.

Single-frequency IP results in landfills can lead to ambiguities in the interpretation
of waste types due to different possible polarization mechanisms acting in different
waste types. Gazoty et al. (2012) demonstrated the potential of using the frequency
dependence of the complex conductivity to improve the discrimination of different
waste types, i.e., they used the characteristic relaxation time to discriminate between

areas of metal deposits and areas with sludge and coal.

1.2 2D versus 3D resistivity and IP surveys

The studies mentioned above have revealed the complexity of landfill geometries, for

instances regarding spatial variability of the geometry of waste units (e.g., Dahlin
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1 Introduction

et al., 2010), geochemical composition (e.g., Flores Orozco et al., 2021) and water
content (e.g., Steiner et al., 2022). Nonetheless, to-date, IP investigations in land-
fills have been primarily conducted using 2D measurements, i.e., with data collected
along collinear electrode arrays, with the imaging plane representing electrical va-
riations collected along each line. 2D measurements are well-suited in those cases
where the subsurface properties are nearly homogeneously distributed perpendicular
to the direction of the electrode line (Bentley and Gharibi, 2004; Chambers et al.,
2002; Van Hoorde et al., 2017; Nimmer et al., 2008) and allow deep investigations
(favored by long separation between current and potential dipoles) as well as high
spatial resolution (favored by small electrode spacing). By using independent 2D
lines, mapping extensive areas permits flexibility, e.g., moving electrode positions or
entire electrode arrays due to obstacles; they also allow the use of simple electrode
configurations and minimal computer resources for 2D modeling and inversion. Ad-
opting such survey strategies, the calculation of geophysically anomalous subsurface
volumes (e.g., representing waste units) requires the interpolation of 2D inversion
results (e.g., Gazoty et al., 2012; Wainwright et al., 2016; Katona et al., 2021). In
contrast, 3D measurements require extensive field effort (Van Hoorde et al., 2017),
can cover only smaller areas by using the same number of electrodes (Dahlin and
Bernstone, 1997) and require significantly more computer resources during the pro-

cessing of the data (e.g., Johnson et al., 2010).

The main drawback of 2D ERT and IP surveys is the poor sensitivity of the resulting
model in the area between the profiles, which might mislead the interpretation of the
results (Chambers et al., 2002). This issue is especially critical for complex subsurface
conditions such as landfills where spatial variations of the electrical properties are
expected in all directions. Moreover, in 2D surveys, topographical changes perpen-
dicular to the profile direction are typically ignored within the inversion, although
they may influence the inversion result, especially in cases of complex terrain (Biévre

et al., 2018). The only way to account for heterogeneous electrical properties and
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1 Introduction

strong topographical changes is through three-dimensional modeling and inversion,
which is often used in hydrogeological resistivity investigations (e.g., Chambers et
al., 2007; Chambers et al., 2012; Auken et al., 2014; Johnson et al., 2015; Wilkinson
et al., 2016; Soueid Ahmed et al., 2018). Chambers et al. (2002) demonstrated that
three-dimensional modeling and inversion is also essential for IP surveys. The aut-
hors conducted time-domain IP measurements along parallel 2D lines and inverted
the data two-dimensionally (merged for quasi-3D model) and three-dimensionally
(3D model). Only 3D modeling correctly recovered an IP anomaly (metal drum)
in the subsurface, while the quasi-3D model revealed images strongly affected by

artifacts.

In both ERT and IP surveys, a quasi-3D model can be resolved through the 3D
inversion of a series of parallel 2D collinear arrays to still allow 3D coverage but
avoiding a number of constraints related to true 3D surveys (e.g., Dahlin et al.,
2002a; Aizebeokhai and Singh, 2013; Auken et al., 2014; Abdulsamad et al., 2019).
Cheng et al. (2019) illustrates the same approach for a series of non-parallel 2D
surveys. However, as mentioned above, collecting data along 2D collinear arrays
limits to resolve structures between the survey lines (Dahlin et al., 2002a; Dahlin
and Bernstone 1997; Chambers et al., 2002). Loke and Barker (1996) proposed the
application of 2D rectangular (in plan) electrode arrays to measure in at least one
additional direction. Chambers et al. (2002) explored the value of orthogonal survey
lines (in true 3D and quasi-3D configurations) to delineate the structure of narrow

buried walls.

To obtain resistivity information about the subsurface beneath surface features such
as buildings, Argote-Espino et al. (2013) developed 3D shaped configurations, such
as the L-Corner array, which is based on quadrupoles along and across four perpen-
dicular lines. In comparison to several parallel or rectangular 2D lines, which are

commonly used, such arrays are limited by a low sensitivity in the shallow central
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1 Introduction

area, because the central area is far away from the electrodes (Tejero-Andrade et
al., 2015). A simple true 3D ERT survey configuration commonly used (e.g., Au-
ken et al., 2014; Johnson et al., 2015; Boyd et al., 2021) consists of parallel lines
with measurements splitting the dipoles within two lines, i.e., injecting current along
two electrodes of the current line and measuring the potential along two electrodes
of a different potential line. Dahlin and Bernstone (1997) and Van Hoorde et al.
(2017) developed a 3D roll along system consisting of several parallel 2D lines with
measurements between every possible line pair (crossline), where one line is used
for current injection and one line for potential measurements. Brunner et al. (1999)
distributed 72 electrodes along three concentric lines (with a radius of 200, 400 and
875 m), permitting the use of many dipole orientations, to investigate a deep maar
(500 m depth of investigation reach). Tsourlos et al. (2014) demonstrated an im-
proved resolution with measurements collected over parallel concentric lines for the
characterization of a tumulus, whereby the lines were set symmetrically around the
tumulus. Nyquist and Roth (2005) proposed the use of circle-shaped quadrupoles in

a configuration of rectangular lines.

1.3 Objectives

Although the main observations regarding signal-to-noise ratio (S/N) or resolution
can be extrapolated from 3D ERT to 3D IP surveys, variations in the signal strength
of polarization measurements and particular sources of error (e.g., electrode polari-
zation and electromagnetic coupling) need to be taken into account for the design
of a 3D IP configuration. While several studies have shown the advantages of 3D
surveys over 2D surveys for resistivity investigations, only Chambers et al. (2002)
demonstrated that 3D modeling improves the reconstruction quality of a polariz-
able anomaly over 2D modeling. Thus, in this study we investigate the resolving

capabilities of different 2D and 3D electrode configurations for single- and multi-
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1 Introduction

frequency IP surveys. In a first step, we present single-frequency imaging results of
numerical (synthetic) modeling experiments aiming at evaluating the reconstruction
quality of different 3D configurations. In a second step, we present results for 3D
single-frequency field data collected in two landfills, allowing us to investigate signal
strength and data error issues in real environments. Furthermore, we investigate
the influence of 2D and 3D measurements in the recovered frequency-dependence of
multi-frequency synthetic and field IP data. We demonstrate that the geometry and
volume of [P anomalies and the frequency-dependence of the IP can be resolved mo-
re accurately by using 3D configurations with more than one dipole orientation than
measurements collected through parallel 2D electrode lines. The field data were col-
lected on a municipal solid waste and a construction and demolition waste (CDW)

landfill, corresponding to high and low polarization responses, respectively.

This master thesis will be submitted to an international geophysical journal with the
following title: 3D electrode configurations for spectral induced polarization surveys

in landfills. (Authors: Clemens Moser, Andrew Binley, Adrian Flores Orozco)
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2 Material and Methods

2.1 The frequency-domain induced polarization method

The IP method is an extension of the resistivity method, which provides a measure
of the electrical conductivity and capacitive properties of the subsurface (Binley and
Slater, 2020). The method is based on a 4-electrode array where two electrodes are
used to inject current, while two additional electrodes measure the resulting electric
voltage (Ward, 1990). IP measurements can be conducted in the time- or frequency-
domain. Time-domain IP (TDIP) measurements consist of a transfer resistance and
an integral chargeability (based on sampling of the secondary voltage after swit-
ching off the applied current). Frequency-domain IP (FDIP) measurements provide
a transfer impedance (Z*) in terms of the magnitude |Z*| (given by the voltage to

current ratio, also the resistance) and the phase-shift between voltage and current

(¢):

7* = |Z*|e (1)

Inversion of hundreds to thousands of measurements with different 4-electrode com-
binations results in the distribution of the complex conductivity (¢*) - or its inverse
the complex resistivity (p*). The in-phase, or real component (conductivity, o’) de-
scribes the conductive properties (energy loss), while the quadrature, or imaginary
component (polarization, o”) represents the capacitive properties (energy storage).
The complex conductivity can also be expressed in terms of its magnitude (|o*|) and

its phase (¢):

0" =0 +io" = |o¥|e? (2)
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2 Material and Methods

Alternatively, the complex conductivity can be represented by its inverse, the com-
plex resistivity (p* = 1/0*). The low conductivity phase values measured in geo-
physical applications (below 1 rad) (e.g., Binley and Slater, 2020) result in conduc-
tivity magnitude values equal to the in-phase conductivity (|o*| ~ ¢’), the conduc-
tivity phase can be approximated to the ratio of the imaginary-to-real component
(0"/o" =~ ¢) and the conductivity magnitude is equal to the real part (|o*| ~ o).
Note that we adopt throughout the complex conductivity convention for phase angle
@, i.e., a positive value implies a capacitive effect (for a review of the method see

Binley and Slater, 2020 and references therein).

IP measurements at different frequencies are called spectral induced polarization
(SIP) or multi-frequency IP and permit to investigate the frequency-dependence of
the complex conductivity. The frequency-dependence can be analyzed according to
various relaxation models, the most common being the adaption by Pelton et al.
(1978) of the Cole Cole (CC) model, which can be written in terms of the conduc-

tivity:

where M is the chargeability (dimensionless), defined as M = o, — 0g. 0o and
oo represent the conductivity at high frequency and low frequency respectively. i =
v/—1 is the imaginary number, w the angular frequency (w = 27 f), 7 represents the
relaxation time as the inverse of the critical frequency fo.u (7 = 1/27fei) and ¢
(dimensionless) describes the broadness of the spectrum. Such a phenomenological
model lacks a mechanistic link to physical properties of materials and is not adequate
in case that the signatures reveal more than one phase maximum (e.g., Nordsiek et
al., 2008). However, it represents the simplest expression to describe the SIP response

characterized by a dispersion model around the critical frequency (at which the
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2 Material and Methods

maximum conductivity phase value is observed).

Current conduction in the subsurface can be caused by three mechanisms: (1) The
matrix conduction (o,,) through solid materials, which is negligible in the absence
of electrical conductors and semi-conductors such as metals; (2) the electrolytic
conduction (o) through fluid-filled pores; (3) and the surface conduction (o) along
the electrical double layer (EDL) formed at the interface between particles and pore

water (Binley and Slater, 2020).

o' =0, +op+o, (4)

The electrolytic conduction mechanism is controlled by the fluid conductivity, the
formation factor describing the pore space geometry (Archie, 1942), and porewater
saturation (Binley and Slater, 2020), while the surface conduction is controlled by
the surface area and surface charge of the EDL (see further details about the EDL
in Schurr, 1964; Waxman and Smits, 1968). Accordingly, the electrical conductivity

is commonly expressed as:

o = %awSﬂ, + 0 (5)
The strongest polarization response is related to the presence of electrically con-
ducting materials where charges polarize in the EDL as well as within electrical
conductors, due to the so-called electrode polarization mechanism (Wong, 1979;
Buecker et al., 2018). In the absence of electrical conductors, the strength of the
polarization is lower than in the case of electrode polarization and is only related

to the surface area and the surface charge of particles (Vinegar and Waxman, 1984;

Leroy et al., 2008; Revil and Florsch, 2010; Buecker et al., 2019).
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Landfills are typically characterized by a high electrical conductivity related to the
increased salinity of leachate accumulating during the degradation of waste (Frid et
al., 2017; Maurya et al., 2017). However, in the case of dry waste as well as CDW, the
landfill can be related to a more resistive response than the surrounding materials
which makes the delineation of the landfill body difficult (Leroux et al., 2007).
Elevated electrical polarization can be observed in MSW landfills (Nguyen et al.,
2018) mainly related to the presence of organic material (Aristodemou and Thomas-
Betts, 2000; Leroux et al., 2007). Recently, Flores-Orozco et al. (2020) reported
a linear relationship between electrical polarization and the total organic carbon
(TOC) in MSW. Besides organic matter, the presence of metals in landfills cannot
be neglected, as they lead to high polarization due to the electrode polarization

mechanism (Aristodemou and Thomas-Betts, 2000; Bavusi et al., 2006).

[P measurements are sensitive to errors arising from polarization of the electrodes
(when an electrode is used for voltage readings immediately after being used for cur-
rent injection) as well as electromagnetic coupling related to cross-talk between the
cables (Flores Orozco et al., 2021). To minimize the effect of cross-talk some studies
have proposed the use of coaxial cables (e.g., Flores Orozco et al., 2021; Maierhofer
et al., 2022); whereas others have proposed an alternative approach considering the
separation of cables and electrodes used for current injection and potential mea-
surements. Measurements with separated cables permit the use of multicore cables

(Flores Orozco et al., 2021).

2.2 Modelling/inversion algorithm

For the forward modelling and the inversion of the data we used the ResIPy code
(Blanchy et al., 2020; Boyd et al., 2019), which calls the cR3t 3D complex resistivity
inversion code (for details in the algorithm, we refer to Binley and Slater, 2020).

cR3t is finite element based, allowing discretization of the domain on a structured

10
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or unstructured mesh. To solve for the complex resistivity distribution in terms
of the magnitude (|p*|) and the phase (¢) the inversion algorithm iteratively aims
to minimize an objective function, ¥(m), consisting of two terms (more details in

Binley and Kemna, 2005):

U(m) = ¥,(m) + a¥,,(m) (6)

where m is the vector of model parameters (the logarithm of complex resistivities
in cR3t), ¥,;(m) contains the difference between the given data (d, the measured
complex impedances) and the forward solution for parameter set m, ¥,,(m) stabi-
lizes the model objective function through regularization, weighted by parameter «,
which controls the balance between the influence of the data misfit and the model

objective function in the inversion (Binley and Kemna, 2005).

The total objective function is iteratively minimized by the Gauss-Newton method.
At each iteration, the model is updated and « is determined by a line search. The
iterative procedure continues until the model describes the data to a satisfactory
level. cR3t uses a weighted least squares measure of data misfit (in ¥,(m)), which

can be expressed as a root mean square misfit:

_ 1= |di = Fi(m)P?
RMS = n; (7)

|€z'|2

where d; is measurement i, with associated measurement error ¢; and F;(m) is the
computed measurement ¢ for parameter set m. The RMS is equal to one if the model
describes the data satisfactorily (Binley and Slater, 2020). As a criterion for relia-
bility of the complex conductivity inverse model we use the sensitivity (Jacobian)
matrix J (for more details see: Binley and Slater, 2020). cR3t computes the complex

resistivity model for a single frequency. Repeated inversion over multiple frequencies

11
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provides spectral information for each parameter cell, which can then be analyzed
to determine relaxation model parameters for each cell. To fit Cole Cole parameters,
we used the algorithm implemented by Ruecker et al. (2017) within the pyGIMLi

libraries.

2.3 3D synthetic experiment and configurations

Single-frequency IP

To examine suitable electrode configurations for 3D single- and multi-frequency
measurements, we conducted numerical modeling experiments, i.e., where the true
electrical model is known. Thus, we can quantify the accuracy of our electrode
configurations as a function of the difference between the true and inverted models.
The single-frequency real model (see Fig. ) corresponds to an asymmetrically two-
layered conductivity magnitude model with a pit-shape and a polarizable anomaly
in the central area: the upper layer is resistive (10 mS/m) with a thickness of 3-5 m,
depending on the direction, while the lower layer is a conductive area (50 mS/m). In
the northern and western part, the upper layer has a depth of 3 m, while the depth
in the southern and eastern part is 5 m. In the center of the model there is an 8 m
deep low conductivity pit (10 mS/m). The width of the pit is 24 m on the bottom
and 34 m on the top of the pit and the border of the pit has a slope of 45°. In the
low conductivity pit, we embedded a cuboid IP anomaly with a conductivity phase
of 30 mrad, while the surrounding areas have a background conductivity phase value

of 5 mrad.
Multi-frequency IP

The multi-frequency synthetic model (see Fig. ) has the same geometry as the
single-frequency model and consists of three regions with different Cole Cole models.

Similar to the single-frequency model, regions 1 and 2 are resistive (10 mS/m),

12
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region 3 is conductive (50 mS/m). Region 1 is chargeable (M = 0.4) and the critical
frequency is low (f..;; = 0.5 Hz), while in region 2 and 3 the chargeability is low
(M = 0.1) and the critical frequency is high (fe; = 75 Hz). The broadness of the
spectra is equal for regions 1-3 (¢ = 0.3). The multi-frequency measurements were

simulated in a frequency range of 0.1-240 Hz.

a) Single-frequency synthetic model

@ o'l =10 mS/m, M = 0.4,

ferit = 0.5 Hz, ¢ = 0.3

@ o'l =10 mS/m, M = 0.1,
foit = 75 Hz, ¢ = 0.3

@ |lo’| = 50 mS/m, M =0.1,
fc,“ =75 HZ, c=0.3

Fig. 1: Single-frequency (a) and multi-frequency (b) synthetic model. The single-frequency
model is represented by the complex conductivity o* in terms of the magnitude |o*|
and the phase ¢. The magnitude consists of a lower conductive layer (50 mS/m,
blue) and an upper resistive layer (10 mS/m, orange), and a pit of the conductive
layer in the center area. In the center of the single-frequency synthetic model there
is a cuboid-shaped high-phase anomaly of 30 mrad (blue), surrounded by lower
phase values of 5 mrad (red). Black lines indicate the boundary between the high
and the low conductivity phase area (left) and the high and the low conductivity
magnitude area (right). The multi-frequency-model has the same geometry and
consists of three regions (1-3) with different Cole Cole models, which are given left
to the synthetic model.

13
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Configurations

Based on the described synthetic single-frequency subsurface model, we simulated
FDIP measurements (magnitude and phase of the transfer impedance) of four diffe-
rent configurations with 64 electrodes per configuration (see Fig. . In configuration
A we used single line measurements along two parallel straight lines with a sepa-
ration of 20 m, 32 electrodes each and an electrode spacing of 2.5 m (see Fig. )
Configuration B is based on four parallel lines with a separation of 10 m between

them, each line with 16 electrodes with a spacing of 5 m (see Fig. [2]).

Configuration C' and D represent true 3D measurements with more than one dipole
direction. Configuration C'is a grid array with 8 by 8 electrodes set in a rectangular
grid with an electrode separation of 5 m in each direction. The electrodes are sepa-
rated in two chains with 32 electrodes on each chain (see Fig. 2k). Configuration D
is a circular array with electrodes set in four concentric circles with 7, 13, 19 and
24 electrodes, 5 m electrode separation within each circumference and circle radii
of 5.575, 10.350, 15.125 and 19.100 m to keep a fair distribution of electrodes over
the entire area of investigation (see Fig. ) The lines are set in a circular shape to
increase the number of dipole orientations in the measurements, which is defined by
the angle of a vector connecting both electrodes of a current or voltage dipole. Simi-
lar to configuration C'line 1 and line 2 are physically separated lines, which are used
to separate the current line from the potential line. We placed one electrode at the
center of the circumferences (see Fig. 1) to increase the sensitivity within that area.
For the multi-frequency analysis, we simulated measurements with configurations B

(representing 2D parallel lines) and C' (representing true 3D measurements).

For the simulation of measurements, we used a dipole-dipole (DD) schedule, with
a dipole length of once the electrode spacing (i.e., skip-0, using common notation).
In the forward modeling we consider an error of 2% for the impedance magnitude

and 1 mrad for the impedance phase for each configuration, while in the inversion

14
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we used a relative error of 2% and 2 mrad. We used a higher phase angle error in

the inversion than in the forward modelling because when using an absolute phase

error of 1 mrad in the inversion we observed slight overfitting in the results. Before

inverting the simulated measurements, we removed quadrupoles with an infinite

geometric factor (due to crossing voltage/current dipole direction in the center of

the current /voltage dipole), as well as those forward measurements associated with

a negative phase angle (as noted before, positive phase angles imply a capacitive

effect).
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Visualization of the electrode configurations which were used for the synthetic mo-

deling. Configuration A and B consist of two/four parallel lines, while configuration
C is represented by a grid of 8 by 8 electrodes connected by two separated lines,
which are hairpin bended. Configuration D has four concentric lines with a line
distance of 5 m approximately and an electrode separation of 5 m exactly. In the
center of configuration D there is an additional single electrode to increase the

resolution in the central area.
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2.4 Field measurements

The field data were collected across two different landfills. In the Heferlbach landfill,
we collected data in a shallow MSW area where extensive geophysical and ground
truth data are available (Brandstétter et al., 2020; Flores-Orozco et al., 2020; Steiner
et al., 2022). In the Kappern landfill we conducted measurements in a CDW area

with a much thicker waste unit compared to the Heferlbach landfill.

2.4.1 Site 1 (landfill Heferlbach) - MSW and high polarization response

The landfill Heferlbach is located southeast of Vienna, Austria, in an oxbow lake of
the river Danube (48° 8 50.3” N 16° 31’ 5.2” E) (see Fig.|3p). Between 1965 and 1974
the former riverbed was mainly filled with MSW | but also land excavation material
and CDW with a total volume of 240000 m?® (Austrian Environmental Agency, 2005).
The 66000 m? large tube-shaped landfill is situated on an altitude of about 156-157
m asl (above sea level) with a mean waste depth between 3.0 and 4.5 m. Below the
waste material there is an aquifer of quaternary gravels on top of a sand layer forming
an aquiclude. The groundwater table is below the bottom of the waste area at 149
m asl approximately. Chemical analyses show a high rate of landfill gas production
due to the high content of organic waste. To accelerate the degradation of organic
materials and to avoid the migration of landfill gas into neighboring buildings a
horizontal aeration pipes system was erected in 2012 (Brandstétter et al., 2020). We
decided to conduct 3D SIP field measurements on an area with high content of MSW
in the western-center part of the landfill (see Fig. [3b), where extensive information
of the landfill is available (Flores-Orozco et al., 2020; Steiner et al., 2022). The host
geological material (lower layer) can be characterized by a moderate conductivity
(~ 30 mS/m), while the top layer is resistive (< 10 mS/m). The highly conductive
(> 100 mS/m) and polarizing (> 30 mrad) MSW unit has a thickness of 4 m

approximately and is covered by a 0.5-1.0 m thick forest floor organic layer. More
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detailed information about the landfill can be found in Austrian Environmental
Agency (2005), Brandstétter et al. (2020), Flores-Orozco et al. (2020) and Steiner
et al. (2022).

Symbols Reference System: WGS84

m |_andfill border [~ Grid configuration (1 m spacing) Coordinate System: UTM zone 33N

2D Area of interest I'—] Grid configuration (2 m spacing) Orthofoto: published by geoland at

~—— Parallel lines configuration?,’"} Grid configuration (3 m spacing) Landfill borders: Austrian Environmental
Circles configuration [ Grid configuration (5 m spacing) Agency 2002, 2005
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Fig. 3: Location of the study areas Kappern (a) and Heferlbach (b). The map upper center
shows the locations of the landfills in relation to Central Europe. In the main
maps the study areas of this paper are represented by a striped black rectangle. In
Kappern measurements were conducted by using configuration C' (grid array) with
an electrode separation of 5 m (blue-colored rectangle). In Heferlbach measurements
were conducted with configuration C' and 1 m, 2 m and 3 m electrode separation
(blue-colored rectangles). Moreover, configuration A consisting of two parallel lines
(brown-colored lines) and configuration D consisting of 4 concentric lines (yellow-
colored circle) were used.

2.4.2 Site 2 (landfill Kappern) - CDW and low polarization response

The landfill Kappern is located in Upper Austria, Austria, (48° 11’ 4.0” N 14° 08’
4.8” E) (see Fig. ) on an altitude of 292.5 m asl in a former gravel pit, which
was filled with MSW, CDW as well as industrial waste from 1974 to 1983 (Austrian
Environmental Agency, 2002). The waste masses extend a volume of 120000 to
150000 m? on an area of 30000 m? and are on top of quaternary gravels of the nearby
river Traun. The bottom of the landfill is in a depth of 3.5 to 5.5 m and was not
proofed initially. Prior to 1998, leachate percolated into the groundwater body due

to the high elevation of the groundwater table (288 m asl). Therefore, a sealing wall
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surrounding the main part of the landfill was built and the groundwater table was
lowered below the landfill bottom, which prevented further potential groundwater
pollution. To close the landfill on top the area was covered by multiple layers (about
2 m thick), including a layer of CDW, a gas drainage layer, a fleece, a geo textile,
and a vegetated layer (Austrian Environmental Agency, 2002). Until now, there
has been no studies examining possible landfill gas emissions, and, compared to
the Heferlbach landfill, minimal chemical analysis studying the composition and

distribution of waste.

2.4.3 SIP field measurements and data processing

In this study, we conducted field measurements with the DAS-M (Data Acquisition
System Multisource, from MPT-IRIS Inc.), which permits the physical separation
of the transmitter and the receiver: the transmitter is connected with a cable array
to current electrodes and a second cable array connects the receiver and the voltage
electrodes (see LaBrecque et al., 2021). The use of separated lines with physically
independent transmitter and receiver with the DAS-M helps to decrease not only the
effect of cross-talk between the cables but also within the instrument (Pelton et al.,
1978; Dahlin et al., 2002b; Flores Orozco et al., 2021), thus, significantly increasing

the quality of the IP data.

For all measurements, we used 5 m cables and hung them up on plastic tree protec-
tions to avoid loops with the cable and reduce sources of electromagnetic coupling.
In the case of 2D lines, the separated cables were shifted by one electrode, according
to the procedure of Dahlin et al. (2002). Each configuration consists of 64 electrodes
(32 electrodes per line), we used DD measurements which provide the most flexi-
ble set of quadrupoles for 3D measurements (Chambers et al., 2002). For all field

measurements, after injecting current in one line and measuring the potential in the
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other line, the current and potential lines were changed to provide a reciprocal mea-
surement to each normal measurement (more details about normal-reciprocal pairs
see in LaBrecque et al., 1996). At the Heferlbach landfill, we used configuration A
(parallel lines), configuration C' (grid array) with electrode separations of 1 m, 2 m
and 3 m and configuration D (circular array) (see Tab. [1). At the landfill Kappern
we used configuration C' with two different skip sizes (i.e., dipole lengths) (see Tab.

1)). All measurements were conducted in a frequency range of 1-240 Hz.

Site Configuration Electrode separation (m) Lines separation (m)  Skips
Heferlbach ~ Parallel lines (A) 0.75 7 1,3
Grid array (C) 1 1 0

Grid array (C') 2 2 0

Grid array (C) 3 3 0,3, 7

Circular array (A) 2 2 0,3

Kappern Grid array (C) 5 5 0,7

Tab. 1: Measurement details of the Heferlbach site and the Kappern site.

The field data were processed in three steps. (1) We calculated the geometric factors
based on numerically modelled transfer resistances of a homogeneous subsurface and
removed field measurements where the polarity is inconsistent with the simulated
data. (2) The data were independently filtered for each frequency based on the
statistical analysis of the relative and absolute normal reciprocal misfit (LaBrecque
et al., 1996; Slater et al., 2000; Flores Orozco et al., 2012b). (3) In the case of multi-
frequency analyses, quadrupoles, which were removed during the previous processing
steps at least in one frequency, were removed in all frequencies to maintain the same

quadrupoles for each frequency.

The inversions of all frequencies were started independently under consideration
of a relative magnitude and an absolute phase error, which were estimated by the

normal reciprocal misfit of the filtered data (e.g., Flores Orozco et al., 2012b). The
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relative magnitude error was 10%, while the absolute impedance phase error was 10
mrad for a frequency of 1 Hz (range of impedance phase shift data: 0-85 mrad). For
higher frequencies we used the same relative magnitude error but the error for the
impedance phase was up to 50 mrad in the case of 240 Hz (range of phase shift data:
20-200 mrad). All inversions resulted in an RMS value of about 1. For the inversion
of the data, 3D unstructured tetrahedral meshes incorporating the local topography
were built with Gmsh (Geuzaine and Remacle, 2009). Fine tetrahedron elements
were created around the electrodes, with coarser elements with increasing distance
from the electrode positions. The mesh was extended far beyond the survey area to
account for ‘infinite’ current paths. All inversions presented are shown in terms of
complex conductivity magnitude and phase angle. In the case of field results, mesh

elements with a logyy sensitivity /max(sensitivity) < -7.5 were blanked.
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3 Results

3.1 Single-frequency synthetic results

Conductivity magnitude inversion results

The conductivity magnitude models for all configurations (as observed in Fig.
resolve similar structures: (i) a bottom layer with the highest values (25-50 mS/m),
and (ii) a top layer with the lowest conductivity values (5-20 mS/m). The values
for the two layers are in agreement with those defined in the synthetic model, with
variations in the range of 18-43% for the top and bottom layer (see Tab. . Ad-
ditionally, Fig. (4] reveals differences in the shape of the interface between the two

layers.

Configuration A Configuration B
b) c) d)

Magnitude - (e Phase
e D

a)
Magnitude

Configuration C Configuration D

f) h)

Phase Phase 3

5.00 16256 27.50 3875 50.00 0.0 75 15.0 225 30.0
Magnitude |g*| (mS/m) Phase ¢ (mrad)

Fig. 4: Inversion results of simulated data of configuration A-D. For each configuration the
results of the conductivity magnitude (a, c, e, g) and phase (b, d, f, h) are presented.
Both parameters are visualized by two vertical slices, one parallel to the z-axis, one
parallel to the y-axis. Additionally, all mesh elements with |¢*| > 20 mS/m in the
case of the magnitude and with ¢ > 17.5 mrad in the case of the phase are included.
Black dots represent the electrodes positions.

Inversion results obtained for configuration A reveal that the interface between the

top and bottom layers is correctly resolved below the electrodes (see Fig. @a), yet the
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position of this interface is poorly resolved in the areas between the electrode lines
resulting in the creation of artifacts, i.e., solving for a shallow interface. Configuration
B represents a similar electrode geometry but with a shorter separation between the
lines and a longer electrode spacing than in configuration A. Fig. e demonstrates
that configuration B improves the imaging results and avoids the generation of
artifacts in the conductivity magnitude images. However, both configurations A and
B have only measurements collected along one direction, which leads to the creation

of artifacts in the shape of ditches in the direction of the electrode lines (i.e., z-

direction).
NRMSE (|o*|]) NRMSE (|o*]) NRMSE (p) NRMSE (p)
Top layer Bottom layer  In anomaly  Out of anomaly
Configuration A 42.80 % 36.78 % 58.28 % 69.46 %
Configuration B 23.00 % 37.97 % 58.43 % 48.68 %
Configuration C 18.60 % 37.80 % 61.10 % 23.60 %
Configuration D 22.48 % 42.79 % 50.48 % 40.92 %

Tab. 2: NRMSE in % between resolved conductivity magnitude and phase of inverse model
and synthetic model.

Fig. [ shows that configuration C'is able to recover correctly the contact between
the top and bottom layers. The recovered values in the top layer are more consistent
with the true value (19% normalized root-median-square error (NRMSE)) than in
the bottom layer (38% NRMSE). However, in the central uppermost area at a depth
of < 1 m the inversion over-estimates the conductivity magnitude with maximum

difference between true and inverse model of > 50%.

As observed in Fig. [flg, the inversion of data using configuration D correctly solves for
the geometry of the two layers, including the interface between them. However, the
corners of the rectangular pit are poorly recovered, likely due to the lack of electrodes

in the edges of the anomaly. The conductivity values are fairly well recovered for
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the two layers (22% and 43% NRMSE between inverse and real model for the top
and bottom layer, respectively), but there are weak patterns of artifacts parallel
to the circular electrode lines. Additionally, the shape of the interface between the
top and bottom layer is not correctly resolved in the central area. Analysis of the
sensitivity distribution (data not shown) reveal that the artifact observed in the

center of Configuration D is related to the low sensitivity in this area.
Conductivity phase inversion results

In contrast to the magnitude results discussed above, there are large differences in the
structures resolved in the phase imaging results for data collected with the different
configurations tested. Inversion results for configuration A solved an IP anomaly in
the center of the study area, but with a completely different shape compared to the
IP anomaly in the true model (see Fig. [dp). Particularly, the upper boundary of
the anomaly was not resolved by configuration A leading to the highest NRMSE
value observed (69%) outside the anomaly. As observed in Fig. Eld, the resulting
inverse model of configuration B is more consistent with the synthetic model than
the inverse model of configuration A, not only regarding the values resolved for
the conductivity magnitude top and bottom layer but also regarding the geometry
of the conductivity phase anomaly and the absolute values in the anomaly (58%

NRMSE).

The phase angle result for configuration C' resolves for a similar geometry to that
of the true model. The shape of the high phase anomaly is similar, but the depth
of the lower interface between the area of high IP values and the background is
not correctly resolved. Apart from the upper boundary, the position of the anomaly
could be accurately determined in the x- and y-direction. The absolute values in
the high phase anomaly are underestimated, compared to the values in the true
model (61% NRMSE). Additionally, in near-surface areas (1-2 m depth) we can

observe an over-shooting of the conductivity phase with values down to -5 mrad.
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Such underestimation of values in the anomaly together with over-shooting outside
of the anomaly is likely due to the use of a smoothing term in the regularization, as

discussed by Binley and Slater, 2020).

The inversion results computed for configuration D reveal an accurate delineation
of the position of the IP anomaly as well as in the recovered value. However, the
geometry of the IP anomaly is poorly resolved, particularly the upper interface
between the IP anomaly and the background in the center of the electrodes and the
position of the lower interface; a loss of resolution at a depth of > 8 m is evident.
Accordingly, configuration D is not able to correctly resolve the geometry of the

anomaly.

3.2 Single-frequency field results for the MSW landfill
Heferlbach collected with 3D different configurations and

different electrode spacings

Raw data collected at 1 Hz in the Heferlbach landfill are presented as 3D pseudosec-
tions in Fig. p|in terms of the resistance (R), the apparent resistivity (p,) and the
apparent phase shift (¢,). The z- and y-direction assigned to each measurement cor-
respond to the center position of the related current and potential dipole, while the
pseudo depth of each measurement is inversely related to the distance between the
current and potential dipoles. The pseudosections do not only give a first overview
about the data quality but also permit a comparison of the range of the measured
R, p, and ¢, values between all configurations. In this regard, Fig. |5 reveals a simi-
lar range in the measured values (R, p, and ¢,) for the three configurations tested
here. The apparent resistivity values reveal a layered distribution, with the values
of the second (central) layer being lower than those from the first (upper) and third

(lower) layers. In contrast, the apparent phase shift values reveal higher values in
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the second layer (corresponding to the expected waste unit), with much lower values

on the top and bottom layers.
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Fig. 5: 3D pseudosections of the Heferlbach data for configuration A, C' and D at 1 Hz.
Each measurement in terms of the resistance (R), the apparent resistivity (pq)
and the apparent phase shift (¢,) is plotted on the mean position of the related
current and potential electrodes, while the pseudo elevation of each measurement
is inversely related to the distance between the current and potential dipoles. Black
dots represent the electrodes positions.

The inverted results (in terms of conductivity magnitude and phase) at 1 Hz are
presented in Fig. [ as 2D horizontal slices corresponding to the resolved values at
depths of 0.5, 1.5, 3.0 and 4.5 m for each configuration. In the inversion results of
configuration A, we can observe a high conductivity magnitude and phase anomaly
at a depth of 1 to 4 m along both lines and between the lines. In near surface
areas (0.5 m) between both electrode lines, the conductivity magnitude and phase
values differ dramatically from the values along the electrode lines due to a lack of

sensitivity.
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Fig. 6: Heferlbach inversion results of configuration A (line 1), C' (line 2-4) and D (line 5)
in terms of the magnitude (left) and the phase (right) of the complex conductivity
at 1 Hz. For configuration C' (line 2-4) the results of the configuration with 3 m,
2 m and 1 m electrode separation are presented. Mesh elements of low sensitivity
(logy( sensitivity /max(sensitivity) < -7.5) are transparently displayed. The bottom
of the waste unit (according to Flores-Orozco et al., 2020) is displayed as two black
vertical lines. The solid black rectangle represents the outline of configuration C
with 2 m electrode separation, while the dashed black rectangle represents the
outline of configuration C with 1 m electrode separation. Black dots represent the
electrodes positions.

The results of configuration C' collected with different electrode separations (3 m, 2
m and 1 m) presented in Fig. |§|, reveal the effect of electrode spacing on the depths of
investigation for the specific 3D configuration. As shown in Fig. [6] the main structu-
res in the conductivity magnitude and phase are consistent for the 3D configuration
with the different electrode spacing. As expected, deeper areas can be investigated
by the 3 m electrode separation, which allows resolution of the lower boundary of
the waste unit (at around 4.5 m depth, in agreement with sample analysis as pre-

sented by Flores-Orozco et al., 2020). However, for the 3 m electrode spacing, the
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upper boundary of the landfill is not resolved. In contrast, measurements with a 1
m electrode spacing resolve the contact of the waste unit with the top layer related
to soil and CDW, as described by Flores-Orozco et al. (2020), yet these measure-
ments are not able to determine the lower boundary of the waste because of a lack
of sensitivity at depth. Accordingly, Fig. [ reveals that only configuration C' with an
electrode separation of 2 m permits the delineation of both the lower and the upper
boundary of the landfill. As a result, hereafter, in the case of configuration C, we
will only discuss the results obtained with an electrode spacing of 2 m. The inverted
data for configuration C' delineate two anomalies characterized by the highest con-
ductivity magnitude and phase values (> 100 mS/m and > 30 mrad, respectively).
As discussed in detail by Flores-Orozco et al. (2020), these anomalies indicate bio-
geochemically active zones or hotspots, associated to the highest methanogenesis in

the landfill.

The results of configuration D, presented in Fig. [6] show the delineation of both
the upper and lower boundary of the waste unit. Even though the location of the
two anomalies is similar to the results of configuration C', the shape of the anomaly
is different. Such discrepancies are likely related to the lack of sensitivity in the
center of configuration D as observed in the numerical modeling study. The lack of
sensitivity also explains the discrepancies resolved between configuration C' and D

in the center of the investigation area.

In Fig. [7] we show the conductivity phase anomalies as volumes associated with
values above 30 mrad, which correspond to the biogeochemical hot-spots and might
be of particular interest due to their potential for high rates of methanogenesis
(e.g., Flores-Orozco et al., 2020; Steiner et al., 2022). The position of the active
zones extends to depths between 0.5 m and 4 m approximately and has a volume
of 231 m? for configuration C' and 309 m? for configuration D. We do not present

such estimation for configuration A as Fig. [0] demonstrates that configuration A is
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only able to correctly solve the subsurface electrical properties directly below the

electrode lines (2D) but not in the volume between the lines (3D).
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Fig. 7: Heferlbach 3D conductivity phase inversion results for configuration C' (left) and
D (right) at 1 Hz after removing all mesh elements with ¢ < 30 mrad. Black dots
represent the electrodes positions.

3.3 Single-frequency field results for the CDW landfill

Kappern

Building on the results discussed above, IP measurements in the Kappern landfill
were only collected using configuration C' with an electrode spacing of 5 m, resulting
in the inverse models presented in Fig. [§| The inversions reveal an area of low
conductivity magnitude (log;, |0*| < 0.9 mS/m) in the center of the electrodes from
the surface to a depth that varies between 4.5 and 8.5 m (or deeper). This anomaly is
likely associated with CDW waste mainly consisting of coarse-grained materials such
as concrete, bricks and other masonry material (Austrian Environmental Agency,
2002). Underneath the waste unit, the conductivity magnitude increases (log,, |o*| >
1.1 mS/m), apart from a small area in the center-south and in the center-north, each
at a distance of 7.5 m from the center of the electrodes. The increase of conductivity

magnitude can be related to leachate migration (associated to high salinity and thus
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fluid conductivity) below the waste unit; however, it might also be indicative of a
clay-rich unit corresponding to the low permeability layer underneath the landfill.
No information from boreholes is known about the landfill for this area. In the waste
unit, the conductivity phase values are low (< 5 mrad) and in agreement with the
weak polarization of gravels and coarse materials (associated to low surface charge
and area) at a frequency of 1 Hz. The layer below characterized by high ¢ values,
might be indicative of a polarizable material, either due to organic materials leaking
from the waste unit, or due to fine-grained material, which might show a polarization

at low frequencies (see Flores Orozco et al., 2022; Zisser et al., 2010).
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Fig. 8: Horizontal sections of the Kappern inversion results of configuration C' in terms of
the conductivity magnitude (left) and phase (right) at 1 Hz. Black dots represent
the electrodes positions.

In Fig. [9 the conductivity magnitude and phase models are presented as 3D structu-
res after removing all mesh elements with values above 0.9 log,, mS/m (in the case
of the conductivity magnitude) and below 15 mrad (in the case of the conductivity
phase) for a better impression about the shape of the above-described units. The
high conductivity magnitude areas are related to the CDW waste unit with a volume
of 3442 m?, while the high conductivity phase areas correspond to a clay layer below

the waste unit in a depth of about 8.5 m.
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Fig. 9: Kappern 3D conductivity magnitude (left) and phase (right) inversion results for
configuration C' at 1 Hz after removing all mesh elements with log;o |0*| > 0.9 (left)
and ¢ < 15 mrad (right). Black dots represent the electrodes positions.

3.4 Multi-frequency (SIP) imaging results

In Fig. [10] we present the results of the conductivity phase angle for the frequencies
1, 15 and 75 Hz for configuration A and C' in the landfill Heferlbach. Images of
the conductivity magnitude reveal a minimal change for data collected at different
frequencies and are in general similar to those presented in Fig. [f] and therefore
not presented for the sake of brevity. Opposite to that, Fig. [I0] reveals a signifi-
cant frequency-dependence for the conductivity phase images, which can be further
exploited to understand changes in waste composition, for instance. For both con-
figurations A and C, the conductivity phase angle decreases from 1 to 15 Hz and
increases from 15 to 75 Hz. Configuration C' resolves for a consistent distribution of
polarizable anomalies at different frequencies with a high resolution, while configura-
tion A is not able to resolve the anomalies with the same level of detail, particularly
for the areas between the electrode lines. The increase at 75 Hz is likely due to the
polarization of the fine materials that migrate together with leachates and accumu-

lated at the bottom of the landfill (e.g., Buecker et al., 2019). The polarization at low
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frequencies (e.g., 1 Hz and below) is most likely related to the presence of TOC, as
also observed for measurements in peatlands with high TOC (Katona et al., 2021).
As demonstrated by Flores-Orozco et al. (2020), the highly polarizable areas of the
Heferlbach landfill are related to high concentration of organic waste and has been
linked to TOC supporting our interpretation on the different polarization mecha-
nisms underlying the response at 1 and 75 Hz. In this regard, 3D SIP might permit a
better discrimination of polarizable anomalies due to biogeochemically active zones
— associated to low frequencies — and fine-grained soil /waste with low TOC — related
to a polarizable anomaly at high frequencies. Nonetheless, we point out here that
the interpretation of the frequency-dependence of the imaging response is beyond

the scope of this study and might be an open area of further research.
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Fig. 10: Heferlbach conductivity phase angle inversion results for configuration A (first
line) and C' (second line) for frequencies 1, 15 and 75 Hz. Black dots represent the
electrodes positions.
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4 Discussion

4.1 2D versus 3D configurations in a simulated environment

The primary aim of this study was to test the resolving capabilities of four different
electrode configurations (A to D) for 3D single- and multi-frequency IP investiga-
tions in landfills. Configurations A and B consist of parallel transects with inline
measurements, while configurations C' and D are true 3D IP electrode configu-
rations with dipoles of different orientations. For each configuration, we simulated
single-frequency IP measurements (conductivity magnitude and phase) on a cuboid-
shaped high conductivity phase anomaly embedded in a low conductivity magnitude
pit and tested the configuration for real IP measurements in two landfills. The inver-
sion results demonstrate that the application of parallel collinear electrode arrays
(configurations A and B) resolve the complex conductivity structures just in the
area below the electrode lines, but these are not able to delineate accurately the
subsurface electrical properties between the lines. In particular, the upper boundary
of the IP anomaly was not detected leading to a wrong geometry of the IP anomaly.
Such observations are in agreement with resistivity studies from Dahlin et al. (2002)
and resistivity and IP studies from Chambers et al. (2002). Additionally, this stu-
dy shows that the resolving capabilities of such 2D configurations are even poorer
for IP than for the resistivity (59% NRMSE versus 35% NRMSE), which was also

demonstrated qualitatively by Chambers et al. (2002).

In this study, we propose true 3D IP measurements with various dipole orientations.
We tested a grid array (configuration C') consisting of 8x8 electrodes arranged in
a rectangular pattern, and a circular array (configuration D) with four concentric
circles with a constant electrode separation. Inversion results of synthetic measu-

rement simulations demonstrate that both configurations are able to overcome the
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limitations of parallel collinear electrode arrays. Both configurations C' and D re-
solved the transition between the (conductive) bottom layer and the (resistive) top
layer not only close to the electrodes, but also in areas between the electrodes. Fur-
thermore, the shape of the conductivity phase anomaly in the center of the synthetic
model was resolved more accurately for configuration C' and D than for configura-
tion A and B. Based on our results, 3D configurations are critical for quantitative
imaging, even in the case of relatively simple settings as those presented in our
synthetic model. The use of several 2D lines even using 3D inversion algorithms
may result in an incorrect quantification of the volumes related to the anomalies, as

revealed in our numerical experiment (c.f., Fig. [4).

4.2 2D versus 3D configurations on the field

To investigate the potentials of the different configurations in real field conditions
we tested configuration A, C' and D on the Heferlbach MSW landfill. As in the
synthetic modelling, the inversion of data collected along parallel 2D electrode lines
(configuration A) is not able to resolve the upper and lower boundary of the waste
unit (represented by high conductivity phase values) between the lines, due to a lack
of sensitivity. The actual geometry, including the upper (depth ~ 1 m) and lower
(depth ~ 4.5 m) boundary of the waste unit (see Flores-Orozco et al., 2020), was
only resolved by data collected with configuration C with an electrode separation of
2 m in z- and y-direction. Using dipoles of different orientations, which were used
in configuration C' and D, allows resolution of heterogeneous subsurface electrical
conditions, which, at this site, are likely to be the result of biogeochemically acti-
ve zones in the landfill (Flores-Orozco et al., 2020). Such observation extends the
conclusions of Chambers et al. (2002), who recommended to use not only one di-
pole orientation for heterogeneous subsurface electrical properties in 3D resistivity

surveys, to IP measurements.
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Furthermore, we tested the depth of investigation and the minimal resolution by
applying three different electrode spacings (1, 2 and 3 m) for configuration C' in
the Heferlbach landfill. While a spacing of 2 m allows to solve the upper and lower
boundary of the waste unit, an electrode separation of 3 m permits to solve the
lower boundary but fails to solve the upper boundary; hence for 3 m spacing the
depth of investigation is > 4.5 m and the minimal resolution is > 1 m. Decreasing
the electrode separation to 1 m leads to the opposite result; hence the depth of
investigation is < 4.5 m and the minimal resolution is < 1 m. Based on these
observations we propose to use the following rules of thumb to roughly determine
the depth of investigation and the minimal resolution of a 3D grid array: the depth
of investigation corresponds to 1/3 of the maximum separation between the current
and voltage dipoles distg;, while the minimal resolution of the configuration can be

estimated by 1/2 of the electrode spacing spacejec.

1
DOI = gmax(distdip) (8)

1
Resolution = éspacelec (9)

Further studies should consider the extension of the proposed experimental model

in Equation [§] and [0 to include changes in the conductivity.

As an alternative to configuration C, we also tested four concentric circles (confi-
guration D) on the Heferlbach landfill. While the inversion of these data is able to
resolve the upper boundary of the high conductivity magnitude volume, the lower
boundary of the high conductivity phase volume was not resolved. Moreover, the
inversion of data collected with configuration D creates artifacts in the center of the

electrodes. We observed similar artifacts in our numerical experiment. To improve
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the resolution in the central area of the concentric circles, we added more quadru-
poles with an electrode in the center of the simulated data, which helped to reduce
the creation of artifacts, i.e., results in a lower NRMSE value between resolved and
true phase angle values in the IP anomaly (50% versus 60%). Alternatively, placing
two electrodes used as a current or potential dipole in the center of the electrode

array could improve the sensitivity.

Based on the synthetic modelling and the field results we recommend using confi-
guration C' for 3D IP surveys in landfill investigations because it provides a more
accurate reconstruction of the shape of electrical anomalies in the subsurface. Mo-
reover, building a grid of electrodes rather than circular arrays is easier to achieve in
the field. Additionally, as discussed above, changing the size of configuration C' pro-
vides clear advantages, as it permits to easily increase the resolution in near-surface
areas, the actual extension of the explored area, or the total depth of investigation.
Further investigations might also include the inversion of the three different meshes
sizes (electrode separation of 1, 2 and 3 m) in a single dataset to quantify a possible
improvement in the total area of coverage as well as in the resolution. A key message
from this study is the need to perform numerical modeling sensitivity tests prior to
carrying out field 3D IP surveys, to ensure optimal configuration of electrodes and

measurements.

Due to the previously described advantages and disadvantages of the different 3D
configurations, we decided to use configuration C' on the Kappern CDW landfill. The
inversion results show that the configuration is also able to delineate low conductivity
magnitude anomalies related to CDW units and underlying high conductivity phase

values, likely related to a lower clay layer.
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4.3 Spectral IP (SIP) results of 2D and 3D synthetic data

Several studies have shown that collecting IP data at a broad frequency-bandwidth
might provide further insights for an improved hydrogeological characterization (in
comparison to single-frequency data), or to discriminate between different geochemi-
cal status (e.g., Flores Orozco et al., 2011). In particular, the frequency-dependence
seems to be related to changes in the textural properties of the subsurface (see Binley
et al., 2005; Revil and Florsch, 2010) and, thus, with the hydrogeological parameters
(e.g., hydraulic conductivity). In this regard, it is important to understand the im-
pact of 2D and 3D investigations in the quality of the resolved frequency-dependence

of the complex conductivity.

As presented above, for single-frequency synthetic and field data, true 3D configura-
tions provide more consistent complex conductivity results than 2D configurations.
In Fig. we expand such analysis to the frequency-dependence of the complex
conductivity. We present the resulting spectra and the Cole Cole fit of the multi-
frequency (0.1-240 Hz) inverse models for a 2D configuration (configuration B) and
a 3D configuration (configuration C') (see Fig. and b). We extract pixel values
in two zones: (1) between electrode lines (referred to as Z1), and (2) directly below
the electrodes (referred to as Z2) of configuration B (see Fig. [L1d). Additionally,
we estimated the relaxation parameters of the multi-frequency inverse models of
Z1 and Z2 for configuration B and C' and compare them with the true predefined

relaxation parameters.

Fig. and b demonstrate that configuration C' provides more stable spectra (i.e.,
smoother) of both the conductivity magnitude (a) and phase (b) than configuration
B as the spectra of configuration B are noisier than for Such observation is also
shown by the lower NRMSE values between the resolved and corresponding Cole
Cole fitted conductivity magnitude (Fig. [L1f, i) and phase angle (Fig. [L1k, ii) for

configuration C' than for configuration B. Moreover, in the case of configuration B
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Fig. 11: Results of synthetic multi-frequency IP experiment of configuration B (red in

entire Fig.) and C' (blue in entire Fig.) in zone 1 (Z1, cuboid area in the center,
x = 8 m, y = £3 m, z = 193-197 m) and zone 2 (Z2, cuboid area below
electrodes of configuration B, z = +8 m, y = 4.5-5.5 m, z = 193-197 m). The
positions of Z1 and Z2 are presented in a map relative to the electrode positions
(d). Subplots (a) and (b) present the spectra (frequency-range: 0.1-240 Hz) of the
conductivity magnitude phase for pixels extracted in Z1 (circular shaped dots) and
Z2 (square shaped dots) as well as the accompanying Cole Cole fits (solid lines).
The true Cole Cole model is given by a black line. Subplots in (c) present the
potential of configuration B and C' to estimate relaxation parameters of the multi-
frequency inverse models under the use of a homogeneous starting model (left) and
a heterogeneous starting model (right). (i, ii, v, vi) represent the NRMSE between
the extracted pixel values and the fitted Cole Cole model for the conductivity
magnitude and phase, while subplots (iii, iv, vii, viii) present the absolute difference
between true and estimated relaxation parameters 7 and M.

the deviations are higher for areas between the electrode lines, where the single-

frequency analysis demonstrated a vulnerability to the creation of artifacts. Thus,

as observed in Fig. [L1k, the resolved relaxation time 7 (iii) and the chargeability M

(iv) can be estimated more accurately with configuration C' than with configuration
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4 Discussion

B with lower absolute differences between the estimated and the true relaxation
parameters. The difference in the reconstruction quality between configuration B
and C' is lower for 7 than for M. Such observation is in agreement with Weigand et
al. (2017), who demonstrated that in 2D imaging the reconstruction quality of the
chargeability is strongly related to the coverage while the reconstruction quality of 7
is not dominated by the coverage. Thus, the application of 3D configurations over 2D
configurations is particularly important for the estimation of the chargeability, which
in turn could be very important for an adequate interpretation of waste composition
(see Flores-Orozco et al., 2020) or the estimation of petrophysical parameters (see

Steiner et al., 2022).

To improve the stability of the resolved frequency-dependence we inverted the simu-
lated data for the resistivity of the lowest frequency and used the resulting resistivity
model as initial model for the independent inversion of all frequencies. Subplots (v-
viii) show that using the same heterogeneous initial model improves the recovered
frequency-dependence of the inverse models, considering that such inversions provi-
de lower NRMSE values between the resolved complex conductivity spectra and the
spectra of fitted Cole Cole models for both configurations, particularly in the case
of the conductivity magnitude (v). Further, the approach leads to a more accurate
estimation of the relaxation parameters 7 (vii) and M (viii) with median absolute
deviations between estimated and true parameters closer to zero than in the case of

a homogeneous initial model.

4.4 Spectral IP (SIP) results of 2D and 3D field data

Numerical experiments have demonstrated that 3D configurations provide less noisy
spectra of the multi-frequency inverse models, in turn permitting a more accurate
estimation of relaxation parameters than multi-frequency results of 2D configura-

tions. For the case of field scale inversion results, estimating relaxation parameters
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4 Discussion

is particularly challenging, considering that different sources of error might distort
data collected at different frequencies, the unavoidable contamination of the data
due to electromagnetic coupling, and the uncertainty associated with the inversi-
on of the data across space and frequency. To consider the influence of such error
sources in the frequency-dependence of SIP surveys, we present in Fig. [12] pixel va-
lues extracted from the multi-frequency inversion results (independently inverted)
of the Heferlbach landfill, in terms of the magnitude and phase of the complex con-
ductivity. The results are presented for configuration B and C' for three positions of

interest (see location in d) in the frequency range between 1 and 240 Hz.

a) Position 1 b) Position 2 c) Position 3 d) Positions of
2.25 2.25 2.25 3 s=2 interest
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Fig. 12: Conductivity magnitude (first row) and phase (second row) spectra (frequency
range: 1-240 Hz) of the multi-frequency inversion result for three selected positi-
ons (a, b, ¢) (d: map representing the positions). Blue dots represent the results
of configuration C'; while red dots represent results of configuration A. Data of
configuration C' were also inverted using a heterogeneous initial model and are
presented by blue dots with black edges.

Fig. [12] shows large differences of the conductivity magnitude and phase spectra
between configuration A and C. While the magnitude spectra are smooth for both
2D and 3D configurations, distortions in the recovered frequency-dependence of the
conductivity phase are evidenced, particularly for the 2D configuration. The mean

discrete differences of the magnitude are lower for the 2D configuration (0.95 mS/m)
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4 Discussion

than for the 3D configuration (3.53 mS/m) in all positions due to jumps in the ma-
gnitude of the 3D configuration. In contrast to the magnitude, the mean discrete
differences of the phase angle are lower for configuration C' (2.36 mrad) than for
configuration B (9.56 mrad) in all positions. Moreover, for configuration A the spec-
trum in position 1 is less noisy than in position 2 and 3 revealing a lack of resolution
in areas between the lines (position 2 and 3), which is in agreement with the single-

frequency and synthetic multi-frequency results of 2D configurations.

The computation of consistent inversion results for multi-frequency SIP data sets
is critical for quantitative imaging (see Flores Orozco et al., 2012; Weigand et al.,
2017). However, independent inversions reveal noisy spectra as observed in Fig.
Following the same procedure as for the synthetic results, we ran a new set of
independent inversions but using a heterogeneous initial model, which corresponds
to the final inversion result for the data collected at the lowest frequency collected
(0.5 Hz). We used the lowest frequency, as this represents the data set less affected by
electromagnetic (EM) coupling (see Flores Orozco et al., 2021). Fig. [12| shows that
using a heterogeneous initial model helps not only to reduce the dispersion of the
conductivity magnitude spectra (0.69 mS/m versus 3.53 mS/m) but also stabilizes
the conductivity phase spectra (1.81 mrad versus 2.36 mrad) in positions 1-3 of the

inverse mesh.

As evidenced in Fig. [[2] and the numerical experiment described above, the col-
lection of data with real 3D configurations permits an improved reconstruction of
the frequency dependence of the complex conductivity, in particular of the char-
geability parameter. Hence, 3D configurations are critical on the field scale for the
application of petrophysical models derived in the laboratory to quantify textural,

hydrogeological or biogeochemical properties of the subsurface.
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5 Conclusions

5 Conclusions

In this study we investigated the resolving capabilities of four different electrode
configurations for 3D SIP surveys. In particular, we compared the capabilities of
several parallel 2D profiles inverted within a 3D algorithm and real 3D configura-
tions with dipoles varying within rectangular and circular grids. Our investigations
were based on three steps: First, we numerically simulated single-frequency measu-
rements for each configuration on a two-layered conductivity structure with an IP
anomaly, inverted the data and compared them with the synthetic model. Second,
we tested the configurations in a MSW and a CDW landfill. Third, we investigated
the influence of 2D and 3D configurations on the frequency dependence by analyzing

spectra of a multi-frequency synthetic and field survey.

The single-frequency synthetic inversion results demonstrate that while boundaries
between two layers with different conductivity magnitudes could be delineated by all
configurations, the geometry of the conductivity phase anomaly was not correctly
resolved by all configurations. Configurations consisting of parallel 2D electrode
lines with inline measurements were able to resolve the IP anomaly along the lines
but failed to detect the anomaly between the lines due to a lack of sensitivity.
In contrast, a 3D configuration with electrodes set in a quadratic mesh is able to
resolve the geometry of the IP anomaly in the whole area of investigation; whereas
a circular array with electrodes set in four concentric circles was not able to resolve

the geometry of the IP anomaly as accurately.

The inversion results for field measurements conducted in two landfills confirms that
parallel 2D arrays lack of sensitivity between the lines resulting in the creation of
artifacts. Real 3D configurations were able to delineate the 3D geometry of IP an-
omalies, which are related to changes in landfill geometry and waste composition.

However, the use of circular arrays reveals artifacts close to the surface. The use of
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5 Conclusions

electrodes placed on a 3D rectangular mesh also permits to easily change electrode
spacing to gain information about different area and depth of investigation. Measu-
rements of dipoles in a 3D rectangular mesh with an electrode spacing of 1 and 3 m
in the Heferlbach landfill allowed to introduce rules of thumb for the depth of inves-
tigation (1/3 of the maximum separation between the current and voltage dipoles)

and the minimal resolution (1/2 of the electrode spacing) for 3D grid arrays.

Our multi-frequency numerical and field measurements demonstrated that 3D con-
figurations provide more stable spectra of the complex conductivity than 2D con-
figurations. Spectra of 2D configurations are particularly noisy in areas between
the electrode lines, where single-frequency results revealed a high vulnerability to
artifacts. Thus, relaxation parameters describing the frequency-dependence of the

complex conductivity can be estimated more accurately by 3D configurations.
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