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ABSTRACT

There is growing interest in the use of spectral induced polarization (SIP) surveys to characterize the near-surface environment. Few attempts have been made to
perform field SIP surveys in a 3D configuration; when done, they are typically conducted using a series of parallel 2D electrode lines with collinear measurements.
However, such measurements are limited in the resolution between the lines which is critical in the case of heterogeneous subsurface conditions, such as in landfills.
To overcome this, we investigate here the enhanced resolution in SIP measurements through true 3D measurements, i.e., the resolving capabilities of different
electrode configurations distributed across measuring planes. First, we investigate, through a synthetic study, the difference between results from using 2D parallel
collinear electrode arrays and true 3D configurations. Second, we collected SIP data (in the frequency range between 1 and 240 Hz) using 2D and 3D configurations in
two landfills to evaluate the application of our results in real field conditions. Both the synthetic 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 3D configurations
are able to resolve polarizable anomalies in synthetic and field measurements, resulting in a better delineation of the geometry of waste units. Our results also
demonstrate that 3D configurations are better suited to recover the frequency-dependence of the electrical properties; thus, permitting an improved interpretation of

waste composition and the quantification of waste volume.

1. Introduction

The spectral induced polarization (SIP) imaging method is an
extension of the electrical resistivity tomography (ERT) and provides not
only variations in the electrical resistivity (as commonly obtained by
means of ERT) but also resolves variations in the induced polarization,
which quantifies the accumulation of charges at the electrical double
layer (EDL) formed at the interface between pore water and the grain
interface. Such polarization response is strongly dependent on the con-
tent of metallic minerals (see Pelton et al., 1978) as well as the surface
charge and surface area of the grains (see Binley and Slater, 2020 and
references therein). Measurements are collected at different frequencies,
typically in the range between 0.001 and 1000 Hz, to gain information
about the frequency-dependence of the electrical properties (for an
overview see e.g., Kemna et al., 2012; Binley and Slater, 2020). Several
studies have revealed the sensitivity of SIP measurements to soil 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; Romhild et al., 2022). Built on such links, field in-
vestigations have demonstrated the potential of the SIP method in
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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 SIP method at the field scale to understand
geochemical and microbially-mediated processes in the subsurface
(Atekwana and Atekwana, 2010; Flores Orozco et al., 2011; McAnallen
etal., 2018; Katona et al., 2021). Due to its sensitivity to the geometrical
and chemical properties of the pore-space, the SIP method offers great
potential for investigating waste compositions in landfills.
Geophysically-based approaches to investigate the internal state of
landfills typically combine direct methods (i.e., chemical analysis of gas,
waste and leachate samples) and geophysical measurements (for a re-
view see Nguyen et al., 2018). ERT has become a well-established
geophysical 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) and the identification of leachate plumes (Clément
et al., 2010; De Carlo et al., 2013; Bichet et al., 2016), which are
commonly conductive due to a high salinity (Frid et al., 2017; Maurya
etal., 2017). However, materials with negligible surface charge or water
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content are both related to high resistivity values, for instance in case of
dry waste as well as construction and demolition waste (CDW) and thus,
hindering the identification of landfill composition using investigations
only based on resistivity measurements (Leroux et al., 2007). In some
studies, time-domain IP measurements have been used to improve the
delineation of organic waste unit(s) in landfills (Johansson et al., 2007;
Dahlin et al., 2010; Nguyen et al., 2018), considering the strong contrast
between organic waste (commonly associated with a high electrical
polarization) and the host geology that may have low polarization
characteristics (e.g., Leroux et al., 2007; Frid et al., 2017). Recently,
Flores-Orozco et al. (2020) demonstrated the potential of IP to map
areas with high methane production in municipal solid waste (MSW)
(also referred to as biogeochemically active zones) due to the association
with a high polarization. The authors revealed a lineal correlation be-
tween the polarization response and the total organic carbon (TOC),
which in turn is linked to high methane production.

Gazoty et al. (2012) demonstrated the potential of using the
frequency-dependence of the complex conductivity to improve the
discrimination of different waste types. However, their study used only
2D measurements collected in the time-domain. To the best of our
knowledge, to date no study has reported SIP measurements in landfills:
all relevant studies have applied induced polarization (IP) measure-
ments collected at a single-frequency or in the time-domain (e.g., Leroux
et al., 2007; Gazoty et al., 2012).

Landfills are highly complex systems, for example in terms of spatial
variability in the geometry of waste (e.g., Dahlin et al., 2010),
geochemical composition (e.g., Flores Orozco et al., 2021) and water
content (e.g., Steiner et al., 2022). Nonetheless, to-date, ERT and SIP
investigations in landfills have been conducted through 2D measure-
ments, i.e., with data collected along collinear electrode arrays, with the
imaging plane representing electrical variations collected along each
line (e.g., Flores-Orozco et al., 2020). To the best of our knowledge, so
far, no study has addressed the collection of true 3D SIP data sets on the
field scale. In this study, we investigate the resolving capabilities of
different 2D and 3D electrode configurations to properly resolve the
subsurface electrical properties and their frequency-dependence in SIP
surveys. Building on the results, we evaluate the applicability of 3D SIP
images for the identification of waste composition and, thus, the quan-
tification of waste volumes in landfills. We aim to answer to the
following questions: (1) Can we obtain the same SIP results using several
2D profiles and real 3D configurations? (2) What is the best 3D SIP
configuration for landfill investigations? (3) What is the benefit of using
SIP measurements over single-frequency or resistivity surveys in land-
fills? In a first step, we present SIP imaging results of synthetic modeling
experiments at a single-frequency aiming at evaluating the spatial
reconstruction quality of different 2D and 3D configurations. In a second
step, we investigate the influence of 2D and 3D measurements in the
recovered frequency-dependence of synthetic data. In a third step, we
present results for 3D SIP field data collected in two landfills regarding
spatial and frequency-dependence variability. We demonstrate that the
geometry and volume of polarizable anomalies and the frequency-
dependence of the electrical properties can be resolved more accu-
rately by using true 3D configurations with more than one dipole
orientation than measurements collected through parallel 2D electrode
lines. The field data were collected on a municipal solid waste (MSW)
and a construction and demolition waste (CDW) landfill, corresponding
to high and low polarization responses, respectively.

2. Material and methods
2.1. 3D surveys in ERT and SIP imaging

To-date, ERT and SIP investigations in landfills are mainly conducted
through 2D measurements. 2D measurements are only recommended in

those cases where the subsurface properties are nearly homogeneously
distributed perpendicular to the direction of the electrode line (Bentley
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and Gharibi, 2004; Chambers et al., 2002; Nimmer et al., 2008), which
may be challenging for the case of complex geometries such as landfills.
Moreover, a main drawback of 2D surveys (ERT or SIP) is the poor
sensitivity of the resulting model in the area between the profiles, which
might hinder the interpretation of the results (Chambers et al., 2002).
Volume calculations, for instance, of anomalous values related to waste,
using several 2D measurements may be biased as they require the
interpolation of 2D inversion results (e.g., Wainwright et al., 2016;
Katona et al., 2021). This issue is especially critical for complex sub-
surface conditions such as landfills where spatial variations of the
electrical properties are expected in all directions. Moreover, in 2D
surveys, topographical changes perpendicular to the profile direction
are often ignored within the inversion, although they may influence the
inversion result, especially in cases of complex terrain (Bievre et al.,
2018).

By using independent 2D electrode lines, mapping extensive areas
permits flexibility, e.g., moving electrode positions or entire electrode
arrays due to obstacles; they also allow deep investigations (favored by
long separation between current and potential dipoles), high spatial
resolution (favored by small electrode spacing) as well as the use of
simple electrode configurations and minimal computer resources for 2D
modeling and inversion. However, the only way to account for hetero-
geneous electrical properties and 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; Wil-
kinson et al., 2016; Soueid Ahmed et al., 2018). Chambers et al. (2002)
demonstrated that three-dimensional modeling and inversion is even
more essential for IP surveys. The authors 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 a polarizable
anomaly (metal drum) in the subsurface, while the quasi-3D model
revealed images strongly affected by artifacts.

In contrast to 2D measurements, true 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
processing of the data (e.g., Johnson et al., 2010). When SIP (rather than
ERT) measurements are considered, field survey time (for data collec-
tion) and computational resources required (for the modeling and
inversion) are increased substantially.

In electrical imaging surveys (i.e., ERT, IP and SIP), a 3D model can
be resolved through the inversion of a series of parallel 2D collinear
arrays but reducing the extra effort during the field work related to true
3D surveys (e.g., Dahlin et al., 2002a; Aizebeokhai and Singh, 2013;
Auken et al., 2014; Abdulsamad et al., 2019). Chenq et al. (2019)
illustrate the same approach for a series of non-parallel 2D surveys.
However, 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). To overcome the limitation of
2D collinear arrays, Loke and Barker (1996) proposed the application of
rectangular 2D (in plan) electrode arrays to measure in at least one
additional direction. In this regard, Chambers et al. (2002) explored the
value of orthogonal survey lines (in true 3D and quasi-3D configura-
tions) to delineate the structure of narrow buried walls.

A simple, and true 3D, ERT survey configuration commonly used (e.
g., Auken 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 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
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radius of 200, 400 and 875 m), permitting the use of many dipole ori-
entations, to investigate a deep maar (500 m depth of investigation
reach). Tsourlos et al. (2014) demonstrated an improved resolution with
measurements collected over parallel concentric lines for the charac-
terization 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. Although the
main observations regarding signal-to-noise ratio (S/N) or resolution
can be extrapolated from 3D ERT to 3D SIP surveys, variations in the
signal strength of polarization measurements and particular sources of
error (e.g., electrode polarization and electromagnetic coupling) need to
be taken into account for the design of 3D SIP measurements. While
several studies have shown the advantages of 3D surveys over 2D sur-
veys for resistivity (i.e., ERT) investigations, only Chambers et al. (2002)
demonstrated that 3D modeling improves the reconstruction quality of a
polarizable anomaly over 2D modeling.

2.2. The spectral induced polarization method

The SIP method is an extension of the resistivity method, which
provides a measure of the electrical conductivity and capacitive prop-
erties of the subsurface and their frequency-dependence (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. SIP measurements can be con-
ducted in the time- or frequency-domain. Time-domain IP (TDIP) mea-
surements consist of a transfer resistance and an integral chargeability
(based on sampling of the secondary voltage after switching off the
applied current). Analysis of the voltage decay provides some, albeit
limited, information about frequency-dependence of electrical proper-
ties. In contrast, frequency-domain SIP (FD-SIP) measurements are
conducted at different frequencies (f) in the range between 0.001 and
1000 Hz. Measurements at each frequency provide a transfer impedance
(Z*(f)) in terms of the magnitude |Z"(f)| (given by the voltage to current
ratio) and the phase-shift between voltage and current (¢(f)):

Z(f) =12 (e (€]

Inversion of hundreds to thousands of measurements with different
4-electrode combinations results in the distribution of the frequency-
dependent complex conductivity (¢*(f)). The in-phase, or real compo-
nent (conductivity, ¢'(f)) describes the conductive properties (energy
loss), while the quadrature, or imaginary component (polarization,
0”(f)) represents the capacitive properties (energy storage). The com-
plex conductivity can also be expressed in terms of its magnitude (|o*
(A)) and its phase (p(f)):

o (f) = d(f) +io"(f) = lo” (f)]e”) 2

Alternatively, the complex conductivity can be represented by its
inverse, the complex resistivity (p*(f) = 1/0*(f)). The low conductivity
phase angles measured in geophysical applications (typically below 0.1
rad) (e.g., Binley and Slater, 2020) result in conductivity magnitude
values being approximately equal to the in-phase conductivity (¢'(f)).
Note that we adopt throughout the complex conductivity convention for
phase angle ¢(f), i.e., a positive value implies a capacitive effect and is
used as an indirect measurement of polarization (valid if ¢'(f) does not
vary strongly with the frequency) along this manuscript, considering
that the spectra from ¢”(f) and ¢(f) are consistent (Kemna et al., 2004)
(for a review of the method see Binley and Slater, 2020 and references
therein).

Current conduction in the subsurface can be caused by three mech-
anisms: (1) the matrix conduction (6,,) through solid materials, which is
negligible in the absence of electrical conductors and semi-conductors
such as metals and metallic minerals; (2) the electrolytic conduction
(op) through fluid-filled pores; (3) and the frequency-dependent surface
conduction (o5’(f)) along the electrical double layer (EDL) formed at the
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interface between particles and pore water (Binley and Slater, 2020).

o (f) = on+op+0/(f) ©)

The electrolytic conduction mechanism is controlled by the fluid
conductivity (oy,), the pore space geometry and porewater saturation
(Sw) (Binley and Slater, 2020; Schurr, 1964; Waxman and Smits, 1968).
The strongest polarization response is related to the presence of elec-
trically conducting materials where charges polarize in the EDL as well
as within electrical conductors, due to the so-called electrode polariza-
tion 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; Biicker et al., 2019).

The frequency-dependence in the complex conductivity is commonly
analyzed using different relaxation models, the most common being the
adaptation by Pelton et al. (1978) of the Cole Cole (CC) model, which
can be written in terms of the conductivity:

where M is the chargeability (dimensionless), defined as M = (65 —
00)/0%- 0 and oy represent the conductivity at high frequency and low

4

frequency respectively. i = v/—1 is the imaginary number, o is the
angular frequency (w = 27f), 7 represents the relaxation time as the
inverse of the critical frequency f;; (z = 1/27fq) 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 and Weller, 2008). However, it represents the
simplest expression to describe the SIP response characterized by a
dispersion model around the critical frequency (at which the maximum
conductivity phase value is observed).

SIP measurements are sensitive to errors arising from polarization of
the electrodes (when an electrode is used for voltage readings immedi-
ately after being used for current 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 measurements (Dahlin and Leroux, 2012).

2.3. Modeling/inversion algorithm

In this study, we invert independently every data set collected at
different frequencies from the SIP survey. For the forward modeling 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 or unstructured mesh. The inversion algorithm iteratively
solves for the distribution of the complex conductivity, at a given
acquisition frequency, in terms of the magnitude (|o*|) and the phase (¢)
from a data set given in terms of the electrical impedance (more details
in Binley and Kemna, 2005). The iterative procedure continues until the
model describes the data to a satisfactory level. cR3t uses a weighted
least squares measure of data misfit, which can be expressed as a root
mean square misfit (RMS). The RMS is equal to one if the model de-
scribes the data satisfactorily (Binley and Slater, 2020).

As a criterion for reliability of the complex conductivity inverse
model we use the cumulative sensitivity S, which is the diagonal
component of J'WWJ, where W is the data weight matrix and J is the
Jacobian matrix (for more details see: Binley and Slater, 2020). cR3t
computes the complex resistivity model for a single-frequency. Repeated
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inversion over multiple frequencies provides the frequency-dependence
for each parameter cell, which can then be analyzed to determine
relaxation model parameters for each cell. We inverted the multi-
frequency data independently with two different initial models, a ho-
mogenous and a heterogeneous initial model. The latter corresponds to
the resistivity inverse model of the lowest frequency and was used to
improve the stability of the resolved frequency-dependence. To fit Cole
Cole parameters, we used the algorithm implemented by Ruecker et al.
(2017) within the pyGIMLi libraries.

2.4. 3D synthetic experiment & configurations

The best way to evaluate an electrode configuration is to quantify the
deviation between the resolved (i.e., after the inversion) 3D model and
the actual 3D model of the subsurface. Field measurements are not
suited for such evaluation as the exact distribution of resistivity values is
unknown. To overcome this, we can conduct numerical studies, which
are based on a synthetic model (i.e., a given variation of the electrical
conductivity in an imaging plane) and use it for the forward modeling of
resistances, which in a second step are used for the inversion. In this
regard, the difference between the true and inverted model quantifies
the reconstruction capabilities of our electrode configuration.

2.4.1. 3D synthetic model

In the SIP synthetic model (see Fig. 1) we defined three regions.
Region 1 corresponds to an asymmetrically shaped conductive layer (50
mS/m) with a pit-shape in the central area and a low polarization at 1 Hz
(¢ = 5 mrad). The chargeability is low (M = 0.1), and the critical fre-
quency is high (fi; = 75 Hz). 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°.
Region 2 is a relatively resistive (10 mS/m) layer with a thickness of 3-5
m, depending on the direction, and with the same phase angle, char-
geability and critical frequency as in region 1. In the northern and
western part, the layer has a depth of 3 m, while the depth in the
southern and eastern part is 5 m. In the pit in the center of the model, we
embedded a cuboid polarizable anomaly (region 3) with a phase of 30
mrad. The region is resistive, with the same magnitude as in region 2 (10
mS/m), chargeable (M = 0.4) and the critical frequency of the region is
low (fcrir = 0.5 Hz). The broadness of the spectra is equal for regions 1-3
(c =0.3). The SIP measurements were simulated in a frequency range of
0.1-240 Hz.

2.4.2. Configurations
We simulated FDIP measurements (magnitude and phase of the
transfer impedance) of four different configurations with 64 electrodes

Synthetic model

Regions & electrical properties

@
@
®

lo’|
M =

50 mS/m, ¢ = 5 mrad,
0.1, f,;=75Hz,¢c=0.3

lo’|
M =

10 mS/m, ¢ = 5 mrad,
0.1, f,;=75Hz,c=0.3

6’| =10 mS/m, ¢ = 30 mrad,
M=04,f,,=05Hz c=0.3
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per configuration (see Fig. 2). In configuration A, we used single line
measurements along two parallel straight lines with a separation of 20
between them, 32 electrodes each and an electrode spacing of 2.5 m (see
Fig. 2a). 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. 2b).

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 separated in two chains with 32
electrodes on each chain (see Fig. 2¢). 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 dis-
tribution of electrodes over the entire area of investigation (see Fig. 2d).
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. Similar
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. 2d) to increase
the sensitivity within that area. For the multi-frequency analysis, we
simulated measurements with configurations B (representing 2D paral-
lel 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). Following the forward modeling, we per-
turbed the computed ‘measurements’ with an error of 2% (impedance
magnitude) and 1 mrad (impedance phase angle) for each configuration.
In the inversion, we assumed a relative error of 2% and 2 mrad. We used
a higher phase angle error in the inversion than in the forward modeling
because when using an absolute phase error of 1 mrad in the inversion
we observed slight overfitting in the results. Before inverting the simu-
lated measurements, we removed quadrupoles with an infinite geo-
metric factor (due to crossing voltage/current dipole direction in the
center of the current/voltage dipole), as well as those forward mea-
surements associated with a negative phase angle (as noted before,
positive phase angles imply a capacitive effect). Synthetic studies permit
to quantify the deviations in the inverse model from the real values
(defined by the synthetic), in our study we use the normalized root-
median-square-error (NRMSE) in % defined as:

\/ median((Xrear — xinv)z)

NRMSE = e 100 5)

Xreal inv

Fig. 1. Model used in the synthetic study for SIP measurement simulations. The SIP model consists of three regions (1-3) with different electrical properties and Cole
Cole parameters (given on the left-hand side). At 1 Hz the conductivity magnitude is two-layered with a polarizable anomaly (characterized by high ¢ values but no

changes in |o*

) in the upper layer.
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Fig. 2. The electrode configurations investigated (a to d) and location of the (e) Kappern and (f) Heferlbach landfills. Configuration A (a) and B (b) consist of two/
four parallel lines, while configuration C (c) is represented by a grid of 8 by 8 electrodes connected by two separated lines, which are hairpin bended. Configuration D
(d) has four concentric lines with a line distance of 5 m approximately and an electrode separation of 5 m exactly and an additional electrode at the center to increase
the sensitivity of the measurement in that position. Measurements at the Kappern landfill (e) were conducted with configuration C in the north-east part of the
landfill. At the Heferlbach landfill (f) data were collected with configurations A, C and D in a north-west area of the landfill.

where Xreq are

the voxel values (voxels correspond to mesh ele-

ments) of the real model, x;,, are the voxel values of the inverse model
and X,.q iy corresponds to the average of the voxel values of the real and

inverse model.
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2.5. Field measurements

2.5.1. 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. 2b). Between 1965 and 1974 the former riverbed was mainly filled
with MSW, but also land excavation material and CDW with a total
volume of 240 000 m> (Austrian Environmental Agency, 2005). The
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66 000 m? large landfill is situated on an altitude of about 156157 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. The groundwater table is below the bottom of the waste area
at approximately 149 m asl. 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 (Brandstatter 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. 2b), 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 approxi-
mately and is covered by a 0.5-1.0 m thick forest floor organic layer.
More detailed information about the landfill can be found in Austrian
Environmental Agency (2005), Brandstatter et al. (2020), Flores-Orozco
et al. (2020) and Steiner et al. (2022).

2.5.2. 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. 2a) 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 120 000-150 000 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 3.5-5.5 m and is not
lined. 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 surrounding the main part of the landfill was built and the
groundwater table was lowered below the landfill bottom, which pre-
vented 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 geotextile, and a
vegetated layer (Austrian Environmental Agency, 2002). Until now,
there has been no study examining possible landfill gas emissions, and,
compared to the Heferlbach landfill, minimal chemical analysis studying
the composition and distribution of waste.

2.5.3. SIP field measurements and data processing

In this study, we conducted field-based SIP 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 SIP data.

For all measurements, we used 5 m cables and hung them up on
plastic tree protections 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). As we physically separate the current injection line from the
potential measurements line, we used stainless steel electrodes, 64 per
configuration (32 electrodes per line), and conducted DD measure-
ments, which provide the most flexible set of quadrupoles for 3D mea-
surements (Chambers et al., 2002). For all field measurements, after
injecting current in one line and measuring the potential in the other
line, the current and potential lines were changed to provide a reciprocal
measurement to each normal measurement (more details about normal-
reciprocal pairs see in LaBrecque et al., 1996). At the Heferlbach landfill,
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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 Table Al in the supplementary material). At the
landfill Kappern we used configuration C with two different skip sizes (i.
e., dipole lengths) (see Table Al in the supplementary material). All
measurements were conducted in a frequency range of 1-240 Hz.

The field data were processed in three steps. (1) We calculated the
geometric factors based on synthetically modeled 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 anal-
ysis 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 SIP 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). While for the relative magnitude error
a constant value for all frequencies was used, the absolute phase error
varies with the frequency. At the Heferlbach landfill, for configuration
C, a relative magnitude error of 10% was used for all frequencies, 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 fre-
quencies 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 readings: 20-200 mrad). Used error values for all configu-
rations are presented in Table A2 in the supplementary material. All
inversions resulted in a root mean square (RMS) misfit of about 1. For
the inversion of the data, 3D unstructured tetrahedral meshes incorpo-
rating 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, we blanked those cells with a logio
normalized cumulative sensitivity Sporm < —3 (see Kemna, 2000). The
Snorm Was calculated by the ratio between the cumulative sensitivity S
and the 95% quantile of S. The 95% quantile was used because of the
large dynamics of sensitivity values (range of S: —7 to 3), particularly
close to the surface, although we recognize that such a threshold is
somewhat subjective.

3. Results and discussion
3.1. Analysis of spatial resolution in 3D SIP data at 1 Hz

3.1.1. Electrical conductivity imaging results — Conductivity magnitude

The conductivity magnitude |6*| models for all configurations (as
observed in Fig. 3) resolve similar spatial structures: (i) a bottom layer
with the highest values (25-50 mS/m), and (ii) a top layer with the
lowest 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 Table A3 in the
supplementary material). Additionally, Fig. 3 reveals differences in the
shape of the interface between the two layers.

Inversion results obtained for configuration A reveal that the inter-
face between the top and bottom layers is correctly resolved below the
electrodes (see Fig. 3a), but not in the areas between the electrode lines,
where we can observe artifacts or a shallow interface. The NRMSE is
slightly higher for the top layer (43%) than for the bottom layer (37%).
Configuration B represents a similar electrode geometry but with a
shorter separation between the lines and a longer electrode spacing than
in configuration A, which improves the imaging results (NRMSE: 23% in
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Fig. 3. Inversion results of simulated data of configurations A-D. For each configuration the imaging results are given in terms of the conductivity magnitude, |o*| (a,
¢, e, g) and phase, ¢ (b, d, f, h). Both parameters are visualized by two vertical slices, one parallel to the x-axis, one parallel to the y-axis. Additionally, all mesh
elements with |6*| > 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 elec-

trodes positions.

top layer and 38% in bottom layer) and avoids the generation of artifacts
in the |¢*| images (Fig. 3¢) observed in configuration A. However, both
configurations A and B have only measurements collected along one
direction, which leads to the creation of artifacts in the direction of the
electrode lines (i.e., x-direction).

Fig. 3e 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% NRMSE) than in
the bottom layer (38% NRMSE) and in average (28%) lower than for
configurations A (40%) and B (30%). However, in the central uppermost
area at a depth of <1 m the inversion over-estimates the |¢*| values with
maximum difference between true and inverse model above 50%.

As observed in Fig. 3g, the inversion of data using configuration D
correctly resolves 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 located exactly on top of
the edges of the anomaly. The |¢*| values are fairly well recovered for
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 related to the low sensitivity of the
measuring configuration in this area.

3.1.2. Polarization imaging results — Conductivity phase

In contrast to the conductivity magnitude results discussed above,
there are large differences in the structures resolved in the conductivity
phase ¢ imaging results for data collected with the different configura-
tions tested. Inversion results for configuration A solved a polarizable
anomaly in the center of the study area, but with an incorrect shape
when compared to the true model (see Fig. 3b). 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. 3d, the imaging results obtained with configuration B
are closer to the real (i.e., synthetic) model than those obtained with the
configuration A, not only regarding the absolute values of the polariz-
able anomaly (58% NRMSE) but also regarding the geometry of the
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interface between the anomaly and the surrounding material. However,
the ¢ values are not correctly resolved between the electrode lines
creating artifacts between the electrode lines.

The ¢ images obtained for configuration C resolve for a similar ge-
ometry to that of the true model. The shape of the polarizable anomaly is
well recovered, but the depth of the lower interface between the
anomaly and the surrounding material is not correctly resolved. The
position of the anomaly could be accurately determined in the x- and y-
direction but the values are underestimated (61% NRMSE). Addition-
ally, in near-surface areas (1-2 m depth) we can observe an over-
shooting of the values down to —5 mrad. 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 regulariza-
tion, as discussed by Binley and Slater (2020).

The inversion results computed for configuration D reveal an accu-
rate delineation of the position of the polarizable anomaly as well as in
the recovered value. However, the geometry of the anomaly is not as
accurately resolved as with configuration C, particularly in the center of
the electrodes close to the surface. To improve the resolution in the
central area of the concentric circles, we added more quadrupoles 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 ¢ values in the IP anomaly (50% versus 60%), but the
shape of the anomaly is not significantly improved. Alternatively,
placing two electrodes used as a current or potential dipole in the center
of the electrode array could improve the sensitivity.

3.2. Recovering the frequency-dependence — SIP imaging results

Several studies have shown that collecting SIP 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 geochemical status (e.g.,
Flores Orozco et al., 2011, 2022; Kemna et al., 2012). 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 may help delineate paths for groundwater flow and
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storage. Such information is critical in landfills to predict areas with
high production of landfill gas or with possible leakage of leachate to
groundwater below the landfill. In this regard, it is important to un-
derstand the impact of 2D and 3D investigations in the quality of the
resolved frequency-dependence of the complex conductivity.

In Fig. 4, we present the resulting spectra and the Cole Cole fit of the
SIP (0.1-240 Hz) inverse models, which were based on numerically
simulated data, for configuration B (2D configuration) and configuration
C (3D configuration) (see Fig. 4a and b). We extracted voxel 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. Both
zones are in region 3 of the synthetic model (c.f., Fig. 1). Additionally,
we estimated the relaxation parameters of the SIP inverse models of Z1
and Z2 for configuration B and C and compared them with the true
predefined relaxation parameters.

Fig. 4a and 4b demonstrate that 3D configurations (in this case
configuration C) provide a higher reconstruction quality than 2D con-
figurations (i.e., configuration B) regarding both the spatial variations in
the electrical properties as well as their frequency-dependence. Like-
wise, NRMSE values between the resolved and corresponding Cole Cole
fitted |o*| (Fig. 4c, i) and ¢ (Fig. 4c, ii) are lower for configuration C than
for configuration B. Moreover, in the case of configuration B the de-
viations are higher for areas between the electrode lines (Z1), where also
the single-frequency analysis demonstrated a vulnerability to the

a) Spectra conductivity magnitude
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creation of artifacts. This is clearly associated to the lack of sensitivity in
our measurements to the areas between the 2D lines, which also reflects
in larger uncertainties for the data inverted (independently) at different
frequencies. A poor retrieval of the frequency-dependence results in
incorrect estimation of relaxation parameters (e.g., fitting incorrectly
Cole Cole models) and, thus, the incorrect estimation of textural or
hydrogeological properties (e.g., Revil et al., 2017; Binley et al., 2005).

As observed in Fig. 4c, due to the higher reconstruction quality of
spectra by 3D configurations, the resolved relaxation time 7 (iii) and the
chargeability M (iv) can be estimated more accurately with configura-
tion C than with configuration B with lower absolute differences be-
tween the estimated and the true relaxation parameters. Additionally,
Fig. 4 reveals that the difference in the reconstruction quality between
2D and 3D configurations is lower for 7 than for M. Such an 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 sensitivity while the reconstruction quality of 7 is not
dominated by the sensitivity. Thus, the application of 3D configurations
over 2D configurations is particularly important for the estimation of the
chargeability, which in turn is key for a quantitative interpretation of
waste composition (see Flores-Orozco et al., 2020) and water content
(see Steiner et al., 2022).To enhance the consistency in the imaging
results for SIP data inverted at different frequencies, we decided to use
the same initial model to start the inversion. In this case, we used as an

b) Spectra conductivity phase
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Fig. 4. Analysis of the retrieved Cole Cole parameters (r and M) in the synthetic (numeric) SIP study obtained for configuration B (red symbols) and C (blue symbols).
The complex conductivity spectra for the real and inverted data are presented in terms of the conductivity (a) and phase (b) for the real values and those extracted
from the inversion of the data in two voxels of two zones: Z1 and Z2 (d). Zone 1 (Z1) corresponds to model parameters in the center of the volume of investigation (x
= 48 m, y = £3 m, 2 = 193-197 m), while zone 2 (Z2) corresponds to the area below electrodes of configuration B (x = £8 m, y = 4.5-5.5 m, 2 = 193-197 m).
Subplots in (c) present the observed discrepancy between the real values of 7 and M and those obtained after fitting a Cole Cole model to the inversion results
obtained for configuration B and C. Such discrepancy is quantified by means of the NRMSE (subplots i, ii, v, vi) and the absolute difference A (subplots iii, iv, vii, viii).
We conduct the analysis of the discrepancy in the retrieved Cole Cole parameters for inversions results obtained using a homogeneous (subplots on the left of Fig. 4d)

and a heterogeneous (subplots on the right of Fig. 4d) initial model.
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initial model those results obtained for the lowest frequency collected (i.
e., synthetically simulated). We decided upon the lowest frequency, as
field measurements conducted at low frequencies <1 Hz are less affected
by electromagnetic (EM) coupling (see Flores Orozco et al., 2021).
Synthetic studies provide a useful means of evaluating the improvement
in the inversion of SIP data by using the same heterogeneous initial
model, in comparison to using a homogeneous model. In this regard,
subplots (v-vi) show that using the same heterogeneous initial model
results in lowering the error values (NRMSE) between the extracted
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voxel values and those fitted to the inversion results. The use of a het-
erogeneous initial model improves the results for both configurations A
and C, particularly in the case of the |6*| (v). Considering that the |¢*|
and ¢ values are better resolved, the use of a heterogeneous model to
start the inversion of SIP data also allows a more accurate estimation of
the relaxation parameters 7 (vii) and M (viii) with median absolute de-
viations between estimated and true parameters closer to zero than in
the case of a homogeneous initial model.

Phase ¢ (mrad)

4.5m
Bottom of
waste unit
0 15 30 45 60

Phase ¢ (mrad)

Circles

Fig. 5. Imaging results for data collected at the Heferlbach landfill. Horizontal slices (a) of the inversion results for 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. The bottom of the waste unit (according to Flores-Orozco et al., 2020) is indicated by the 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. Additionally, the 3D volumes of the high conductivity phase anomaly (¢ > 30 mrads) are presented for configuration C (left) and D

(right) obtained at 1 Hz (b). Black dots represent the electrodes positions.
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3.3. Evaluating the spatial resolution of 3D measurements at the MSW
landfill Heferlbach — Imaging results for data collected at 1 Hz

The imaging results (in terms of |¢*| and @) at 1 Hz are presented in
Fig. 5a 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. The inversion
results of configuration A reveal a high |¢*| and ¢ anomaly at a depth of
1 to 4 m along both lines and between the lines related to a MSW waste
unit (see Flores-Orozco et al., 2020). Similar to the results of the syn-
thetic experiment, in near surface areas (0.5 m) between both electrode
lines, the |o*| and ¢ values differ dramatically from the values along the
electrode lines, which clearly evidence the creation of artifacts due to a
lack of sensitivity. Artifacts between the lines can lead to an incorrect
interpreted geometry of the anomaly and thus, to a misleading estima-
tion of the waste volume. Such observations are in agreement with re-
sistivity studies from Dahlin et al. (2002) and resistivity and TDIP
studies from Chambers et al. (2002). Additionally, this study 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, albeit qualitatively, by Chambers et al. (2002).

The results of configuration C collected with different electrode
separations (3 m, 2 m and 1 m) presented in Fig. 5a allow to investigate
the effect of electrode spacing on the depths of investigation and the
maximum resolution for the specific 3D configuration. An electrode
spacing of 2 m allows to solve both the upper and lower boundary of the
waste unit, which are in a depth of 0.5-1 m and 4.5-5 m respectively, as
observed during the collection of samples (see Flores-Orozco et al., 2020
and references therein). As expected, deeper areas can be investigated
by the 3 m electrode separation allowing to resolve the lower boundary
of the landfill at a depth of ca. 4.5-5 m. However, for the 3 m electrode
spacing, the upper boundary of the landfill is not resolved; hence for 3 m
spacing the depth of investigation is >4.5 m and the maximum resolu-
tion is >1 m. In contrast, imaging results for data collected with 1 m
electrode spacing resolve the soil and CDW near to the surface and on
the top of the MSW and the boundary to the MSW waste unit within the
shallow 2 m depth. Clearly, the data with 1 m electrode spacing are not
sensitive to the bottom of the landfill; hence the depth of investigation is
<4.5 m and the maximum resolution is <1 m. Based on these observa-
tions we propose to use the following rules of thumb to roughly deter-
mine the depth of investigation (DOI) and the maximum resolution of
the 3D grid array tested: the DOI corresponds to 1/3 of the maximum
separation between the current and voltage dipoles dists; while the
maximum resolution of the configuration can be estimated by 1/2 of the
electrode spacing spaceec.

1
DOI = gmax(distdi,,) 6)

7

1
Resolution = 3 SpaCelec

Further studies should consider the extension of the proposed
experimental model in Equation (6) and (7) to include changes in the
conductivity.

Accordingly, Fig. 5a reveals that only configuration C with an elec-
trode 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 elec-
trode spacing of 2 m. The inverted data for configuration C delineate two
anomalies characterized by the highest |6*| and ¢ values (values above
100 mS/m and 30 mrad, respectively). As discussed in detail by Flores-
Orozco et al. (2020), these anomalies indicate biogeochemically active
zones, associated to the highest methanogenesis in the landfill.

The results of configuration D, presented in Fig. 5a, show the
delineation of both the upper and lower boundary of the landfill. Even
though the location of the two anomalies is similar to the results of
configuration C, the shape of the anomaly is different. Such
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discrepancies are likely related to the lack of sensitivity in the center of
configuration D as observed in the synthetic study.

In Fig. 5b, we show the ¢ 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. 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. 5a demonstrates that
configuration A is only able to correctly solve the subsurface electrical
properties directly below the electrode lines (2D) but not in the volume
between the lines (3D).

A key message from this study is the need to perform sensitivity
analysis based on numerical experiments prior to carrying out field 3D
SIP surveys, to warranty an optimal configuration of electrodes and
measurements for the desired depth of investigation and expected main
units of the area under investigation. As the synthetic modeling
demonstrated, the use of circular arrays does not significantly improve
the results in comparison to the grid array, yet the field procedures to set
the electrodes in a circular array are more complicated and time-
consuming. Additionally, as discussed above, changing the size of
configuration C provides clear advantages, as it permits to easily in-
crease 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 mesh 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. Hence, for further investigations we recommend the use of a
3D grid array, such as configuration C.

Our study demonstrates the advantages of using true 3D configura-
tions over 2D configurations for numerical as well as for real data.
However, applying real 3D configurations on the field can be chal-
lenging for example in steep terrain considering the extra effort required
at the field scale to define the position of the electrodes, to lay out the
cables, connect the electrodes and the device and the higher data
acquisition time (see building and data acquisition time for different
configurations in Table A1l in the supplementary material). The use of
circular configurations is still more challenging as the position of the
electrodes cannot be easily defined with measuring tapes. Moreover,
mapping of extensive areas may still benefit from simple 2D lines that
can be easily relocated at a different position. Nonetheless, for the case
of IP measurements, data quality is improved, especially at high fre-
quencies (>1 Hz), when current dipoles are located in a different cable
than the one used for voltage readings to minimize cross-talk and other
sources of EM coupling (Dahlin and Zhou, Flores Orozco et al., 2021).
Hence, 3D mesh configurations, as presented here, offer a great oppor-
tunity to gain real 3D data and simultaneously reduce EM coupling
quality of the SIP data.

3.4. Resolving the frequency-dependence in 3D SIP imaging results for the
MSW landfill Heferlbach

In Fig. 6, we present the results of ¢ for the frequencies 1, 15 and 75
Hz for 2D and 3D configurations (A and C, respectively) in the Heferl-
bach landfill. Images of the |6*| reveal a minimal change for data
collected at different frequencies and are in general similar to those
presented in Fig. 5a and therefore not presented for the sake of brevity.
In contrast, Fig. 6 reveals a significant frequency-dependence in the ¢
images, which can be further exploited to understand changes in waste
composition, for example. For both configurations, ¢ values decrease
from 1 to 15 Hz and increase for higher frequencies (i.e., at 75 Hz).
Configuration C resolves a consistent distribution of polarizable anom-
alies at different frequencies with a high resolution, while configuration
A is not able to resolve the anomalies with the same level of detail,
particularly for the areas between the electrode lines. The polarization at
low frequencies (e.g., 1 Hz and below) is most likely related to the
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Fig. 6. Heferlbach landfill conductivity phase angle inversion results for SIP data collected at frequencies 1, 15 and 75 Hz, using configuration A (first line) and C

(second line). Black dots represent the electrodes positions.

presence of TOC, as also observed for measurements in peatlands with
high TOC (Katona et al., 2021). The increase at 75 Hz is likely due to the
polarization of the fine materials that migrate together with leachates
and accumulate at the bottom of the landfill (e.g., Biicker et al., 2019).
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 have been linked to TOC supporting our interpreta-
tion on the different polarization mechanisms underlying the response at

a) Position 1 b) Position 2

1 and 75 Hz. In this regard, 3D SIP might permit a better discrimination
of polarizable anomalies due to biogeochemically active zones — asso-
ciated to low frequencies (<10 Hz) — and fine-grained soil/waste with
low TOC - related to a polarizable anomaly at high frequencies (>15
Hz).

Relaxation parameters can give further information about waste
composition (see Gazoty et al., 2012). However, a quantitative estima-
tion of relaxation parameters requires to resolve for the frequency-

c) Position 3 d) Positions of

interest
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Fig. 7. Conductivity magnitude (first row) and phase (second row) spectra (frequency range: 1-240 Hz) of the SIP inversion result for data collected at the
Heferlbach landfill. Red symbols represent the results of configuration A, while blue symbols represent results of configuration C. The map (d) shows the position of
the voxel values extracted with respect of the electrodes. Positions 1 and 2 are in a depth of 1 m below the ground level, while the depth of position 3 is 3 m.
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dependence in the polarization effect at a broad frequency bandwidth.
This might be particularly challenging for field scale surveys considering
that different sources of error might distort the quality of the SIP data at
high frequencies (>1 Hz) due to EM coupling adding further un-
certainties in our inversion results (see Flores Orozco et al., 2018, 2021).
To consider the influence of such error sources in the frequency-
dependence of SIP surveys, we present in Fig. 7 voxel values extracted
from the SIP inversion results (independently inverted with a hetero-
geneous starting model corresponding to the 0.5 Hz resistivity inverse
model) of the Heferlbach landfill, in terms of and ¢. 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.

Fig. 7 shows large differences in the complex conductivity spectra
(given in terms of the |6*| and ¢) between configuration A and C,
revealing a clear frequency-dependence in the ¢. For configuration A, ¢
spectra are relatively similar in all positions with one peak at the low
frequencies (<0.5 Hz) and a second peak at the high frequencies (>240
Hz) revealing a lack in resolution of the heterogeneous electrical prop-
erties in the Heferlbach landfill. In contrast, spectra of configuration C
show stronger spatial changes with peaks at different frequencies
revealing that the frequency-dependence for real measurements might
not be easily explained by a single Cole Cole model, as also discussed by
Nordsiek and Weller (2008). At the field scale, we record responses of
different materials with varying frequency-dependence, resulting in the
superposition of more than one relaxation model (i.e., we require more
than one Cole Cole model to describe our data). Additionally, distortions
are evidenced in the recovered frequency-dependence of the ¢ related to
the data quality at the Heferlbach site, which makes the estimation of
relaxation parameters challenging. Further investigations are needed to
enhance the quality of the SIP data at high frequencies and better
recover the frequency-dependence of the electrical properties. For
instance, SIP data collected with coaxial cables in MSW landfills need to
be further investigated, aiming at reducing EM coupling associated to
the cross-talk between the cables or inductive coupling effects. None-
theless, our results demonstrate that the use of adequate 3D configura-
tions is key to properly resolve for the spatial changes in the electrical
properties.
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3.5. The frequency-dependence and geometrical changes in 3D SIP
imaging results for the CDW landfill Kappern

Building on the results discussed above, we only present SIP mea-
surements in the Kappern landfill using configuration C with an elec-
trode spacing of 5 m. The electrode separation was defined, as existing
information of the landfill reports a thickness in the waste unit of ca. 10
m (although there is no information available about the waste compo-
sition). Fig. 8 shows the imaging results in terms of |¢*| and ¢ of the
complex conductivity. The |6*| results are only presented for 1 Hz
because data collected (and inversions) at different frequencies reveal a
minimal change; whereas ¢ images reveal a clear frequency-dependence
and are therefore presented for 1, 15 and 75 Hz. The 1 Hz inverse model
reveals an area of low |o*| (log1o |6*| < 1.05 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 associated with CDW waste mainly con-
sisting of coarse-grained materials such as concrete, bricks and other
masonry material (Austrian Environmental Agency, 2002). Underneath
the waste unit, |¢*| increases (log1o |¢*| > 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 in the magnitude can
be related to leachate migration (associated to high salinity and thus
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 ground truth information is available about
the landfill for this area, hindering the conclusive interpretation of the
results. In the waste unit, the ¢ response (¢ < 7.5 mrad) is low for all
frequencies investigated, and values are clearly lower to the MSW from
the Heferlbach landfill discussed above. Hence, we can interpret that the
area under study at the Kappern landfill is related to CDW, which is
similar to the weak polarization of gravels and coarse materials (asso-
ciated to low surface charge and area) in the frequency range between 1
and 75 Hz. The layer below characterized by higher ¢ 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
commonly shows a stronger polarization at high frequencies (75 Hz)
(see Flores Orozco et al., 2022; Zisser et al., 2010). We note here that
data above 15 Hz revealed larger data error (likely related to EM

|0.«,':

1 Hz Phase ¢ (mrad)

7.5 15.0 225
Phase ¢ (mrad)

30.0

Fig. 8. Horizontal slices of the Kappern landfill inversion results of configuration C in terms of the conductivity magnitude (a) at 1 Hz and phase (b to d) at 1, 15 and

75 Hz. Black dots represent the electrodes positions.
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coupling), especially for deep measurements, i.e., those with large sep-
arations between current and potential dipoles, associated to the lower
signal-to-noise ratios (see Flores Orozco et al., 2018 for a discussion).
Hence, imaging results above 15 Hz might be affected by a higher error
than those at lower frequencies. Further SIP measurements should
consider the use of coaxial cables to improve data quality at high fre-
quencies as well as the deployment of larger electrode spacings.

3.6. Applying 3D configurations for spectral induced polarization
investigations in landfills

Synthetic experiments of the spectral induced polarization method
demonstrated that 3D configurations provide better results than 2D
configurations at the spatial scale and for the frequency-dependence as
they provide more accurate volume estimations of polarizable anoma-
lies and more stable spectra of the frequency-dependence of the complex
conductivity. Both, the spatial and spectral reconstruction quality are
essential for investigations in landfills, where (1) the volume of waste
units and (2) the waste type are primary fields of interest.

In landfills, waste units, which can be separated from the sur-
rounding material by different electrical properties, are often highly
heterogeneously distributed. Thus, the delineation of the geometry of
waste units requires high resolution and high accuracy in all three di-
mensions. Field results of one MSW and one CDW landfill showed that
such accuracy cannot be provided by 2D configurations leading to an
incorrect quantification of the waste volumes related to the anomalies,
as revealed in our synthetic experiment (c.f., Fig. 3). Using dipoles of
different orientations, which were used in configuration C and D, allows
high resolution of heterogeneous subsurface electrical conditions. Even
closely spaced 2D electrode lines (separation between electrode lines
smaller than the inline electrode separation) cannot provide the elec-
trical properties of the subsurface in the same detail as real 3D config-
urations because of the single orientation in 2D measurements.
Additionally, the field effort to build several closely spaced 2D electrode
lines would exceed the field effort of building a real 3D configuration.
Such observation is similar to the conclusions of Chambers et al. (2002)
for resistivity surveys, who recommended to use not only data along
parallel electrode lines with only one dipole orientation to create 3D
resistivity models for heterogeneous subsurface electrical properties.
Heterogeneous subsurface electrical conditions at the Heferlbach site
are related to changes in waste composition, with high polarizable
anomalies likely related to areas with high organic carbon and water
content (Flores-Orozco et al., 2020), ideal conditions for the production
of landfill gas. Although not investigated here, time-lapse 3D SIP mea-
surements can also be used to evaluate the preferential flow paths for
water within the landfill and to predict potential methane emissions.

Only a few commercial instruments are able to collect SIP data and
the processing of such data requires larger efforts due to larger data sets
(i.e., measurements for each frequency). Moreover, SIP measurements
require careful field procedures to minimize EM coupling (Flores Orozco
et al., 2021; Maierhofer et al., 2022). Nonetheless, the polarization
response clearly provides further information for an adequate identifi-
cation of waste composition, which can also be gained by means of time-
domain or single-frequency IP data (Gazoty et al., 2012; Dahlin et al.,
2010; Flores-Orozco et al., 2020). However, the reconstruction qualities
of different 2D and 3D configurations presented in this study are not
only valid for SIP surveys but also for time-domain and single-frequency
IP surveys. Additionally, using single-frequency IP in landfill in-
vestigations can be misleading because the polarization of different
waste materials can act at different frequencies related to different po-
larization mechanisms, as evidenced in the Heferlbach and Kappern
landfills. Measurements collected at a single-frequency, or within a
narrow frequency-bandwidth, may fail to retrieve the frequency at
which the waste provides a strong response. Accordingly, the frequency-
dependence of electrical properties can be used to discriminate between
different waste types with different relaxation times, for instance
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between metal deposits and organic material (Gazoty et al., 2012).
Additionally, SIP results may permit the use of existing petrophysical
relationships to quantify hydrogeological and textural properties, thus,
allowing a quantitative interpretation of the SIP imaging results. Besides
the collection of data in a broad frequency-bandwidth, the calculation of
accurate relaxation parameters requires of stable inversion results for
data collected at different frequencies. As evidenced by the synthetic
experiments described above, the collection of data with real 3D con-
figurations results in less noisy spectra which improves the reconstruc-
tion of the frequency-dependence of the complex conductivity, in
particular of the chargeability parameter. Moreover, the use of the 3D
inverted model at the lowest frequency results in improved consistency
of the inversion results at different frequencies, as also demonstrated in
our synthetic investigation. Hence, 3D configurations are critical on the
field scale not only for the estimation of waste volume but also for the
application of petrophysical models derived in the laboratory to deter-
mine the waste composition and to quantify textural, hydrogeological or
biogeochemical properties of the subsurface.

4. Conclusions

In this study, we investigated the resolving capabilities of four
different electrode configurations for 3D SIP surveys. In particular, we
compared the reconstruction quality of several parallel 2D profiles
inverted within a 3D algorithm and real 3D configurations with dipoles
varying within rectangular and circular grids. Our investigations were
based on the analysis of imaging results obtained in numerical and field
SIP data sets.

Our numerical experiment demonstrates that configurations con-
sisting of parallel 2D electrode lines with inline measurements were able
to resolve the polarizable 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 polarizable anomaly in the whole area of investi-
gation; whereas a circular array with electrodes set in four concentric
circles was not able to accurately resolve the geometry of the polarizable
anomaly. The same conclusion can be achieved from measurements
collected at the two landfills under investigation here. Real 3D config-
urations were able to delineate the 3D geometry of polarizable anoma-
lies, which are related to changes in landfill geometry and waste
composition and permit to estimate waste volumes accurately. However,
the use of circular arrays reveals artifacts close to the surface. The use of
electrodes placed on a 3D rectangular mesh also permits to easily change
electrode spacing to gain information about different area and depth of
investigation.

Our results demonstrate that 3D configurations provide more stable
spectra (i.e., can better resolve the frequency-dependence) of the com-
plex conductivity than 2D configurations. Spectra of 2D configurations
are particularly noisy in areas between the electrode lines. Thus,
relaxation parameters describing the frequency-dependence of the
complex conductivity can be estimated more accurately by 3D config-
urations, which is essential to discriminate between different waste
types in landfills.
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