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SUMMARY

Spectral induced polarization (SIP) and electrical impedance tomography (EIT) are advanced
approaches for structural characterisation of soils and rocks based on measurements of the
frequency-dependent complex electrical resistivity. Accurate SIP and EIT measurements re-
quire the reduction of electrode effects, which have often been attributed to the polarization of
metal electrodes in the current pathway. In this study, we demonstrate an alternative electrode
effect that influences the accuracy of complex impedance measurements. This alternative elec-
trode effect is caused by a heterogeneous distribution of the contact impedance, which can
occur due to ageing or corrosion of the electrode. First, theoretical considerations are given
to explain how this electrode effect influences the accuracy of complex impedance measure-
ments. Next, we demonstrate using SIP and EIT measurements that this alternative mechanism
better explains the observed electrode effects than previous explanations based only on the
presence of metal. The SIP measurements were made on a water-filled container with a metal
sphere between two non-polarizing electrodes, which showed that the mere presence of metal
in the current pathway only leads to small electrode effects that are typically well below 1
mrad even for small electrode spacings. When the same metal sphere was used as a potential
electrode, the observed electrode effect was about 2.5 times larger and varied with rotation.
These changes can be explained by a heterogeneous contact impedance resulting in a varying
electrode voltage. The EIT measurements were performed with a cylindrical sample holder
filled with water. They are used to illustrate how the presented theoretical considerations can
be used to investigate the magnitude of the electrode effects for different electrode configura-
tions. We conclude that electrode effects are important to consider for laboratory SIP and EIT
measurements and field measurement with closely spaced electrodes.

Key words: Electrical properties; Electrical resistivity tomography (ERT); Image processing;
Numerical approximations and analysis; Hydrogeophysics.

1 INTRODUCTION

Complex electrical resistivity measurements in the mHz to kHz
frequency range are of increasing interest in hydrogeology, con-
taminant hydrology, and agricultural engineering (e.g. Kemna et al.
2012; Revil etal. 2012, 2020; Binley et al. 2016). The real part of the
complex electrical resistivity of porous media is determined by ionic
conduction in the water-filled pore space. In the absence of metal,
the imaginary part of the complex electrical resistivity is determined
by polarization processes associated with the electrical double layer
at the interface between the solid matrix and the pore fluid (e.g.
Leroy et al. 2008). In the past decade, complex resistivity mea-
surements were shown to be useful in a wide range of applications,
including the characterization and monitoring of contaminated sites

(e.g. Flores Orozco et al. 2012; Wainwright et al. 2016), monitor-
ing and laboratory-scale work of geochemical changes associated
with CO, injection (e.g. Doetsch et al. 2015; Borner et al. 2017) as
well as biogeochemical processes (e.g. Mellage et al. 2018; Zhang
& Furman 2022), and the functional characterization of crop root
systems (e.g. Weigand & Kemna 2019) amongst other applications.

Different measurement strategies are available to obtain the com-
plex electrical resistivity of soils, sediments and rocks. In the case
of time-domain induced polarization measurements, a current is in-
jected into the subsurface using two electrodes, and the resulting
voltage decay after shutting of the current is measured at two other
electrodes. This approach has been used in laboratory investiga-
tions (e.g. Titov et al. 2002, 2004), and is widely used for induced
polarization measurements in the field (e.g. Doetsch et al. 2015;
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Olsson et al. 2016; Wainwright et al. 2016; Levy et al. 2022). In
frequency-domain induced polarization measurements, a series of
sinusoidal excitation signals with a given frequency are injected,
and the amplitude and phase of the resulting voltages are measured.
Most laboratory studies rely on frequency-domain measurements in
the mHz to kHz frequency range and are then commonly referred
to as spectral induced polarization (SIP) measurements (e.g. Bin-
ley et al. 2005; Leroy et al. 2008; Schmutz et al. 2010; Revil &
Florsch 2010; Schwartz & Furman 2012; Izumoto et al. 2020,to
name just a few examples). Field systems for frequency-domain IP
measurements have also been used, and we call this spectral electri-
cal impedance tomography (SEIT) measurements (e.g. Kemna et al.
2000; Flores Orozco et al. 2011, 2012; Kelter et al. 2018). Indepen-
dent of the measurement strategy, a high measurement accuracy is
required because of the low polarizability of subsurface materials
(in the absence of electronically conductive minerals) with typi-
cal phase shift values between 0.1 and 20 mrad only (e.g. Binley
et al. 2005; Scott & Barker 2005). In the following, we will focus
on frequency-domain measurements, but the presented results and
implications equally apply to time-domain measurements given the
fundamental equivalence between the time and frequency domain.

An important prerequisite for accurate SIP and EIT measure-
ments is that metal electrodes should be moved out of the current
path to avoid electrode effects (see e.g. Vinegar & Waxman 1984).
This has been well recognized in many laboratory SIP measurement
set-ups that have relied on the use of non-polarizing electrodes for
voltage measurements (e.g. Ulrich & Slater 2004; Breede et al.
2011). Kelter et al. (2018) compared metal and non-polarizing elec-
trodes for surface EIT measurements, and found that non-polarizing
electrodes provided more consistent complex impedance measure-
ments. Although it has been argued that the main reason for using
non-polarizing electrodes is to avoid metal in the current pathway,
there is little evidence to support this. Considering previous work
on the electrical polarization of metal in porous media (Wong 1979;
Bocker et al. 2018; Gurin et al. 2019), it seems unlikely that the
small volume fraction of metal associated with the electrodes can
have a substantial effect on the measured complex electrical resis-
tivity.

In this study, we introduce an alternative mechanism for elec-
trode effects that is associated with a heterogeneous distribution of
the contact impedance at the potential electrode surface. For typical
measurements, it must be assumed that the surface of the electrode
changes with time. This change is caused, for example, by corrosion
of non-noble metals (Jottner & Lorenz 1989). It has also been ob-
served for electrodes made of noble metals if current flows through
the electrode (Doering et al. 2022). In typical EIT measurements,
effects of both passive corrosion and ageing due to current flow can
occur if the potential electrodes are also used for current injection.
The effect causes not only a deterioration of the surface structure,
but also the deterioration of the homogeneity of the surface. We
argue that the importance of heterogeneous contact impedances has
previously not been properly recognized. The remainder of the paper
is organized as follows. We will first present our theoretical consid-
erations about the effect of heterogeneous contact impedances of
potential electrodes on the accuracy of complex impedance mea-
surements. Next, we will provide experimental evidence that the
mere presence of metal in the current pathway only leads to small
phase measurement errors that are typically well below 1 mrad,
but that heterogeneous contact impedances of potential electrodes
may lead to more substantial errors. The impact of heterogeneous
contact impedances of potential electrodes on electrical imaging
results and strategies to reduce this electrode effect will also be

Effect of heterogeneous contact impedances 1235

| E |
— —— —p
Column
Electrode

Figure 1. Model for calculating the magnitude and phase error for a mea-
surement with an electrode with heterogeneous contact impedance. The
heterogeneous contact between the electrode and sample is described with
a simple model for corrosion processes (shown in inset).

discussed. We conclude with a discussion of the implications of this
new type of electrode effect for accurate laboratory SIP and field
EIT measurements.

2 MODEL CONSIDERATIONS FOR
HETEROGENEOUS ELECTRODE
SURFACES

Consider a metal potential electrode inserted into a potential field.
The electrode potential is measured with a high impedance volt-
meter that avoids current flow from the electrode to the voltmeter.
In these conditions, the potential inside the electrode adjusts itself
such that the sum of the currents flowing through the surface is
zero. Because of the very high electrical conductivity of metal, the
electric potential is the same everywhere inside this metal elec-
trode. However, different electric potentials may be present at the
surface of potential electrodes because of the presence of a contact
impedance layer. Therefore, the potential inside the electrode (i.e.
the measured potential) depends on the electrode geometry, the po-
tential field distribution around the electrode and the distribution of
contact impedances at the electrode surface.

The contact impedance, which describes the electrical transition
from ionic conduction to electronic conduction at the electrode
surface, is known to cause a frequency-dependent phase shift (Bar-
soukov & MacDonald 2005). The electrode surface with contact
impedances can be represented by a distributed electrical network
with frequency-dependent impedances. These frequency-dependent
impedances will cause a change of the potential inside the electrode
and frequency-dependent amplitude and phase changes in the mea-
sured impedance spectrum. In practice, it must be assumed that
the electrode surface changes with time and likely becomes more
heterogeneous (e.g. due to corrosion), which in turn will lead to
increasingly larger phase shifts.

To model the electrode effect associated with heterogeneous con-
tact impedances, the simple 1-D model presented in Fig. 1 will be
used. The electrode consists of a heterogeneous contact layer a and
a solid electrode metal b. At this point, only one potential elec-
trode is considered to explain the effect of heterogeneous contact
impedances. In a next step, the considerations are extended to typi-
cal SIP and EIT measurements that rely on two potential electrodes.
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In this model, the current / is injected at both ends of the sample,
which results in a constant electric field £, and a position-dependent
voltage

U(x,xM)=/ E.(s)ds, (1)
M

between the reference point x,, and the variable position x. If it is
assumed that the electric field is parallel to the electrode surface,
the calculation of the voltage can be simplified to

Ulx,xy) =x —xy)E,. (2)

In the ideal case of homogeneous contact impedances, the voltage
Uy between the contacts M and N is the nominal voltage

Uc = (xy —xm)Ex, 3)

where xy = (x; + x,)/2 is the middle of electrode N. This nominal
voltage Uc can also be used as a reference to calculate the position-
dependent voltage
U, xu) = U )
XN — XM
It is important to note that the deformation of the electrical field E,
due to the presence of the electrode is not considered in this model.
To model the frequency-dependent impedances of the hetero-
geneous contact layer, a simple model for corrosion processes is
used (Jottner & Lorenz 1989). The model corresponds to the well-
known Randles circuit model (Randles 1947) in which the Warburg
impedance is neglected. The components of this equivalent circuit
model Zg in Fig. 1 are the resistance R;, which represents the ohmic
electrolyte resistance (respectively the impedance of the soil), the
resistance R,, which represents the charge-transfer processes and
the capacitance C;, which is the capacitance of the electrical double
layer at the electrode interface. To simulate a scenario where the
effect of an heterogeneous electrode surface has a strong impact,
it is assumed that the impedance values of the contact layer have
their minimum and maximum on opposite sides x; and x, of the
electrode. It is further assumed that the inverse of R,(x) [i.e. G2(x)]
changes linearly between these two points,

X — X

Gz(x) = GZ,min + (GZ,max - GZ,min) (5)

1
B Ry(x) Xy —xp

where G, min and Gy, max are the minimum and maximum values of
G, at the electrode sides x; and x,. The specific quantity R, C; and
G, (x) are now used to calculate the position-dependent admittivity

1 1

Yi(x, ) = (6)

1 —
Ri+ gegmre 2~ 0

(with the unit Sm™") of the contact layer a where f'is the measure-
ment frequency. With this admittivity, the current density (with the
unit Am~") across layer @ can be calculated using

J(x) = (U(x, x) = Unn (DY (x, /). ()

In the case that no electrical current flows across contact N in Fig. 1,
the integral value of J(x) is zero,

/sz(x) dx =0, ®)

and the voltage between the electrode contacts A/ and N can be
calculated with

/XXIZU(x, xu)Yp(x, f)dx
[ Ve, fdx

Uun(f) = )
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Figure 2. Calculated magnitude and phase spectra of the simulated voltage
Uy corresponding to the model in Fig. 1 using xps = 0 cm, x; = 9.5 cm,
x2 = 10.5 cm, Uc = 1.00 V, Ry = [100, 3000, 100 000] €2, marked with 1,
2, 3 in the figure legend, G2, min = 0, G2, max = 1/(1000 ) and C; = 10
x 107® E. The simulations marked with (a) in the figure legend correspond
to an increasing conductance G, in x-direction and the simulations marked
with (b) correspond with a decreasing conductance G.

For the case of a homogeneous contact impedance where Y (x, f)
is independent of x, eq. (9) simplifies to

U (x, xy)dx
Uny = fy V@m0 dx Ue. (10)

X2
. dx

In this case, the predicted amplitude and phase are not frequency
dependent.

To illustrate the proposed model, the voltage Uy (f) was calcu-
lated as a function of frequency for an electrode diameter of 1 cm,
a separation between M and N of 10 cm (i.e. x)y = 0 cm, x; =
9.5 cm, x; = 10.5 cm) and a nominal voltage U = 1.0 V. For the
parametrization of R, G, and C,, we assume an electrode area of
1 cm?. The resistance R, is calculated for a soil cube with a resistiv-
ity of 100 Qm, a length of 1 cm and an area of 1 cm?. This results
in a resistance of 10 k<2 for this cube. To investigate the effect of R,
for a larger range of resistivity and effective lengths of the cube, we
use R; values of 100, 3000 and 100 000 2. The values for G, and C,
are taken from (Jottner & Lorenz 1989) for corroding iron, which
are in the mS cm~2 and uF cm™2 range. It is assumed that C, does
not change quickly due to the corrosion and is therefore assumed
to be location-independent in the model. The heterogeneity of the
contact impedance due to corrosion is therefore only described by
the resistance G,. We used G2, min = 0, G2, max = 1/(1000 €2) and C|
=10e-6 F.

Two cases were considered where the conductance G, either
increased or decreased linearly from x; to x, (Fig. 2). It was found
that the magnitude of U,y decreases or increases with frequency
depending on whether the conductance G, increases or decreases
from position x, to x;. In the low frequency range f,i,, the magnitude
of Uy varied between 0.984 and 1.016 V. The largest difference
between the two cases was obtained for small R, value. In the
high frequency range fi.x, the variation of the voltage was small as
expected, because the capacitance was assumed to be independent
of position and its admittance is much larger than the conductance
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G,. The relative magnitude variation

Fy = |M| (11)
U(fimax)

between low and high frequencies are 'y = 1.6, 1.0 and 0.16 per cent

for Ry = 100, 3000 and 100 000 €2.

This synthetic example clearly shows the effects of a hetero-
geneous contact impedance when a voltage is applied along the
electrode surface. In this example, only R, was varied as a function
of x. However, it is also possible that C, varies as a function of x,
which would lead to additional effects of the heterogeneous contact
impedances.

To estimate the maximum error of this electrode effect, the max-
imum voltage variation is calculated, which must lie between the
voltages U(x1, x)s) and U(x,, X)) at the two sides of the electrode N.
This maximum voltage variation is affected only by the geometry
of the electrode N and the electrical field E, at the electrode, and
can be calculated as

Upmax, v = U(x2, xpy) — Ulxy, xar) = (x2 — x1) Ex
Uc
= (0 —x) ——— (12)
XN — Xpm

using eq. (3) and (4) where the electrical field can be calculated
from the nominal voltage U and the geometry of the sample for
this simple setup. To obtain the relative magnitude variation, eq. (12)
is normalized by the voltage Uc:
Xy — X1

| =| | (13)

UC XN — Xum

U Vmax, N

FVmax.N = |

So far, a single electrode has been analysed. However, SIP and
EIT measurements are typically made between two electrodes. The
maximum voltage variation of the second electrode can be obtained
using

UVmax.M = U(xé»xN) - U(X{! XN) = (Xé - xi)EX
Uc

s
XN — XM

= (x; —x}) (14)
where x| and x} are the left and right boundaries of the second elec-
trode. To estimate the maximum voltage variation for measurements
between two potential electrodes with similar type of construction,
the root square sum of the voltage variation Upmax, v and Upimax, i Of
the electrodes N and M is calculated:

UVmax = UI%'max,N + Ulz/max.M (15)

Here, it is assumed that the individual voltages variations at the elec-
trodes are statistically independent of each other. This is plausible
given that the generation of identical distributions of heterogeneous
contact impedances at the surface of two electrodes by an external
process is difficult to imagine. Similar to eq. (13), the maximum
relative magnitude variation between two electrodes is obtained
using
UVmax

FVmax - | UC | (16)
This ratio is the maximum relative magnitude variation that can
occur given the geometry of the electrode. In the simulations pre-
sented in Fig. 2, the distance between the electrodes N and M is
10 cm and the distances between the electrode boundaries x, and
x; is 1 cm. This results in a maximum relative magnitude variation
of Fymax, v = 0.1 if only one electrode is considered. The high-
est simulated relative magnitude variation obtained from Fig. 2 is
Fy = 1.6 per cent, which is considerable lower than Fymyay . It is
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therefore desirable to obtain a relationship between the maximum
relative magnitude variation and a realistic variation that occurs
with typical EIT measurements, which will be discussed next.
From the considerations presented above, it is clear that the ex-
pected magnitude variation depends on the geometry of the sample
and the electrode and the frequency-dependent behaviour of the con-
tact impedances. Normally, the behaviour of the contact impedances
is not known, especially if electrodes are in use for a longer time.
Therefore, the magnitude variation was estimated from geometri-
cal considerations only. For this, weighting factors are introduced
that allow the estimation of possible electrode effects in terms of
magnitude variation and phase error. It is assumed that these weight-
ing factors are independent of the geometry and can thus be used
to roughly estimate electrode errors. To obtain a estimate of the
magnitude variation, the following relationship was defined:

FV = WV X FVmax (17)

where W) is the weighting factor for the magnitude. For the results
presented in Fig. 2, the weighting factors 7, = 0.16, 0.10 and 0.02
are obtained. The weighting factor W) will later be calculated for
actual impedance measurements as well.

In addition to the relative magnitude variation, the phase varia-
tion is especially important for the evaluation of the measurement
accuracy of SIP and EIT measurements. Since the model in Fig. 1
uses a linear time-invariant electrical network, the phase response is
directly related to the frequency-dependent changes in the magni-
tude of U),y. Depending on the direction of the magnitude variation,
the simulated phase is positive or negative. However, the phase vari-
ation also depend on the shape of the amplitude curve according
to the Kramers—Kronig relationships. Since we do not know the
heterogeneity of the contact impedances in real measurements, it
is not possible to model the shape of the amplitude curve or the
phase spectrum. To nevertheless obtain an estimate for the phase
variation, a further weighting factor is introduced:

Fp=Wp x Fy=Wp X Wy X Fyma (18)

where Wp is the weighting factor for the estimation of the phase
variation. This factor is determined independently of W) from the
magnitude variation and the phase of typical measurements and also
depends only on the heterogeneity of the contact impedances. The
two factors together should later enable an estimation of the phase
error from the geometry data of the electrodes and the system. In
case of the simulation results presented in Fig. 2, the value of Wp is
544 mrad for Fy = 1.6 per cent and the maximum phase variation
(phase peak) of Fp = 8.7 mrad.

For the evaluation of the measurement data, we still need a rela-
tionship to the measured impedance values. For this, the maximum
voltage Upmax and the measured voltage U,y between electrodes
M and N are normalized with the exciting current / to obtain the
maximum impedance variation

Ly = 2 (19)
and the transfer impedance

Zuni) = U%(f) (20)
Finally, the relative magnitude variation is calculated using

Fy = 220 @)

Zc
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where AZyy is determined from the impedance variation at the
lowest and highest frequency:

AZyy = |ZMN(fmin) - ZMN(fmax)l (22)

and the nominal impedance Z¢ is determined from the impedance
at the highest frequency:

Ze = 1Zyv(frmax)| (23)

This approach is supported by the simulation results presented
in Fig. 2, where it can be seen that the largest magnitude varia-
tion occurs between the lowest and highest frequency and that the
impedance at high frequencies is similar to the nominal impedance
ZC = U C/I .

3 EXPERIMENTAL STUDIES

3.1 SIP and EIT measurement systems

In this study, both SIP and EIT measurements were used to in-
vestigate electrode effects on complex impedance measurements.
SIP measurements were made using the system presented in Zim-
mermann et al. (2008a). This system uses a sinusoidal excitation
voltage of up to £10 V with a known frequency to inject current
in the sample. The amount of injected current is measured using a
shunt resistor. An amplifier unit measures the voltages at all elec-
trodes relative to ground using triaxial cables with driven shields
to connect the electrodes to the amplifiers. The input capacitance
between the input of the cable (at the position of the electrode) and
ground is 4.7 pE, while the input resistance is 500 G2. The mea-
sured voltages are digitized using data acquisition cards (N14472,
National Instruments, Austin, TX, USA).

EIT measurements were made using the 40-channel extension
of the SIP measurement system described in Zimmermann et al.
(2008b, 2010). In addition to the components of the SIP measure-
ment system, this system consists of 40 electrode modules with
shielded cables and a multiplexer unit. For each measurement, two
electrodes are used for excitation and all other electrodes simultane-
ously measure the voltages relative to system ground. This enables
fast EIT measurements with a free choice of potential electrode
pairs during post-processing. To minimize the capacitive load on
the electrodes, amplifiers for potential measurement and relays for
switching off the inactive current channels are implemented in the
electrode modules. The input impedance of the electrode mod-
ules consists of an input capacitance of about 10 pF and an input
resistance of about 500 G2. Several error corrections are made
during the subsequent impedance calculation. In particular, correc-
tion methods have been developed to remove gain errors, signal
drift, current measurement errors and to compensate cable propa-
gation delays. More information about the system design and the
methods for error correction can be found in Zimmermann et al.
(2010). Additional design considerations for surface EIT applica-
tions are discussed in Zimmermann ez al. (2019) and Weigand et al.
(2022). For both systems, measurements are further processed using
custom-made LabView (National Instruments) and Matlab (Math-
works, Natick, MA, USA) programs.

3.2 SIP measurements

In a first experiment, the frequency-dependent impedance of a sim-
ple sphere made of stainless steel with a diameter of 8 mm was
measured in a rectangular sample holder using the SIP system. The

By -
a)
A - : L
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-~ B
- 6cm
cm Ec/r‘h 6cm

18 cm

Figure 3. (a) Experimental setup for measuring the SIP response of a polar-
izable metal sphere between the potential electrodes M and N in the centre of
the sample holder. (b) Experimental set-up for measuring the SIP response
of the metal sphere as the potential electrode N.

sample holder has a cross-section of 6 x 6 cm? and was filled with
water with an electrical resistivity of 28 Q2m. The electrical field
was applied perpendicular to the cross-section with plate-shaped
current electrodes A and B positioned at —18 and 18 cm (Fig. 3a).
The resulting voltages were measured with the electrodes M and
N positioned at —6 and at 6 cm. To avoid polarization effects (or
effects due to heterogeneous contact impedance) associated with
the current electrodes, the distance between the current and poten-
tial electrodes was twice the cross-sectional width as recommended
by Zimmermann et al. (2008a). To avoid polarization effects (or
effects due to heterogeneous contact impedance) for the potential
electrodes, porous water-filled hollow ceramic cones with low con-
tact impedance (average diameter = 12 mm, active length = 30 mm)
were used for the electrical contact with the sample, using the same
water as in the sample holder. This potential electrode design was
similar to designs used in previous studies (Ulrich & Slater 2004;
Zimmermann et al. 2008a; Breede et al. 2011). Using this measure-
ment set-up, any measured phase can be attributed to the presence
of the metallic sphere.

In a second experiment, the described sphere was used as po-
tential electrode N (Fig. 3b). The potential electrode M was not
changed. Impedance spectra were measured twice using this set-
up. The only difference between the two measurements was that
the metal sphere used as potential electrode was rotated around the
z-axis by 180°. The sphere was not cleaned prior to the measure-
ments and may thus have an heterogeneous contact impedance at
the surface.

3.3 EIT measurements

To investigate electrode effects in tomographic measurements, EIT
measurements were made in controlled conditions. For this, a cylin-
drical sample holder with a diameter of 190 mm filled with water
with an electrical resistivity of 22 Q@m and a water height of 40 mm
was used (Fig. 4a). The sample holder was equipped with 16 brass
electrodes with a diameter of 6 mm, which were used for current
injection and voltage measurements. The electrodes were symmet-
rically arranged around the column at a height of 20 mm from the
inner bottom and they were numbered sequentially from 1 to 16.
Electrodes with even numbers were retracted by 14 mm from the
inner boundary of the container inside electrode chambers (plastic
cable glands with inner diameter 7 mm) to avoid electrode effects.
The electrodes with odd numbers were placed with the end of the
metal plane to the inner boundary (Fig. 4b). To avoid polarization (or
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Figure 4. (a) Experimental set-up to investigate electrode effects in EIT measurements. (b) Close-up showing retracted and non-retracted electrodes at the

inner boundary of the column.

effects due to heterogeneous contact impedance) of the current elec-
trodes, the current is only injected at the retracted electrodes with
even numbers using a skip-five electrode procedure (2-8, 8-14, ...)
and voltages were measured at all other electrodes. To analyse these
measurements, two different sets of four-electrode configurations
will be considered. In the first set, only retracted metal electrodes
are considered as potential electrodes. In this case, the non-retracted
(plane) electrodes only act as metal objects that potentially distort
the measurements. In the second set of measurements, voltages are
measured at the non-retracted electrodes. It is important to em-
phasize that the electrodes were not cleaned prior to the following
tests, and may thus have an heterogeneous contact impedance at the
electrode surface.

To demonstrate the effect of electrode effects on EIT imaging re-
sults, the two sets of EIT measurements obtained with non-retracted
and optimally retracted electrodes were inverted to obtain the 2-D
complex resistivity distribution at the height of the electrodes. For
the inversion, the transfer impedances were modelled with a 3-D
FEM model with tetrahedral elements using a custom-made Mat-
lab program (Zimmermann 2011). The electrodes are considered as
point electrodes on the inner side wall of the container. A Gauss-
Newton procedure with generalized Tikhonov regularization was
used. For regularization, a second order smoothing filter was ap-
plied to the 2-D plane. To determine the optimum setting of the
regularization parameter, the L-curve approach was used (Hansen
et al. 2007). Data weighting was not used and all measured transfer
impedances were equally weighted in the inversion.

4 RESULTS AND DISCUSSION

4.1 SIP measurements with metal sphere

Fig. 5 shows the measured impedance for a metal sphere with a
diameter of 8 mm between the potential electrodes using the set-up
shown in Fig. 3(a). In the absence of the metal sphere, the measured
impedance magnitude for water is expected to be independent of
frequency and the phase is expected to be close to zero. It can be
seen that the measured impedance magnitude ranged from 917.0 to
913.5 Q in the presence of the metal sphere. This corresponds to a
relative magnitude variation of F = 0.37 per cent. The associated
phase variation is £ = 0.8 mrad measured at 10 Hz. These rela-
tively low magnitude and phase variations are related to the volume
fraction of the metal, which is only 0.0006 (relative to the volume of
water between the potential electrodes). With increasing electrode
spacing, the relative volume fraction and thus the expected phase
shift becomes even smaller, as can also be seen from the modelling
work of Bocker et al. (2018).
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Figure 5. Measured magnitude and phase of the impedance for a metal
sphere with a diameter of 8 mm using the set-up shown in Fig. 3(a).

Fig. 6 shows the measured complex impedance when the same
metal sphere is used as one of the potential electrodes. Two different
measurements are shown and the only difference between them
is that the metal sphere was rotated around the z-axis by 180°
(left-right). It can be seen that the rotation of the electrode had a
significant effect on the measured impedance magnitude and that
positive phase values were obtained in one of the measurements. The
observed magnitude variation (mean value of both measurements)
was Fy = 0.82 per cent and the phase variation was Fp = 2.4 mrad,
which is about 2.5 times larger than the values due to the presence
of metal (Fig. 5). These relatively high magnitude variations as well
as the observed changes with a rotation of the electrode suggest
that the presence of metal alone is not sufficient to explain these
measurement results. Instead, we argue that the observed changes
can be explained when a varying electrode voltage in the presence
of an heterogeneous contact impedance is invoked.

Further analysis of the measured phase shown in Fig. 6 suggests
that the ratio of the phase variation to the amplitude variation Wp
is 292 mrad. This value is smaller than the value of 544 mrad ob-
tained for the simulation results presented in Fig. 2. This difference
is related to the slower change of the impedance magnitude as a
function of frequency for the actual measurements, which also im-
plies a lower peak in the phase according to the Kramers—Kronig
relationship. Fig. 2 already showed that the phase maximum and
the frequency of the phase maximum depend on the value of R;.
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Figure 6. Measured magnitude and phase of the impedance when a metal
sphere with a diameter of 8 mm was used as potential electrode using the
set-up shown in Fig. 3(b). The only difference between the measurements is
a rotation of the sphere by 180°.
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Figure 7. Configuration of the measurements with retracted current elec-
trodes (A and B) and retracted (M2—-N2, blue line) and non-retracted (N1—
M1, red line) electrodes used to obtain the results presented in (a) Fig. 8 and
(b) Fig. 9. The square and circles indicates the retracted and non-retracted
electrodes.

In addition, the linear variation of 1/R, along the electrode surface
is a strong simplification, and R, can vary arbitrarily as a function
of position x in reality. Thus, we attribute the slower change of the
impedance magnitude observed in the experimental data (Fig. 6) to
additional and unknown location-dependent variations not consid-
ered in the model.

4.2 EIT measurements with water-filled container

To further investigate electrode effects, EIT measurements were
made on the cylindrical water-filled container shown in Fig. 4(a). In
these measurements, non-retracted electrodes were either used as
polarizable objects between two retracted potential electrodes or di-
rectly as potential electrodes. In a first step, all measurements with
the relative electrode configurations illustrated in Fig. 7(a) were
analysed. Due to the radial symmetry, this resulted in 16 measure-
ments for one current configuration with all associated potential
electrode configurations. Fig. 8 presents the magnitude and phase
of the measured transfer impedance for these measurements. In the
case of the measurements with retracted current and potential elec-
trodes, the magnitude of the measured transfer impedance is very

FS

107 10° 10' 10? 10°
f [Hz]

Figure 8. Measured magnitude and phase of impedance with retracted cur-
rent electrodes and retracted (blue) and non-retracted (red) potential elec-
trodes for the electrode configurations shown in Fig. 7(a).

similar because of the radial symmetry of the sample holder. Fur-
thermore, it can be seen that the phase of these measurements is
small and close to zero as expected for a measurement of water.
A close inspection of the measurements with retracted electrodes
showed a small peak in the measured phase due to the presence
of the non-retracted potential electrodes between the retracted elec-
trodes (similar to the case of the SIP measurements shown in Fig. 5).
Nevertheless, the maximum magnitude and phase errors were small
with 'y = 0.06 per cent and Fp = 0.3 mrad (Wp = 500 mrad).
This again confirms that the mere presence of metal only introduces
minor errors in the phase measurements. The results for EIT mea-
surements using the same electrodes for current injection but non-
retracted electrodes for potential measurements are also presented
in Fig. 8 and showed much larger errors. The maximum magnitude
and phase error are Fy = 0.6 per cent and Fp = 2 mrad (Wp =
333 mrad), which is much higher than the maximum magnitude
and phase errors of the measurement with the retracted electrodes
although both sets of measurements have the same amount of metal
in the container.

EIT measurements obtained with the electrode configuration
shown in Fig. 7(b) were analysed next. For this configuration, the
current electrode B is between the potential electrodes M and N. In
this case, the electric field strength across the potential electrode
surface and the associated maximum impedance variation Zy,x is
high and the measured nominal impedance Z is relatively small.
According to the model considerations for the effect of heteroge-
neous electrode surfaces (eq. 16), this should lead to substantially
larger electrode effects in the EIT measurements. Fig. 9 presents
the magnitude and phase of the measured transfer impedance for
these electrode configurations. It can be seen that the measurements
using the non-retracted potential electrodes indeed showed high
amplitude and phase errors. The maximum magnitude and phase
error are Fy = 10 per cent and Fp = 40 mrad (W, = 400 mrad).
In comparison, the maximum magnitude and phase error using the
retracted electrodes are much lower with Fy = 0.2 per cent and Fp
= 0.8 mrad (Wp = 400 mrad).
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Figure 9. Measured magnitude and phase of impedance with retracted cur-
rent electrodes and retracted (blue) and non-retracted (red) potential elec-
trodes for the electrode configurations shown in Fig. 7(b).
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Figure 10. Comparison between the modelled and measured variation of
the impedance magnitude variation Zymax and AZyy. The blue line indicates
the expected maximum error using the weighting factor Wy = 16 per cent
determined from the modelling results presented in Fig. 2. The red line
indicates the actual fit between Zymax and AZyy, which suggests a weighting
factor Wy of 2.7 per cent.

In a next step, the applicability of the maximum error estimates
obtained with the proposed model are evaluated. For this, the vari-
ation of the measured impedance magnitude AZ,,y obtained with
non-retracted potential electrodes was compared with the theoreti-
cal maximum magnitude variation Zy,x (Fig. 10). To obtain Zyax,
the electric fields at the potential electrodes were calculated using
the 3-D FEM model of the sample for similar nominal impedance
values Zc. These simulated electrical fields were used to calculate
the voltage across each electrode according to eqs (12) and (14),
and the maximum impedance magnitude variation for a pair of
potential electrodes was obtained with eqs (15) and (19). As ex-
pected, the theoretical maximum magnitude variation was substan-
tially larger than the measured magnitude variation. Some measured
values were close to the values obtained using a weighting factor 7,
= 16 per cent determined from the modelling results presented in
Fig. 2 for R; = 100 2. However, the average value of the weighting
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Figure 11. Inverted amplitude and phase of the electrical resistivity at 21 Hz
using measured data obtained with non-retracted potential electrodes.
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Figure 12. Inverted amplitude and phase of the electrical resistivity at 21 Hz
using measured data where all electrodes were retracted by 14 mm.

factor was Wy = 2.7 per cent for this EIT data set. For the practical
assessment of electrode errors, it therefore does not make sense
to start from the extreme values of 16 per cent obtained from the
simulations. It seems more reasonable to use the value of Wy =
2.7 per cent obtained from the actual measurements.

Based on the simulation and measurement results, an appropriate
value Wp for the conversion from amplitude to phase was also
determined. The maximum phase change with a pronounced phase
peak is obtained when the amplitude change occurs in a small
frequency range. For the cases where this occurred, the value of Wp
was as high as 500 mrad. In general, the estimated values of Wp
varied between 292 and 500 mrad for the EIT data set presented
here. Therefore, we will use the conservative estimate of Wp =
500 mrad to estimate the phase peak error Fp using eq. (18) in the
discussion of the implications for SIP and EIT measurements in the
next sections.

In a final step, it is shown how the presented electrode effects
affect EIT imaging results. Figs 11 and 12 show the magnitude and
phase of the electrical resistivity at 21 Hz for the case that the EIT
measurements are performed with non-retracted (plane) (Fig. 11)
and optimally retracted potential electrodes (Fig. 12). According to
Figs 8 and 9, the phase error was largest at the selected frequency
of 21 Hz.

For the inversion, the same electrode configurations as well as
regularization factor were used. The comparison shows clear dif-
ferences in the inverted phase of the resistivity. The deviation from
the expected phase of 0 mrad is up to 5 mrad for the non-retracted
electrodes, whereas the inverted phase for the retracted electrodes
was more than 50 times smaller with deviations mostly below
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Table 1. Maximum phase of the measured transfer impedance and the mean
impedances between the active current electrodes measured in the range
from 1 to 21 Hz.

Depth of retraction 0 mm 5 mm 7 mm 14 mm
Max[phase(Z;)] 80 mrad 9 mrad 1.8 mrad 0.8 mrad
|Zee| 4kQ 9kQ 10 k2 17k

0.1 mrad. The minor difference in the resistivity magnitude for
the two data sets is attributed to slightly different water levels that
were not adequately captured in the forward model.

4.3 Impact on laboratory SIP and EIT measurements

For laboratory SIP and EIT measurements, close proximity of elec-
trodes can often not be avoided and these measurements are thus
particularly susceptible to electrode effects. This is already well es-
tablished, and electrode effects are typically avoided by retracting
the electrodes out of the electrical field while maintaining contact
with the sample. In the case of saturated samples, this contact can
easily be achieved through a liquid-filled bridge. To investigate how
much electrodes need to be retracted, we made two sets of addi-
tional measurements with the sample holder shown in Fig. 4 using
partially retracted electrodes. This resulted in four data sets where
the electrodes were variably retracted by 0, 5, 7 and 14 mm. The
current was injected with a skip-two electrode procedure (1-4, 4—
7, ...) and the voltages were measured at the same electrode pairs
except those that include current electrodes. Analysis of these four
data sets showed that the maximum phase error in the frequency
range from 1 100 Hz decreased quickly with increasing depth of
retraction (Table 1). When the electrodes were retracted by 14 mm,
the typical spectral shape of the electrode effects (similar to Fig. 8)
could not be recognised anymore. The remaining phase error of
0.8 mrad is attributed to other sources of measurement noise. The
retraction of electrodes in their electrode chamber resulted in a
moderate increase of the contact impedance |Z..| (absolute value
of the complex impedance) of the potential electrodes due to the
increased length of the water-filled channel as indicated by the in-
crease in the measured impedance between the current electrodes.
This increase in contact impedance will affect the measurement ac-
curacy in the kHz frequency range. However, the observed contact
impedance was sufficiently low such that accurate correction using
the approach proposed by Huisman et al. (2016) and extended by
Wang & Slater (2019) is feasible. Based on these results, we rec-
ommend retracting electrodes by at least two times the diameter of
the electrode chambers to avoid electrode effects making sure that
there is no air in the chambers.

For samples where the liquid bridge between the metal elec-
trode and the sample cannot be maintained (e.g. unsaturated porous
media), we recommend the use of an alternative electrode design
relying on membranes as in the case of non-polarizing electrodes
for self-potential measurements. A possible design consisting of a
plastic tube with ceramic tip and a metal wire inside was presented
by Breede ef al. (2011). In this study, a ceramic tip with a high
air entry value of 2000 hPa (largest pore size: 0.3 um) and a con-
tact area of 0.5 cm? was used to minimize fluid exchange between
electrode and medium and to ensure a liquid bridge between metal
electrode and sample even in dry porous media. It is still essen-
tial to retract the metal electrode inside the plastic tube to avoid
electrode effects. The disadvantage of this design is the relatively
high additional contact impedance associated with the ceramic tip.
One strategy to reduce the contact impedance is to use a liquid with

low electrical resistivity inside the tube. However, the unavoidable
exchange of ions between the electrode liquid and the sample liquid
through advection and diffusion is not desirable for most laboratory
applications. Therefore, we recommend to match the resistivity of
the liquids in the electrode chambers and the sample. Other strate-
gies to reduce the contact impedance are to increase the surface
area of the ceramic tip and to select a ceramic with a lower air-entry
pressure. The latter option may lead to premature drainage of the
ceramic tip in unsaturated soils (with high suction). This brief dis-
cussion shows that the selection of a proper ceramic tip requires a
compromise between several factors, and may also depend on the
expected experimental conditions.

4.4 Impact on field EIT measurements

The presented results can also be used to make recommendations to
avoid electrode effects in field EIT measurements. Obviously, this
can be achieved by the use of non-polarizing electrodes, which en-
sure that the metal electrode is out of the current pathway. However,
the use of metal electrodes inserted into the subsurface is much
more convenient in many cases.

Since the contact impedance of the electrode is usually not known
and will likely change with time, an error estimation can only be
made by calculating the maximum relative magnitude variation
Fynax from the geometry data of the electrodes and the electrode
configuration. For electrode configurations where the electric field is
not constant, the well-known half-space solution or FEM modelling
can be used to calculate Fy,,,. However, it is simpler in the case
of a constant electric field where the relative amplitude variation
is approximately the quotient of the electrode diameter d and the
electrode distance a:

V2d

Fy =Wy X Fymax = Wy P (24)

Analogous to eq. (15), we consider the effect of two similar elec-
trodes by calculating the square root of the sum of squares of the
two parts, which is accounted for by the factor /2. Using these
assumptions, the error is 'y = 0.038 per cent for electrodes of d
= 10 mm at a distance of 1 m using a weighting factor of W) =
2.7 per cent. The maximum phase value for this example is Fp =
0.19 mrad when the conservative estimate of Wp = 500 mrad is
considered.

This error estimation can easily be extended to typical electrode
configurations used in the field (e.g. Schlumberger, Wenner and
dipole—dipole, see Table 2). First, we describe the error estimation
for the Schlumberger configuration (4 < na > M < a > N <
na > B), where a is the distance between the electrodes and n
is an integer factor. For the case that the distance between the
current electrodes is significantly larger than the distance between
the potential electrodes (n > >1), the electric field at the potential
electrodes is almost constant and the geometrical relation according
to eq. (24) can be used to estimate the expected error. According to
the above calculation, the magnitude and phase error thus is 'y =
0.038 per cent and Fp = 0.19 mrad using W) = 2.7 per cent, Wp =
500 mrad, d = 10 mm and ¢ = 1 m. Even for a potential electrode
separation as small as 0.25 m, the estimated phase error Fp is only
0.76 mrad.

When n = 1, the Schlumberger configuration simplifies to the
Wenner configuration (4 < a > M < a > N < a > B) with equal
distances between the electrodes. In this case, the current electrodes
are closer to the potential electrodes and the assumption of a constant
electrical field between the potential electrodes is not valid. Using
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Table 2. Error estimation for typical field electrode configurations for electrodes with a diameter of = 10 mm
and an electrode separation of @ = 1 m using the weighting factors Wy = 2.7 per cent and Wp = 500 mrad.

Configuration a n Fy Fp

Schlumberger (A<na>M<a>N<na>DB) Im >>1 0.038percent 0.19 mrad
Schlumberger (A<na>M<a>N<na>B) 0.25m >>1 0.152percent 0.76 mrad
Wenner (A<a>B<a>M<a>N) 1 m —  0.048percent 0.24 mrad
Dipole—dipole (A<a>B<na>M<a>N) Im 1 0.062 percent  0.31 mrad
Dipole—dipole (A<a>B<na>M<a>N) Im >>1 0.038percent 0.19 mrad
Gamma (A<a>M<a>B<a>N) Im - 0.089 per cent  0.44 mrad
Gamma (A<a>M<a>B<a>N) 0.25m - 0.350 per cent  1.77 mrad

the well-known solution for the electric potential distribution in a
homogeneous half-space, it can be estimated that the electric field
at the electrodes is 40 per cent higher compared to the field in the
middle between the potential electrodes. Due to the parabolic shape
of the electric field strength with a minimum in the middle between
the electrodes, the voltage U between the potential electrodes is
also higher compared to the case with constant field strength. This
leads to a 25 per cent higher voltage Uy in relation to Uc and
an error Fy which is 1.25 times higher compared to a calculation
with a constant electrical field. For a Wenner configuration with d
= 10 mm and ¢ = 1 m, the magnitude and phase error thus is Fy =
0.048 per cent and Fp = 0.24 mrad with the same assumptions as
used previously.

For the dipole-dipole configuration (4 <a > B <na>M < a >
N), the highest error occurs when the potential electrodes are close
to the current electrodes (n = 1). For a dipole-dipole configuration
with d = 10 mm, ¢ = 1 m, and n = 1, the magnitude and phase
error thus are Fy = 0.062 per cent and F» = 0.31 mrad. For very
large values of n, the error values are 'y = 0.038 per cent and
Fp = 0.19 mrad for this electrode diameter. Similar to the Wenner
configuration, it was found that the error £ is 1.62 times higher for
n = 1 compared to the case of a constant electrical field between
the potential electrodes for large values of n.

Gamma configurations (4 < >M < >B < >N) are the most
critical configurations with respect to electrode effects because of
possible low voltage difference U between the potential electrodes
in the presence of a strong electrical field at the potential electrodes
(i.e. as in the measurements presented in Fig. 9). A high voltage
variation Uy, at the electrodes in relation to a small voltage Uc
between the electrodes can cause extremely large errors /' and Fp.
Therefore, it is difficult to obtain a general estimate for this type
of electrode configuration. Nevertheless, the error for any given
configuration can be estimated using the half-space solution or by
FEM modelling. For (4 <a > M <a > B < a > N) witha =
1.00 m and d = 10 mm, the error values are Fy = 0.089 per cent
and Fp = 0.44 mrad, which suggests that this configuration does
not lead to substantial errors in impedance magnitude and phase.
For @ = 0.25 m, the error values are substantially larger with Fy =
0.35 per cent and F» = 1.77 mrad and can no longer be neglected.

We would like to point out that the estimated maximum errors
assume a vertical electrode installation. In case of an inclined elec-
trode, the error increases due to the potentially greater distance
between the two outer earth contact points of the electrode and thus
the longer contact surface in the direction of the electric field. For
small inclination angles « of an electrode inserted to a depth 7, this
increased separation can be approximated by 27 ra/360 (for o in
degree). For a 10 mm diameter electrode installed to a depth of r
= 50 mm with a small inclination angle of o« = 1°, this approxima-
tion implies an increase of 8.7 per cent in separation. This directly

translates to an increase in error by the same amount according to
eq. (24) if a constant electric field is assumed. Therefore, substan-
tially larger electrode effects and associated measurement errors
can be expected even for slightly inclined electrodes.

In principle, error estimations for the effect of heterogeneous con-
tact impedances should also consider electrode effects at the current
electrodes. However, the concepts presented here cannot easily be
transferred to the current electrodes because the excitation current
is usually so high that non-linear effects need to be considered. The
effect of heterogeneous contact impedances along the current elec-
trodes is briefly addressed for SIP measurements in Zimmermann
et al. (2008b), but should be investigated in more detail in a future
study.

5 SUMMARY AND CONCLUSIONS

We presented a new model that attributes observed electrode effects
to a heterogeneous distribution of contact impedance at the surface
of potential electrodes. This is an alternative mechanism intended to
replace the notion that observed electrode effects are merely due to
the presence of metal in the electrical field. In the proposed model,
the internal electric potential of a passive metal electrode located in
an electric potential field is calculated. The heterogeneous contact
impedances are modelled with a distributed network that describe
the impedance of the electrical transition from ionic conduction to
electronic conduction at the electrode surface. A simplified electri-
cal model of a corrosion process is used for this purpose. For this
arrangement, the resulting amplitudes and phase spectra of the mea-
sured electrode potential were calculated with respect to a reference
point. For the ideal case with a homogeneous contact impedance,
the predicted amplitude is frequency-independent and the phase is
zero. For heterogeneous contact impedances, the model predicts
frequency-dependent amplitudes and phases with both negative or
positive phase peaks. The phase errors depend on the electrode
geometry, the potential distribution around the electrode, and the
distribution of the contact impedances at the electrode surface. An
approximation of expected electrode effects in terms of amplitude
and phase errors was obtained from the dimensions of the elec-
trodes in relation to the electrode spacing. To avoid phase errors,
the model suggests that this potential difference or the electrical
field at the electrode should be small compared to the measured
electrode potential. This can be achieved, for example, by keep-
ing the electrodes as small as possible, installing the electrodes in
chambers, installing the electrodes perpendicularly in relation to the
electric field, or by avoiding configurations that generate an electric
field at the electrode but only measure a small potential difference.

To provide experimental evidence to support the model devel-
opment, laboratory SIP and EIT measurements were performed. A
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first set of SIP measurements in a sample holder with a metal sphere
between two non-polarizing potential electrodes showed that the
mere presence of metal leads to relatively small electrode effects
below 1 mrad, which was explained by the small volume fraction
of the metal despite the small electrode spacing. When the same
metal sphere was used as a potential electrode, observed electrode
effects were approximately twice as strong and depended on the
orientation of the electrode in the electric potential field. The lat-
ter observation provided strong support for the proposed model
that relates electrode effects to heterogeneous contact impedances.
In a second step, laboratory EIT measurements on a cylindrical
sample holder were made with retracted current electrodes and
retracted as well as non-retracted potential electrodes. When the
retracted potential electrodes were used, the observed electrode ef-
fects due to the presence of the non-retracted electrodes was small
as in the case of the SIP measurements with the metal sphere.
Electrode effects were stronger when the non-retracted potential
electrodes were used. More importantly, the strength of the elec-
trode effects was found to vary considerably between different
electrode configurations, and the relative strength of this varia-
tion was well described by the proposed model for electrode ef-
fects due heterogeneous contact impedances. For unfavourable elec-
trode configurations, the observed electrode effects were as high as
40 mrad.

In a final step, implications of this new type of electrode ef-
fect for the accuracy of complex electrical resistivity measurements
were analysed and discussed. For laboratory SIP and EIT measure-
ments, close proximity of electrodes can often not be avoided, which
can lead to phase errors of several mrads without additional mea-
sures. Therefore, potential electrodes should not be inserted into
the applied electrical field in small-scale laboratory investigations
with closely spaced electrodes. This can be achieved by retract-
ing electrodes into their plastic electrode chambers or by the use
of non-polarizing electrodes, which typically have retracted metal
wires inside by design. From experiments with retracted potential
electrodes presented in this study, it was concluded that a retraction
by twice the diameter of the plastic electrode chamber is sufficient
to remove electrode effects. For field EIT measurements, electrode
separations are typically larger, which based on the presented model
leads to smaller electrode effects well below 1 mrad for electrode
separations of 1 m or larger and an electrode diameter of 10 mm. For
an electrode separation of 0.25 m and the same electrode diameter,
electrode effects were still below 1 mrad except for gamma-type
electrode configurations, which should thus be avoided in EIT ex-
periments with closely spaced electrodes.

Overall, it is concluded that the proposed model for a new type of
electrode effect due to heterogeneous contact impedances was well
supported by experimental results and provided useful insights in
the expected range of errors for complex resistivity measurements.
Correction of these electrode effects in post-processing remains
elusive because of the lack of information on the distribution of the
contact impedances along the electrode surface and the expected
dynamic nature of the contact impedance. Therefore, efforts should
be focused on avoiding electrode effects based on the presented
model analysis following the provided recommendations.
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