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S U M M A R Y 

Spectral induced polarization (SIP) and electrical impedance tomography (EIT) are advanced 

approaches for structural characterisation of soils and rocks based on measurements of the 
frequenc y-dependent comple x 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. 
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1  I N T RO D U C T I O N  

Complex electrical resistivity measurements in the mHz to kHz 
frequency range are of increasing interest in hydro geolo gy, con- 
taminant hydrology, and agricultural engineering (e.g. Kemna et al. 
2012 ; Revil et al. 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 
1234 

C © The Author(s) 2023. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
(e.g. Flores Orozco et al. 2012 ; Wainwright et al. 2016 ), monitor- 
ing and laboratory-scale work of geochemical changes associated 
with CO 2 injection (e.g. Doetsch et al. 2015 ; B örner 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 ; 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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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). 
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lsson et al. 2016 ; Wainwright et al. 2016 ; Levy et al. 2022 ). In
requency-domain induced polarization measurements, a series of
inusoidal excitation signals with a given frequency are injected,
nd the amplitude and phase of the resulting voltages are measured.
ost laboratory studies rely on frequency-domain measurements in

he mHz to kHz frequency range and are then commonly referred
o as spectral induced polarization (SIP) measurements (e.g. Bin-
ey et al. 2005 ; Leroy et al. 2008 ; Schmutz et al. 2010 ; Revil &
lorsch 2010 ; Schwartz & Furman 2012 ; Izumoto et al. 2020 ,to
ame just a few examples). Field systems for frequency-domain IP
easurements have also been used, and we call this spectral electri-

al impedance tomography (sEIT) measurements (e.g. Kemna et al.
000 ; Flores Orozco et al. 2011 , 2012 ; Kelter et al. 2018 ). Indepen-
ent of the measurement strategy, a high measurement accuracy is
equired because of the low polarizability of subsurface materials
in the absence of electronicall y conducti ve minerals) with typi-
al phase shift values between 0.1 and 20 mrad only (e.g. Binley
t al. 2005 ; Scott & Barker 2005 ). In the following, we will focus
n frequency-domain measurements, but the presented results and
mplications equall y appl y to time-domain measurements gi ven the
undamental equi v alence between the time and frequency domain. 

An important prerequisite for accurate SIP and EIT measure-
ents is that metal electrodes should be moved out of the current

ath to avoid electrode effects (see e.g. Vinegar & Waxman 1984 ).
his has been well recognized in many laboratory SIP measurement
et-ups that have relied on the use of non-polarizing electrodes for
oltage measurements (e.g. Ulrich & Slater 2004 ; Breede et al.
011 ). Kelter et al. ( 2018 ) compared metal and non-polarizing elec-
rodes for surface EIT measurements, and found that non-polarizing
lectrodes provided more consistent complex impedance measure-
ents. Although it has been argued that the main reason for using

on-polarizing electrodes is to avoid metal in the current pathway,
here is little evidence to support this. Considering previous work
n the electrical polarization of metal in porous media (Wong 1979 ;
 öcker et al. 2018 ; Gurin et al. 2019 ), it seems unlikely that the

mall volume fraction of metal associated with the electrodes can
ave a substantial effect on the measured complex electrical resis-
ivity. 

In this study, we introduce an alternative mechanism for elec-
rode effects that is associated with a heterogeneous distribution of
he contact impedance at the potential electrode surface. For typical

easurements, it must be assumed that the surface of the electrode
hanges with time. This change is caused, for example, by corrosion
f non-noble metals (J öttner & Lorenz 1989 ). It has also been ob-
erved for electrodes made of noble metals if current flows through
he electrode (Doering et al. 2022 ). In typical EIT measurements,
ffects of both passive corrosion and ageing due to current flow can
ccur if the potential electrodes are also used for current injection.
he effect causes not only a deterioration of the surface structure,
ut also the deterioration of the homogeneity of the surface. We
rgue that the importance of heterogeneous contact impedances has
re viousl y not been properly recognized. The remainder of the paper
s organized as follows. We will first present our theoretical consid-
rations about the effect of heterogeneous contact impedances of
otential electrodes on the accuracy of complex impedance mea-
urements. Next, we will provide experimental evidence that the
ere presence of metal in the current pathway only leads to small

hase measurement errors that are typically well below 1 mrad,
ut that heterogeneous contact impedances of potential electrodes
ay lead to more substantial errors. The impact of heterogeneous

ontact impedances of potential electrodes on electrical imaging
esults and strategies to reduce this electrode effect will also be
iscussed. We conclude with a discussion of the implications of this
ew type of electrode effect for accurate laboratory SIP and field
IT measurements. 

 M O D E L  C O N S I D E R AT I O N S  F O R  

E T E R  O G E N E O U S  E L E C T R  O D E  

U R FA C E S  

onsider a metal potential electrode inserted into a potential field.
he electrode potential is measured with a high impedance volt-
eter that avoids current flow from the electrode to the voltmeter.

n these conditions, the potential inside the electrode adjusts itself
uch that the sum of the currents flowing through the surface is
ero. Because of the very high electrical conductivity of metal, the
lectric potential is the same everywhere inside this metal elec-
rode. Ho wever , different electric potentials may be present at the
urface of potential electrodes because of the presence of a contact
mpedance layer. Therefore, the potential inside the electrode (i.e.
he measured potential) depends on the electrode geometry, the po-
ential field distribution around the electrode and the distribution of
ontact impedances at the electrode surface. 

The contact impedance, which describes the electrical transition
rom ionic conduction to electronic conduction at the electrode
urface, is known to cause a frequency-dependent phase shift (Bar-
oukov & MacDonald 2005 ). The electrode surface with contact
mpedances can be represented by a distributed electrical network
ith frequency-dependent impedances. These frequency-dependent

mpedances will cause a change of the potential inside the electrode
nd frequency-dependent amplitude and phase changes in the mea-
ured impedance spectrum. In practice, it must be assumed that
he electrode surface changes with time and likely becomes more
eterogeneous (e.g. due to corrosion), which in turn will lead to
ncreasingly larger phase shifts. 

To model the electrode effect associated with heterogeneous con-
act impedances, the simple 1-D model presented in Fig. 1 will be
sed. The electrode consists of a heterogeneous contact layer a and
 solid electrode metal b . At this point, only one potential elec-
rode is considered to explain the effect of heterogeneous contact
mpedances. In a next step, the considerations are extended to typi-
al SIP and EIT measurements that rely on two potential electrodes.

art/ggad477_f1.eps
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Figure 2. Calculated magnitude and phase spectra of the simulated voltage 
U MN corresponding to the model in Fig. 1 using x M 

= 0 cm, x 1 = 9.5 cm, 
x 2 = 10.5 cm, U C = 1.00 V, R 1 = [100, 3000, 100 000] �, marked with 1, 
2, 3 in the figure legend, G 2, min = 0, G 2, max = 1/(1000 �) and C 1 = 10 
× 10 −6 F. The simulations marked with (a) in the figure legend correspond 
to an increasing conductance G 2 in x -direction and the simulations marked 
with (b) correspond with a decreasing conductance G 2 . 
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In this model, the current I is injected at both ends of the sample, 
which results in a constant electric field E x and a position-dependent 
voltage 

U ( x, x M 

) = 

∫ x 

x M 

� E x ( s) � d s , (1) 

between the reference point x M 

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 

U ( x, x M 

) = ( x − x M 

) E x . (2) 

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

U C = ( x N − x M 

) E x , (3) 

where x N = ( x 1 + x 2 )/2 is the middle of electrode N . This nominal 
voltage U C can also be used as a reference to calculate the position- 
dependent voltage 

U ( x, x M 

) = 

x − x M 

x N − x M 

U C . (4) 

It is important to note that the deformation of the electrical field E x 

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 (J öttner & 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 equi v alent circuit 
model Z E in Fig. 1 are the resistance R 1 , which represents the ohmic 
electrolyte resistance (respectively the impedance of the soil), the 
resistance R 2 , which represents the charge-transfer processes and 
the capacitance C 1 , 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 1 and x 2 of the 
electrode. It is further assumed that the inverse of R 2 ( x ) [i.e. G 2 ( x )] 
changes linearly between these two points, 

G 2 ( x) = 

1 

R 2 ( x) 
= G 2 , min + ( G 2 , max − G 2 , min ) 

x − x 1 
x 2 − x 1 

, (5) 

where G 2, min and G 2, max are the minimum and maximum values of 
G 2 at the electrode sides x 1 and x 2 . The specific quantity R 1 , C 1 and 
G 2 ( x ) are now used to calculate the position-dependent admittivity 

Y 

′ 
E ( x, f ) = 

1 

R 1 + 

1 
G 2 ( x) + j2 π f C 1 

1 

x 2 − x 1 
(6) 

(with the unit S m 

−1 ) of the contact layer a where f is the measure- 
ment frequency. With this admittivity, the current density (with the 
unit A m 

−1 ) across layer a can be calculated using 

J ( x) = ( U ( x, x M 

) − U N M 

( f )) Y 

′ 
E ( x, f ) . (7) 

In the case that no electrical current flows across contact N in Fig. 1 , 
the integral value of J ( x ) is zero, ∫ x 2 

x 1 

J ( x) dx = 0 , (8) 

and the voltage between the electrode contacts M and N can be 
calculated with 

U M N ( f ) = 

∫ x 2 
x 1 

U ( x , x M 

) Y 

′ 
E ( x , f ) dx ∫ x 2 

x Y 

′ 
E ( x, f ) dx 

. (9) 

1 
For the case of a homogeneous contact impedance where Y 

′ 
E ( x, f ) 

is independent of x , eq. ( 9 ) simplifies to 

U M N = 

∫ x 2 
x 1 

U ( x, x M 

) dx ∫ x 2 
x 1 

dx 
= U C . (10) 

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

To illustrate the proposed model, the voltage U MN ( 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 M 

= 0 cm, x 1 = 

9.5 cm, x 2 = 10.5 cm) and a nominal voltage U C = 1.0 V. For the 
parametrization of R 1 , G 2 and C 2 , we assume an electrode area of 
1 cm 

2 . The resistance R 1 is calculated for a soil cube with a resistiv- 
ity of 100 �m, a length of 1 cm and an area of 1 cm 

2 . This results
in a resistance of 10 k � for this cube. To investigate the effect of R 1 

for a larger range of resistivity and effective lengths of the cube, we 
use R 1 values of 100, 3000 and 100 000 �. The values for G 2 and C 2 

are taken from (J öttner & Lorenz 1989 ) for corroding iron, which 
are in the mS cm 

−2 and μF cm 

−2 range. It is assumed that C 2 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 2 . We used G 2, min = 0, G 2, max = 1/(1000 �) and C 1 

= 10e-6 F. 
Two cases were considered where the conductance G 2 either 

increased or decreased linearly from x 1 to x 2 (Fig. 2 ). It was found 
that the magnitude of U MN decreases or increases with frequency 
depending on whether the conductance G 2 increases or decreases 
from position x 1 to x 2 . In the low frequency range f min , the magnitude 
of U MN varied between 0.984 and 1.016 V. The largest difference 
between the two cases was obtained for small R 1 value. In the 
high frequency range f max , 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 

art/ggad477_f2.eps
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 2 . The relative magnitude variation 

F V = | U ( f min ) − U ( f max ) 

U ( f max ) 
| (11) 

etween low and high frequencies are F V = 1.6, 1.0 and 0.16 per cent
or R 1 = 100, 3000 and 100 000 �. 

This synthetic example clearly shows the effects of a hetero-
eneous contact impedance when a voltage is applied along the
lectrode surface. In this example, onl y R 2 w as v aried as a function
f x . Ho wever , it is also possible that C 2 varies as a function of x ,
hich would lead to additional effects of the heterogeneous contact

mpedances. 
To estimate the maximum error of this electrode effect, the max-

mum voltage variation is calculated, which must lie between the
oltages U ( x 1 , x M 

) and U ( x 2 , x M 

) at the two sides of the electrode N .
his maximum voltage variation is af fected onl y b y the geometry
f the electrode N and the electrical field E x at the electrode, and
an be calculated as 

 V max ,N = U ( x 2 , x M 

) − U ( x 1 , x M 

) = ( x 2 − x 1 ) E x 

= ( x 2 − x 1 ) 
U C 

x N − x M 

, (12) 

sing eq. ( 3 ) and ( 4 ) where the electrical field can be calculated
rom the nominal voltage U C and the geometry of the sample for
his simple setup. To obtain the relative magnitude variation, eq. ( 12 )
s normalized by the voltage U C : 

F V max ,N = | U V max ,N 

U C 
| = | x 2 − x 1 

x N − x M 

| (13) 

So far, a single electrode has been anal ysed. Howe ver, SIP and
IT measurements are typically made between two electrodes. The
aximum voltage variation of the second electrode can be obtained

sing 

 V max ,M 

= U ( x ′ 2 , x N ) − U ( x ′ 1 , x N ) = ( x ′ 2 − x ′ 1 ) E x 

= ( x ′ 2 − x ′ 1 ) 
U C 

x N − x M 

, (14) 

here x ′ 1 and x ′ 2 are the left and right boundaries of the second elec-
rode. To estimate the maximum voltage variation for measurements
etween two potential electrodes with similar type of construction,
he root square sum of the voltage variation U V max, N and U V max, M 

of
he electrodes N and M is calculated: 

 V max = 

√ 

U 

2 
V max ,N + U 

2 
V max ,M 

(15) 

ere, it is assumed that the individual voltages variations at the elec-
rodes are statistically independent of each other. This is plausible
iven that the generation of identical distributions of heterogeneous
ontact impedances at the surface of two electrodes by an external
rocess is difficult to imagine. Similar to eq. ( 13 ), the maximum
elative magnitude variation between two electrodes is obtained
sing 

F V max = | U V max 

U C 
| (16) 

his ratio is the maximum relative magnitude variation that can
ccur given the geometry of the electrode. In the simulations pre-
ented in Fig. 2 , the distance between the electrodes N and M is
0 cm and the distances between the electrode boundaries x 2 and
 1 is 1 cm. This results in a maximum relative magnitude variation
f F V max, N = 0.1 if only one electrode is considered. The high-
st simulated relative magnitude variation obtained from Fig. 2 is
 V = 1.6 per cent, which is considerable lower than F V max, N . It is
herefore desirable to obtain a relationship between the maximum
elati ve magnitude v ariation and a realistic v ariation that occurs
ith typical EIT measurements, which will be discussed next. 
From the considerations presented above, it is clear that the ex-

ected magnitude variation depends on the geometry of the sample
nd the electrode and the frequency-dependent behaviour of the con-
act impedances. Normally, the behaviour of the contact impedances
s not known, especially if electrodes are in use for a longer time.
herefore, the magnitude variation was estimated from geometri-
al considerations only. For this, weighting factors are introduced
hat allow the estimation of possible electrode effects in terms of

agnitude variation and phase error. It is assumed that these weight-
ng factors are independent of the geometry and can thus be used
o roughly estimate electrode errors. To obtain a estimate of the
agnitude variation, the following relationship was defined: 

F V = W V × F V max (17) 

here W V is the weighting factor for the magnitude. For the results
resented in Fig. 2 , the weighting factors W V = 0.16, 0.10 and 0.02
re obtained. The weighting factor W V will later be calculated for
ctual impedance measurements as well. 

In addition to the relative magnitude variation, the phase varia-
ion is especially important for the evaluation of the measurement
ccuracy of SIP and EIT measurements. Since the model in Fig. 1
ses a linear time-invariant electrical network, the phase response is
irectly related to the frequency-dependent changes in the magni-
ude of U MN . Depending on the direction of the magnitude variation,
he simulated phase is positive or negati ve. Howe ver, the phase v ari-
tion also depend on the shape of the amplitude curve according
o the Kramers–Kronig relationships. Since we do not know the
eterogeneity of the contact impedances in real measurements, it
s not possible to model the shape of the amplitude curve or the
hase spectrum. To nevertheless obtain an estimate for the phase
ariation, a further weighting factor is introduced: 

F P = W P × F V = W P × W V × F V max (18) 

here W P is the weighting factor for the estimation of the phase
ariation. This factor is determined independently of W V from the
agnitude variation and the phase of typical measurements and also

epends only on the heterogeneity of the contact impedances. The
wo factors together should later enable an estimation of the phase
rror from the geometry data of the electrodes and the system. In
ase of the simulation results presented in Fig. 2 , the value of W P is
44 mrad for F V = 1.6 per cent and the maximum phase variation
phase peak) of F P = 8.7 mrad. 

For the e v aluation of the measurement data, we still need a rela-
ionship to the measured impedance values. For this, the maximum
oltage U V max and the measured voltage U MN between electrodes
 and N are normalized with the exciting current I to obtain the
aximum impedance variation 

Z V max = 

U V max 

I 
(19) 

nd the transfer impedance 

Z M N ( f ) = 

U M N ( f ) 

I 
. (20) 

inally, the relative magnitude variation is calculated using 

F V = 

�Z M N 

Z C 
(21) 
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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 . 
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where � Z MN is determined from the impedance variation at the 
lowest and highest frequency: 

�Z M N = | Z M N ( f min ) − Z M N ( f max ) | (22) 

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

Z C = | Z M N ( f max ) | (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 
Z C = U C / I . 

3  E X P E R I M E N TA L  S T U D I E S  

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 pF, while the input resistance is 500 G �. The mea- 
sured voltages are digitized using data acquisition cards (NI4472, 
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 G �. Several er ror cor rections are made 
during the subsequent impedance calculation. In particular, correc- 
tion methods have been developed to remove gain errors, signal 
drift, cur rent measurement er rors 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 et 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 
sample holder has a cross-section of 6 × 6 cm 

2 and was filled with 
water with an electrical resistivity of 28 �m. 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. 3 a). 
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. 3 b). The potential electrode M was not 
changed. Impedance spectra were measured twice using this set- 
up. The onl y dif ference 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 �m and a water height of 40 mm 

was used (Fig. 4 a). 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. 4 b). 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. 
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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). 
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ffects due to heterogeneous contact impedance) of the current elec-
rodes, the current is only injected at the retracted electrodes with
ven numbers using a skip-five electrode procedure (2–8, 8–14, ...)
nd voltages were measured at all other electrodes. To analyse these
easurements, two different sets of four-electrode configurations
ill be considered. In the first set, only retracted metal electrodes

re considered as potential electrodes. In this case, the non-retracted
plane) electrodes only act as metal objects that potentially distort
he measurements. In the second set of measurements, voltages are

easured at the non-retracted electrodes. It is important to em-
hasize that the electrodes were not cleaned prior to the following
ests, and may thus have an heterogeneous contact impedance at the
lectrode surface. 

To demonstrate the effect of electrode effects on EIT imaging re-
ults, the two sets of EIT measurements obtained with non-retracted
nd optimally retracted electrodes were inverted to obtain the 2-D
omplex resistivity distribution at the height of the electrodes. For
he inversion, the transfer impedances were modelled with a 3-D
EM model with tetrahedral elements using a custom-made Mat-

ab program (Zimmermann 2011 ). The electrodes are considered as
oint electrodes on the inner side wall of the container. A Gauss-
ewton procedure with generalized Tikhonov regularization was
sed. For regularization, a second order smoothing filter was ap-
lied to the 2-D plane. To determine the optimum setting of the
egularization parameter, the L-curve approach was used (Hansen
t al. 2007 ). Data weighting was not used and all measured transfer
mpedances were equally weighted in the inversion. 

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

.1 SIP measurements with metal sphere 

ig. 5 shows the measured impedance for a metal sphere with a
iameter of 8 mm between the potential electrodes using the set-up
hown in Fig. 3 (a). In the absence of the metal sphere, the measured
mpedance magnitude for water is expected to be independent of
requency and the phase is expected to be close to zero. It can be
een that the measured impedance magnitude ranged from 917.0 to
13.5 � in the presence of the metal sphere. This corresponds to a
elative magnitude variation of F V = 0.37 per cent. The associated
hase variation is F P = 0.8 mrad measured at 10 Hz. These rela-
i vel y low magnitude and phase variations are related to the volume
raction of the metal, which is only 0.0006 (relative to the volume of
ater between the potential electrodes). With increasing electrode

pacing, the relative volume fraction and thus the expected phase
hift becomes even smaller, as can also be seen from the modelling
ork of B öcker et al. ( 2018 ). 
Fig. 6 shows the measured complex impedance when the same
etal sphere is used as one of the potential electrodes. Two different
easurements are shown and the onl y dif ference between them

s 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
ignificant effect on the measured impedance magnitude and that
ositi ve phase v alues were obtained in one of the measurements. The
bserved magnitude variation (mean value of both measurements)
as F V = 0.82 per cent and the phase variation was F P = 2.4 mrad,
hich is about 2.5 times larger than the values due to the presence
f metal (Fig. 5 ). These relati vel y high magnitude variations as well
s the observed changes with a rotation of the electrode suggest
hat the presence of metal alone is not sufficient to explain these

easurement results. Instead, we argue that the observed changes
an be explained when a varying electrode voltage in the presence
f an heterogeneous contact impedance is invoked. 

Further analysis of the measured phase shown in Fig. 6 suggests
hat the ratio of the phase variation to the amplitude variation W P 

s 292 mrad. This value is smaller than the value of 544 mrad ob-
ained for the simulation results presented in Fig. 2 . This difference
s related to the slower change of the impedance magnitude as a
unction of frequency for the actual measurements, which also im-
lies a lower peak in the phase according to the Kramers–Kronig
elationship. Fig. 2 already showed that the phase maximum and
he frequency of the phase maximum depend on the value of R 1 .
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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 ◦. 

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. 

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). 
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In addition, the linear variation of 1/ R 2 along the electrode surface 
is a strong simplification, and R 2 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 w ater -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 
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 F V = 0.06 per cent and F P = 0.3 mrad ( W P = 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 F V = 0.6 per cent and F P = 2 mrad ( W P = 

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 Z V max is 
high and the measured nominal impedance Z C is relati vel y 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 F V = 10 per cent and F P = 40 mrad ( W P = 400 mrad). 
In comparison, the maximum magnitude and phase error using the 
retracted electrodes are much lower with F V = 0.2 per cent and F P 

= 0.8 mrad ( W P = 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). 

Figure 10. Comparison between the modelled and measured variation of 
the impedance magnitude variation Z V max and � Z MN . The blue line indicates 
the expected maximum error using the weighting factor W V = 16 per cent 
determined from the modelling results presented in Fig. 2 . The red line 
indicates the actual fit between Z V max and � Z MN , which suggests a weighting 
factor W V of 2.7 per cent. 
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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. 

Figure 12. Inverted amplitude and phase of the electrical resistivity at 21 Hz 
using measured data where all electrodes were retracted by 14 mm. 
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In a next step, the applicability of the maximum error estimates
btained with the proposed model are e v aluated. For this, the v ari-
tion of the measured impedance magnitude � Z MN obtained with
on-retracted potential electrodes was compared with the theoreti-
al maximum magnitude variation Z V max (Fig. 10 ). To obtain Z V max ,
he electric fields at the potential electrodes were calculated using
he 3-D FEM model of the sample for similar nominal impedance
alues Z C . These simulated electrical fields were used to calculate
he voltage across each electrode according to eqs ( 12 ) and ( 14 ),
nd the maximum impedance magnitude variation for a pair of
otential electrodes was obtained with eqs ( 15 ) and ( 19 ). As ex-
ected, the theoretical maximum magnitude variation was substan-
ially larger than the measured magnitude variation. Some measured
alues were close to the values obtained using a weighting factor W V 

 16 per cent determined from the modelling results presented in
ig. 2 for R 1 = 100 �. Ho wever , the average value of the weighting
actor was W V = 2.7 per cent for this EIT data set. For the practical
ssessment of electrode errors, it therefore does not make sense
o start from the extreme values of 16 per cent obtained from the
imulations. It seems more reasonable to use the value of W V =
.7 per cent obtained from the actual measurements. 

Based on the simulation and measurement results, an appropriate
alue W P for the conversion from amplitude to phase was also
etermined. The maximum phase change with a pronounced phase
eak is obtained when the amplitude change occurs in a small
requency range. For the cases where this occurred, the value of W P 

as as high as 500 mrad. In general, the estimated values of W P 

aried between 292 and 500 mrad for the EIT data set presented
ere. Therefore, we will use the conserv ati ve estimate of W P =
00 mrad to estimate the phase peak error F P using eq. ( 18 ) in the
iscussion of the implications for SIP and EIT measurements in the
ext sections. 

In a final step, it is shown how the presented electrode effects
ffect EIT imaging results. Figs 11 and 12 show the magnitude and
hase of the electrical resistivity at 21 Hz for the case that the EIT
easurements are performed with non-retracted (plane) (Fig. 11 )

nd optimally retracted potential electrodes (Fig. 12 ). According to
igs 8 and 9 , the phase error was largest at the selected frequency
f 21 Hz. 

For the inversion, the same electrode configurations as well as
egularization factor were used. The comparison shows clear dif-
erences in the inverted phase of the resisti vity. The de viation from
he expected phase of 0 mrad is up to 5 mrad for the non-retracted
lectrodes, whereas the inverted phase for the retracted electrodes
as more than 50 times smaller with de viations mostl y 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 t )] 80 mrad 9 mrad 1.8 mrad 0.8 mrad 
| Z ce | 4 k � 9 k � 10 k � 17 k �
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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 
easil y be achie ved through a liquid-filled bridge. To in vestigate ho w 

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 v ariabl y 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 ce | (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. Ho wever , the observed contact 
impedance w as suf ficientl y 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 et al. ( 2011 ). In this study, a ceramic tip with a high 
air entry value of 2000 hPa (largest pore size: 0.3 μm) and a con- 
tact area of 0.5 cm 

2 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 ef fects. The disadv antage of this design is the relati vel y 
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 unav oidab le 
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 
e xpected e xperimental 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 pathwa y. How ever, 
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 
F V max 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 F V max . Ho wever , 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 : 

F V = W V × F V max ≈ W V 

√ 

2 d 

a 
. (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 F V = 0.038 per cent for electrodes of d 
= 10 mm at a distance of 1 m using a weighting factor of W V = 

2.7 per cent. The maximum phase value for this example is F P = 

0.19 mrad when the conserv ati ve estimate of W P = 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 ( A < 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 F V = 

0.038 per cent and F P = 0.19 mrad using W V = 2.7 per cent, W P = 

500 mrad, d = 10 mm and a = 1 m. Even for a potential electrode 
separation as small as 0.25 m, the estimated phase error F P is only 
0.76 mrad. 

When n = 1, the Schlumberger configuration simplifies to the 
Wenner configuration ( A < 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 d = 10 mm 

and an electrode separation of a = 1 m using the weighting factors W V = 2.7 per cent and W P = 500 mrad. 

Configuration a n F V F P 

Schlumberger ( A < na > M < a > N < na > B ) 1 m >> 1 0.038 per cent 0.19 mrad 
Schlumberger ( A < na > M < a > N < na > B ) 0.25 m >> 1 0.152 per cent 0.76 mrad 
Wenner ( A < a > B < a > M < a > N ) 1 m – 0.048 per cent 0.24 mrad 
Dipole–dipole ( A < a > B < na > M < a > N ) 1 m 1 0.062 per cent 0.31 mrad 
Dipole–dipole ( A < a > B < na > M < a > N ) 1 m >> 1 0.038 per cent 0.19 mrad 
Gamma ( A < a > M < a > B < a > N ) 1 m – 0.089 per cent 0.44 mrad 
Gamma ( A < a > M < a > B < a > N ) 0.25 m – 0.350 per cent 1.77 mrad 
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he well-known solution for the electric potential distribution in a
omogeneous half-space, it can be estimated that the electric field
t the electrodes is 40 per cent higher compared to the field in the
iddle between the potential electrodes. Due to the parabolic shape

f the electric field strength with a minimum in the middle between
he electrodes, the voltage U C between the potential electrodes is
lso higher compared to the case with constant field strength. This
eads to a 25 per cent higher voltage U V max in relation to U C and
n error F V which is 1.25 times higher compared to a calculation
ith a constant electrical field. For a Wenner configuration with d
 10 mm and a = 1 m, the magnitude and phase error thus is F V =

.048 per cent and F P = 0.24 mrad with the same assumptions as
sed pre viousl y. 

For the dipole-dipole configuration ( A < a > B < na > M < a >
 ), the highest error occurs when the potential electrodes are close

o the current electrodes ( n = 1). For a dipole-dipole configuration
ith d = 10 mm, a = 1 m, and n = 1, the magnitude and phase

rror thus are F V = 0.062 per cent and F P = 0.31 mrad. For very
arge values of n , the error values are F V = 0.038 per cent and
 P = 0.19 mrad for this electrode diameter. Similar to the Wenner
onfiguration, it was found that the error F V is 1.62 times higher for
 = 1 compared to the case of a constant electrical field between
he potential electrodes for large values of n . 

Gamma configurations ( A < > M < > B < > N ) are the most
ritical configurations with respect to electrode effects because of
ossib le low v oltage difference U C between the potential electrodes
n the presence of a strong electrical field at the potential electrodes
i.e. as in the measurements presented in Fig. 9 ). A high voltage
ariation U V max at the electrodes in relation to a small voltage U C 

etween the electrodes can cause extremely large errors F V and F P .
herefore, it is difficult to obtain a general estimate for this type
f electrode configuration. Nevertheless, the error for any given
onfiguration can be estimated using the half-space solution or by
EM modelling. For ( A < a > M < a > B < a > N ) with a =
.00 m and d = 10 mm, the error values are F V = 0.089 per cent
nd F P = 0.44 mrad, which suggests that this configuration does
ot lead to substantial errors in impedance magnitude and phase.
or a = 0.25 m, the error values are substantially larger with F V =
.35 per cent and F P = 1.77 mrad and can no longer be neglected. 

We would like to point out that the estimated maximum errors
ssume a vertical electrode installation. In case of an inclined elec-
rode, the error increases due to the potentially greater distance
etween the two outer earth contact points of the electrode and thus
he longer contact surface in the direction of the electric field. For
mall inclination angles α of an electrode inserted to a depth r , this
ncreased separation can be approximated by 2 πr α/360 (for α in
egree). For a 10 mm diameter electrode installed to a depth of r
 50 mm with a small inclination angle of α = 1 ◦, this approxima-

ion implies an increase of 8.7 per cent in separation. This directly
ranslates to an increase in error by the same amount according to
q. ( 24 ) if a constant electric field is assumed. Therefore, substan-
ially larger electrode effects and associated measurement errors
an be expected even for slightly inclined electrodes. 

In principle, error estimations for the effect of heterogeneous con-
act impedances should also consider electrode effects at the current
lectrodes. Ho wever , the concepts presented here cannot easily be
ransferred to the current electrodes because the excitation current
s usually so high that non-linear effects need to be considered. The
ffect of heterogeneous contact impedances along the current elec-
rodes is briefly addressed for SIP measurements in Zimmermann
t al. ( 2008b ), but should be investigated in more detail in a future
tudy. 

 S U M M A RY  A N D  C O N C LU S I O N S  

e presented a new model that attributes observed electrode effects
o a heterogeneous distribution of contact impedance at the surface
f potential electrodes. This is an alternative mechanism intended to
eplace the notion that observed electrode effects are merely due to
he presence of metal in the electrical field. In the proposed model,
he internal electric potential of a passive metal electrode located in
n electric potential field is calculated. The heterogeneous contact
mpedances are modelled with a distributed network that describe
he impedance of the electrical transition from ionic conduction to
lectronic conduction at the electrode surface. A simplified electri-
al model of a corrosion process is used for this purpose. For this
rrangement, the resulting amplitudes and phase spectra of the mea-
ured electrode potential were calculated with respect to a reference
oint. For the ideal case with a homogeneous contact impedance,
he predicted amplitude is frequency-independent and the phase is
ero. For heterogeneous contact impedances, the model predicts
requency-dependent amplitudes and phases with both ne gativ e or
ositive phase peaks. The phase errors depend on the electrode
eometry, the potential distribution around the electrode, and the
istribution of the contact impedances at the electrode surface. An
pproximation of expected electrode effects in terms of amplitude
nd phase errors was obtained from the dimensions of the elec-
rodes in relation to the electrode spacing. To avoid phase errors,
he model suggests that this potential difference or the electrical
eld at the electrode should be small compared to the measured
lectrode potential. This can be achieved, for example, by keep-
ng the electrodes as small as possible, installing the electrodes in
hambers, installing the electrodes perpendicularly in relation to the
lectric field, or by avoiding configurations that generate an electric
eld at the electrode but only measure a small potential difference.
To provide experimental evidence to support the model devel-

pment, 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 relati vel y 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 
ef fects were approximatel y 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 ef fects w as found to v ary considerabl y between dif ferent 
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 unfav ourab le 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 achie ved b y 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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