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Abstract
Electrical impedance tomography (EIT) is a promising method to characterize important 
hydrological properties of soil, sediments, and rocks. The characterization is based on the 
analysis of the phase response of the complex electrical conductivity in a broad frequency 
range (i.e. mHz to kHz). However, it is challenging to measure the small phase response 
of low-polarizable soils and rocks in the higher frequency range up to 10 kHz. In order to 
achieve the required phase accuracy in the kHz frequency range, an optimized measurement 
system and advanced model-based processing methods have been developed. Recently, EIT 
measurements at sites with low electrical conductivity have shown a new dominating phase 
error related to capacitive leakage currents between cable shields and soil. In order to correct 
this phase error, we developed an advanced finite element model that considers both leakage 
currents and capacitive coupling between the soil and the cable shields in the reconstruction of 
the complex electrical conductivity distribution. This advanced model also takes into account 
potential measurement errors due to high electrode impedances. The use of this advanced 
model reduced the new dominating error for media with low electrical conductivity. It was also 
found that the amount of leakage current is an additional indicator for data quality that can 
be used for data filtering. After application of a novel data filter based on the leakage current 
and the use of the advanced modelling approach, the phase error of the measured transfer 
impedances above 100 Hz was significantly reduced by a factor of 6 or more at 10 kHz. In 
addition, physically implausible positive phase values were effectively eliminated. The new 
correction method now enables the reconstruction of the complex electrical conductivity for 
frequencies up to 10 kHz at field sites with a low electrical conductivity.

Keywords: impedance spectroscopy, inductive coupling, capacitive coupling, leakage current, 
electrical impedance tomography

(Some figures may appear in colour only in the online journal)

E Zimmermann et al

Printed in the UK

084002

MSTCEP

© 2019 IOP Publishing Ltd

30

Meas. Sci. Technol.

MST

10.1088/1361-6501/ab1b09

Paper

8

Measurement Science and Technology

IOP

Original content from this work may be used under the terms 
of the Creative Commons Attribution 3.0 licence. Any further 

distribution of this work must maintain attribution to the author(s) and the title 
of the work, journal citation and DOI.

2019

1361-6501

1361-6501/19/084002+13$33.00

https://doi.org/10.1088/1361-6501/ab1b09Meas. Sci. Technol. 30 (2019) 084002 (13pp)

https://orcid.org/0000-0003-1517-6597
https://orcid.org/0000-0002-1327-0945
https://orcid.org/0000-0002-1587-8516
https://orcid.org/0000-0003-0682-7941
mailto:e.zimmermann@fz-juelich.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6501/ab1b09&domain=pdf&date_stamp=2019-06-28
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
https://doi.org/10.1088/1361-6501/ab1b09


E Zimmermann et al

2

1. Introduction

Imaging of the complex electrical conductivity inside objects 
is of interest in a broad range of research fields, including pro-
cess tomography, medicine, and geophysics. In the simplest 
case, the complex electrical conductivity can be determined 
using two electrodes to supply a current to an object and two 
other electrodes to measure the electrical potential at the sur-
face of the object. In order to achieve the highest possible 
image resolution, these measurements are repeated with many 
different electrode pairs on many different locations on the 
surface of the object. From the data thus measured, the elec-
trical conductivity inside the object can be reconstructed using 
an inversion method.

Unfortunately, there is no consensus in the naming of 
this imaging method across different research fields. In pro-
cess tomography, the name electric tomography is used as an 
umbrella term for the measurement of the electrical conduc-
tivity (real part), the dielectric permittivity or the magnetic 
permeability (York et  al 2011). Typically, these measure-
ments are used for process monitoring on pipes or columns. 
In medical applications, the method is called electrical imped-
ance tomography (EIT) regardless of whether only the real 
part or the complex electrical conductivity is evaluated. An 
overview of initial developments in medical applications can 
be found in Barber and Brown (1984) and Yorkey et al (1987), 
and more recent developments are presented in Brown (2003), 
Holder (2005), Leonhardt and Lachmann (2012) and Frerichs 
et al (2017). In geophysics, this imaging approach is called 
electrical resistivity tomography (ERT) if the real part of the 
conductivity is measured at one frequency and induced polari-
zation (IP), spectral induced polarization (SIP) or EIT if the 
complex electrical conductivity is measured at a few selected 
frequencies (IP) or a broad range of frequencies (SIP). An 
overview about the ERT method and geophysical applications 
can be found in Daily et al (2005). The IP effect can either 
be measured in the time domain or in the frequency domain. 
In time domain IP, the ground is polarized with a current 
and the polarization decay curve is measured after switching 
off the current. Bertin and Loeb (1976) and Sumner (1976) 
provide overviews of early IP metrology and its geophysical 
applications. In frequency domain IP, a series of sinusoidal 
excitation signals with different frequencies is injected and 
the amplitude and phase of the resulting voltages is measured. 
This method is used for example in the SIP measurements pre-
sented in Slater (2007), Kemna et al (2012) and Revil et al 
(2012b). SIP measurements with a single four-point electrode 
configuration with two excitation electrodes and two poten-
tial electrodes are methodologically equivalent to electrical 
impedance spectroscopy (EIS) measurements. Since this work 
is inspired by geophysical applications, we will rely on the 
terminology established in this field in the following.

The materials of interest in geophysical applications (e.g. 
soil and rock) typically are lossy dielectric media, and the 
electrical properties are therefore expressed as a complex 
electrical conductivity consisting of a real and imaginary part 
or a magnitude and a phase. The real part of the complex elec-
trical conductivity is determined by ionic conduction in the 

pore space and the imaginary part of the complex electrical 
conductivity is determined by polarization processes associ-
ated with the electrical double layer at the interface between 
the soil matrix and the pore fluid (Börner et al 1996, Revil and 
Florsch 2010). Many previous field studies on complex elec-
trical conductivity were limited to the lower frequency range 
of 0.1 Hz to 100 Hz (e.g. Kemna et al 2000, Williams et al 
2009, Flores-Orozco et al 2011, 2012), mostly for technical 
reasons. However, new findings from laboratory and theor-
etical studies indicate that electrochemical polarization asso-
ciated with small grains and pores in saturated and unsaturated 
porous media (Binley et al 2005b, Breede et al 2012), bacteria 
(Revil et al 2012), roots (Ozier-Lafontaine and Bajazet 2005), 
and nanoparticles (Joyce et al 2012, Flores-Orozco et al 2015) 
mainly affects the complex electrical conductivity in the kHz 
range. Therefore, there is a clear demand for the development 
of systems and methods for accurate spectral EIT measure-
ments in the kHz frequency range in the field.

Due to the low polarizability of soils and rocks in the fre-
quency range of interest with phase values between 0.1 and 20 
mrad (Scott and Barker 2003, Binley et al 2005b) or the small 
amount of polarizable substances in the soil (nanoparticles, 
bacteria, roots), geophysical applications typically require a 
high phase accuracy of 1 mrad or better. Unfortunately, field 
measurements of such small phase angles in the frequency 
range up to 10 kHz are technically challenging because there 
is a range of error sources that affects the measurement acc-
uracy and thus the resulting phase error (table 1).

An important source of errors is inductive coupling 
between the wires in multi-core cables. The significance of 
this coupling was already recognized by Pelton et al (1978a) 
and Telford et al (1990). Unfortunately, the bundling of elec-
trical wires can hardly be avoided, especially in the case of 
borehole measurements where many electrodes are neces-
sarily connected through a single cable bundle. In order to 
remove inductive coupling effects from borehole EIT meas-
urements, correction methods have been developed based on 
a combination of calibration measurements and numerical 
modeling of the cable layout (Zhao et al 2013, 2015). Using 
this correction, a phase accuracy of 1 mrad at 1 kHz could be 
achieved when a custom-made measuring system optimized 
with respect to high phase accuracy was used (Zimmermann 
et al 2008, 2010).

Another source of electromagnetic coupling is the capaci-
tive coupling between the current carrying and voltage meas-
uring wires and between the wires and the soil, which can 
lead to capacitive crosstalk and parasitic leakage currents. 
Different methods are used to minimize the disturbing influ-
ence of capacitive coupling. In Dahlin and Leroux (2012), 
the coupling of unshielded wires is minimized by separating 
the wires for current excitation and voltage measurement into 
two separate branches. Another measure to avoid capacitive 
leakage currents and crosstalk between cables, especially if 
they are close together, is the use of shielded cables (Telford 
et al 1990). The use of shielded cables will strongly reduce 
the capacitive crosstalk, but the parasitic leakage currents 
between the cable shield and the soil remain. Zhao et al (2013) 
showed that this kind of coupling is of secondary importance 
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for borehole EIT measurements where the electrical conduc-
tivity is relatively high and the contact impedance between 
electrodes and the subsurface is low. However, Kelter et  al 
(2018) observed unexpectedly high values for the imaginary 
part of the measured impedance for EIT measurements made 
with surface electrodes for dry soil conditions and associated 
high contact impedances between the electrodes and the sub-
surface. None of the corrections presented in Zhao et al (2013, 
2015) could effectively reduce these observed large errors in 
the kHz frequency range. Furthermore, it was found that the 
capacitive leakage currents between the cable shields and the 
system ground were large compared to the current between 
the two excitation electrodes. These results suggest that the 
capacitive coupling for measurements in dry soil conditions 
is an important factor controlling the strength of the leakage 
current, and this has not been considered in sufficient detail in 
previous work.

High contact impedances at the potential electrodes also 
have an effect on the measurement accuracy of the complex 
electrical conductivity (Sumner 1976, Dahlin et  al 2002, 
Binley and Kemna 2005a). The high impedances together 
with the capacitive load on the electrodes lead to phase errors 
in the potential measurements. This error can be minimized 
by measuring the potential directly at the electrode with 
high-impedance amplifiers (Zimmermann et  al 2008). The 
remaining error can be corrected for four-electrode laboratory 
SIP measurements up to an error of 0.2 mrad for a frequency 
of 10 kHz with the methods outlined in Huisman et al (2016). 
For laboratory and field EIT measurements, the methods pre-
sented in Kelter et al (2015, 2018) can be used to reduce these 
errors to some extent. Nevertheless, a more advanced correc-
tion of the adverse effects of high contact impedances could 
further improve the accuracy of field EIT measurements.

The aim of this study is to compare field EIT measure-
ments at two sites with low and high subsurface electrical 
conductivity and associated different contact impedances, and 
to present a novel error correction procedure to address meas-
urement errors associated with capacitive coupling at test sites 
with low soil conductivity and high contact impedances. This 
correction procedure will include the determination of para-
sitic capacitances when measuring with surface electrodes 

and the integration of these capacitances into the FEM model 
used for the reconstruction of the electrical conductivity dis-
tribution in EIT inversion. It is expected that this will also 
reduce errors due to high contact impedances. The correction 
procedure will also include the determination of leakage cur-
rents and an extended source term to correct the error due to 
the parasitic current flow from the subsurface via the cable 
shield to the system ground. The developed correction proce-
dure will be verified using surface EIT measurements at the 
two field sites with low and high electrical soil conductivi-
ties for frequencies up to 10 kHz. It will also be investigated 
whether the EIT results improve when data are filtered based 
on the measured leakage current, because this seems an appro-
priate indicator of EIT data quality.

2. Methods

2.1. Measurement system

A custom-made 40-channel EIT measurement system was 
used for all EIT measurements presented here. It is based 
in large parts on the system described in Zimmermann et al 
(2008). The system is shown in figure 1 and consists of 40 
electrode modules (EM01…EM40), 40 shielded electrode 
cables (EC01…EC40), a multiplexer unit (MUX), a func-
tion generator with a current measuring unit (FG) and a DAQ 
system (ADC) with 48 high-resolution analog to digital con-
verters. For the broadband current excitation, two comple-
mentary sinusoidal voltage signals Ui1 and Ui2 are generated 
in the frequency range from 1 mHz to 45 kHz by the func-
tion generator. The two voltages are switched by the multi-
plexer unit to two freely selectable electrodes, eg. E01 and 
E40 in figure 1. The two excitation currents Im1 and Im2 are 
measured with two shunt resistors Rs1 and Rs2 in the signal 
path of the two complementary excitation voltages Ui1 and 
Ui2. All remaining electrodes, E02 to E39 in figure 1, measure 
the voltages relative to system ground (GND) simultaneously 
to allow fast EIT measurements with a free choice of elec-
trode configurations. For this purpose, the voltage signals are 
connected to the ADCs via the electrode modules, cables and 
multiplexers. The potential differences between electrodes 

Table 1. Possible causes of phase errors in EIT measurements with surface electrodes.

Sources of error Effect Solution strategy Reference

Inductive coupling between 
wires

Induces voltages in the 
voltage-measuring cables

Optimal cable layout 
and numerical  
corrections

Sunde (1968), Pelton et al (1978a), Zhao 
et al (2013, 2015)

Capacitive coupling between 
current carrying and voltage 
measuring unshielded wires

Capacitive crosstalk Shielded cables Telford et al (1990)

Capacitive coupling between 
current carrying unshielded 
wires and soil

Leakage current to soil Shielded cables Telford et al (1990)

Capacitive coupling between 
cable shield and soil

Leakage current from 
soil to shield

Content of this paper

High contact impedance with 
capacitive load at the potential 
electrode

Phase shift at the elec-
trodes

Content of this paper
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are calculated a posteriori for the four-point electrode con-
figurations of interest. For example, the electrode configura-
tion ABMN in figure 1 is calculated from the electrodes E01 
and E40 for current injection and E12 and E13 for voltage 
measurements. In order to minimize the capacitive load at the 
electrodes, amplifiers for potential measurement and relays for 
switching off the inactive current channels are implemented 
in the electrode modules. The input impedance ZEM of the 
electrode modules have an input capacitance of about 10 pF  
and an input resistance of about 500 GΩ.

In addition to the special system design, several error cor-
rections are used to increase the measurement accuracy. In 
particular, correction methods have been developed to account 
for amplification errors, signal drift, current measurement 
errors, and propagation delay of the signal due to the long 
cables. To correct amplification errors that are mainly caused 
by the ADCs, a reference measurement with all channels is 
performed simultaneously on a single voltage source for the 
entire frequency range. The measured complex amplitudes of 
the voltages are stored as a calibration data set. To estimate 
the true currents at the electrodes (Ii1 and Ii2 in figure 1), the 

transfer error of the current signals between measured cur-
rents Im1 and Im2 at the shunt resistors Rs1 and Rs2 and the 
electrodes E01… E40 are corrected numerically. For this pur-
pose, the capacitive loads of the individual current paths from 
the shunt resistor to the individual electrodes, which consist 
of parts of the multiplexer and the cables, are measured. The 
propagation delay of the voltage signals from the electrode via 
the amplifiers to the ADCs is also corrected. More informa-
tion about the system and the methods for error correction can 
be found in Zimmermann et al (2010).

2.2. Field EIT measurements

Field EIT measurements were conducted at two locations with 
different subsurface electrical conductivity. Both locations 
are located near Milano, Italy. Site A was located near Senna 
Lodigiana in the Lodi plain along a terrace of the Po river 
and showed a low electrical conductivity (figure 2(a)). Site 
B was located near Lozzolo and showed a higher electrical 
conductivity (figure 2(b)). More information about the two 
sites can be found in Inzoli (2016). At both sites, an array of 

Figure 1. Block diagram of the EIT-system.

Figure 2. Location A with low soil electrical conductivity (<5 mS m−1) near Senna Lodigiana, Italy (left) and location B with high soil 
electrical conductivity (>5 mS m−1) near Lozzolo, Italy (right).

Meas. Sci. Technol. 30 (2019) 084002
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30 electrodes arranged in a row with an electrode spacing of 
1 m was used, which resulted in a total length of 29 m for the 
electrode layout. Stainless steel screws with a length of 18 cm 
and a diameter of 10 mm were screwed into the soil to a depth 
of 10 cm and used as electrodes.

The electrode configurations for EIT measurements were 
selected considering the following two aspects. First, the elec-
trodes for current excitation were selected so that a maximum 
signal to noise ratio is achieved. Since the EIT system used in 
this study measures voltages at all electrodes except the two 
current electrodes, the current electrodes were selected such 
that strong signals were expected at all electrodes. To achieve 
this, a large and as equal as possible spacing between the cur-
rent electrodes was selected for all configurations. Second, it 
is desirable to acquire a primary data set in which each elec-
trode is used equally often. This can be achieved with a cir-
culating dipole-dipole configuration, see for example Xu and 
Noel (1993). Based on these considerations, we used current 
excitations where 16 electrodes were skipped in between the 
electrodes. At the end of the electrode array, the method is con-
tinued using the modulo operation, e.g. 01-18; 18-05 … 14-01. 
Using this approach, each electrode is used exactly two times 
for current excitation. In order to suppress the disturbing effect 
of external parasitic excitation currents, each current con-
figuration is additionally carried out with exchanged current 
excitation electrodes (Zimmermann 2008). The average of the 
normal and the reversed excitations is used in the remainder 
of the processing. In order to obtain a dataset with reciprocal 
measurements, all pairs of current excitation electrodes were 
also used as potential electrodes. Using this strategy, the final 
data set consisted of 405 normal and 405 reciprocal transfer 
impedances for a total of 810 impedance measurements. For 
each current configuration, the impedances are measured for 
15 frequencies in the range from 0.1 Hz to 10 kHz: 0.10, 0.23, 
0.52, 1.18, 2.68, 6.10, 13.9, 31.3, 71.4, 164, 366, 850, 1950, 
4400, 10 000 Hz. The measurement time was 80 min for a data 
set with all configurations and all frequencies.

2.3. Inductive coupling

Zhao et al (2015) showed that inductive coupling can cause 
large phase errors in EIT measurements, and suggested that 

the position of the cables must be known with an accuracy of 
some cm to correct this error. Therefore, a simple fan-shaped 
cable layout was used for the EIT measurements where each 
electrode cable is positioned in a straight line from the EIT 
system to the electrode. Cable lengths of 20 m, 15 m and 10 
m were used for the connections. In order to avoid additional 
inductive coupling, the cable sections that were too long were 
continued as a parallel cable end close together behind the 
electrodes. The cable layout is shown in figures 2 and 3.

To calculate the inductive coupling between the cables of 
the fan-shape cable layout, the method of Zhao et al (2015) 
based on the Neumann integral (Sunde 1968) is used. To 
optimize the calculation, all possible mutual inductances M 
between one current-carrying cable and one voltage-meas-
uring cable are calculated using:

M =
µ

4π

ˆ C2

C1

ˆ P2

P1

d�sd�S
r

 (1)

where µ is the permeability, s and S are line elements, and r 
is the distance between these line elements. The cable paths 
are from C1 to C2 for the current-carrying cable and from P1 
to P2 for the voltage-measuring cable (figure 3). This proce-
dure results in a symmetrical pole–pole matrix with the induc-
tances MCP where C and P indicate the electrode number:

M30×30 =

Ü
M1,1 · · · M1,30

...
. . .

...

M30,1 · · · M30,30

ê

. (2)

The mutual inductance of any four-point configuration ABMN 
with two current electrodes AB and two potential electrodes 
MN is calculated in a second step using the superpositioning 
principle:

MABMN = (MAM − MBM)− (MAN − MBN) . (3)

For each measured transfer impedance Z, the mutual induc-
tance is added to the impedance component ZS coming from 
the soil:

Z = Zs + jωM. (4)

Using this equation, the measured transfer impedance can be 
corrected for inductive coupling by subtracting the mutual 
inductance.

2.4. FEM model with capacitive coupling

Capacitive coupling between the ground and the shield of 
the electrode cables cannot be corrected a priori because 
it depends on the potential distribution in the subsurface. 
Therefore, capacitive coupling can only be considered by inte-
grating the capacitances in the FEM model used for model-
ling and reconstruction of the complex electrical conductivity 
distribution. For this, the soil part YS in the admittance matrix 
of the FEM model is supplemented by an additional matrix 
YC that represents the capacitive coupling (Zhao et al 2013):

[YG] = [YS] + [YC] . (5)

Figure 3. Schematic representation of the cable layout that allows 
straightforward calculation of the inductive coupling. This example 
shows the cable paths for two pole–pole configurations. For the 
first configuration, the cable paths are from C1 to C2 for the current-
carrying cable and from P1 to P2 for the voltage-measuring cable. 
For the second configuration, the cable paths are from C1 to C′

2 and 
from P1 to P′

2.

Meas. Sci. Technol. 30 (2019) 084002
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The matrix YC only has the elements YCn,n on the main diagonal

[YC] =




YC1,1 · · · 0
...

. . .
...

0 · · · YCn,n


 (6)

which represent the capacitive connection at the nodes n of the 
FEM mesh to system ground (see figure 4). The FEM mod-
eling itself is based on Poisson’s equation  (e.g. Pelton et al 
1978b):

∇ · (σ∇φ) = Iδ(r) (7)

with the complex electric conductivity σ, the electric potential 
φ and the punctual current injection I δ (r).

The elements of the matrix YC must be determined from 
available information or additional measurements in order to 
not increase the number of unknowns in the solution of the 
inverse problem. Obviously, the cable position also needs to 
be known to specify the elements YCn,n, but this is no addi-
tional effort because cable positions were already required for 
the inductive coupling. Unfortunately, it is difficult to deter-
mine the distance between cable shield and the surface in a 
field EIT measurement. Therefore, an analytical calculation of 
the individual capacitances as used in Zhao et al (2013, 2015) 
is not feasible. Instead, the total capacitance CT between all 
cable shields and the ground is measured and distributed 
among the elements of YC according to the cable lengths and 
positions. In order to measure CT, a current Ii is injected at one 
electrode and potential measurements UP are performed at all 
other electrodes. CT can then be calculated using:

j2πf CT =
Ii

mean(Up)
=

∑
YCn,n (8)

where j  is the imaginary unit, f  is the measurement frequency 
and Σ is the sum operator. In this additional measurement, 
the resulting current flows from the current electrode through 
the soil and the cable shields back to the system. This is, for 
example, the green current path in figure 4 from the input point 
at Ii1 to the capacitances of the cable shield. In this case, Ii2 is 
zero. The imaginary part of the measured impedance between 
soil and system ground is essentially caused by the capaci-
tance CT. To increase the accuracy of the CT estimate, the total 

capacitance is measured by exciting at each electrode E01 to 
E30. The mean of all measured CTn is then used to calculate 
the mean total capacity CT:

CT = mean(CTn). (9)

In addition to the capacitances between cable and ground, the 
input capacitances of the electrode modules are taken into 
account at the electrode positions in the FEM mesh.

Similar to Zhao et al (2013), the capacitances between the 
cable shield and the ground are distributed on the nodes of 
the affected elements in the FEM mesh. The cable paths are 
first divided into short segments of equal length. Next, the ele-
ments of the FEM mesh that have a triangular surface on the 
surface of the ground are identified. With a search algorithm, 
the cable segments are assigned to the individual triangular 
surface elements. The capacitance is determined for each ele-
ment using the proportion of the cable segment and the cable 
length and added to the respective elements of YC. After all 
cable segments have been assigned, the sum of the elements 
YCn,n must match the measured total capacity.

To get a feeling for the plausibility of the measured total 
capacitance, the total capacitance was also estimated from 
an analytical solution for the capacity between a wire and a 
plate:

C =
2πεl

a cosh(d/R) (10)

with the permittivity ε, the total cable length l, the radius 
R of the wire, and the distance d between the wire axis and 
the plate. Assuming a total length l  =  380 m for all cables, a 
radius R  =  2 mm, a distance range of d  =  2.5 mm to 10 mm, 
and the permittivity of air (8.85 pF m−1), the total capacitance 
was expected to vary between 9.2 and 30.5 nF for the used 
cable lay-out.

2.5. FEM model with modified source term

Most EIT studies used a symmetric source term for the model-
ling of the current excitation (e.g. Binley and Kemna 2005a, 
Zimmermann et al 2008). Current flow to system ground is 
typically not considered. In this case, the inflowing and out-
flowing currents at the two excitation electrodes are identical. 
Although this simplification takes into account the current 
across parasitic parallel paths, this is only one part of the 
capacitive coupling effect. Therefore, it is necessary to modify 
the source term in order to consider the leakage current to the 
EIT system as well.

The schematic diagram in figure 4 is used to explain the 
current paths for a two-point excitation with capacitive cou-
pling between cable shields and ground. The red path is the 
symmetric part IS of the two excitation currents Ii1 and Ii2 and 
the green paths are possible leakage currents IL to the cable 
shields. In order to calculate the effect of leakage currents on 
the measured transfer impedance, the excitation I is decom-
posed into two parts:

I = IS +
1
2

IL. (11)

Figure 4. Schematic drawing illustrating capacitive coupling 
between soil and cable shield. Ii are the excitation currents, CL the 
respective capacitances between soil and shield and Ze the contact 
impedances of the current electrodes.

Meas. Sci. Technol. 30 (2019) 084002
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The bold symbols I, IS and IL are the corresponding current 
vectors. Depending on the implementation of the system of 
equations  for the FEM calculation of all configurations, the 
implementation with Ii1 and Ii2 or the realization with IS and IL 
may be useful. The currents Ii1 and Ii2 are measured with the 
system, and the values IS and IL can be calculated by:

IS =
Ii1 − Ii2

2 (12)

IL = Ii1 + Ii2. (13)
The extended FEM model that now considers the modified 
source term can be written as:

ï
Is +

1
2

IL

ò
= YG [US + UL]

 (14)
with

IS = YG US (15)
and

1
2

IL = YG UL
 (16)

where YG is the admittance matrix of the FEM model, and US 
and UL are the calculated node potentials. Finally, the transfer 
impedances ZG are required for data inversion. For each con-
figuration ABMN the transfer impedances ZG can be calcu-
lated with

ZG = (USM − USN)/ISAB + (ULM − ULN)/ISAB = ZS + ZL
 (17)
where the indices M and N denote the calculated voltages at 
the electrodes M and N and the indices A and B denote the 
injected current at the electrodes A and B. This yields the 
impedance ZS for the symmetric excitation and the imped-
ance ZL for the leakage current excitation. The separation 
between ZS and ZL is mainly used here to illustrate the effect 
of capacitive coupling. In particular, the corrected spectrum 

ZC is calculated from the measured impedances ZO to show 
the impact of ZL using:

ZC = ZO − ZL. (18)

2.6. Correction of potential measurements for contact  
impedances

Another important measurement error in the case of EIT mea-
surements is caused by high contact impedances of the elec-
trodes. With respect to the potential measurement, the contact 
impedances ZE together with the input capacitance CE of the 
electrode modules can cause a non-negligible phase error, 
even if the input capacitance is only a few pF. For example, 
a contact impedance of 4 kΩ and a capacitance of 10 pF at 
10 kHz cause an erroneous phase shift of 2.5 mrad. These 
errors can be corrected to a large extent with the models and 
methods presented in Zimmermann (2008), Kelter et al (2015) 
and Huisman et  al (2016) for laboratory measurements on 
small samples and soil columns. In these cases, the electrode 
is coupled to the sample through a channel to avoid electrode 
polarization effects (see figure 5(a)) and the contact imped-
ance ZE between electrode and sample is largely determined 
by the channel impedance ZE1. The contact impedance can be 
estimated with reasonable accuracy by measuring the voltage 
Ui at the electrode, the mean sample potential Up and the cur-
rent Ii through the electrode during current excitation:

ZE =
Ui − mean (Up)

Ii (19)
where Up is the voltage measured at all electrodes except the 
current electrodes.

The method outlined above no longer applies if the elec-
trode is inserted into the subsurface because there is no high-
impedance channel that dominates the contact impedance. In 
principle, electrode models may be used to represent the elec-
trodes (e.g. Boyle and Adler 2011, Rücker and Günther 2011). 

Figure 5. Schematic diagram of the electrode contact impedances for (A) an electrode impedance measurement and (B) a potential 
measurement. Here, Ii is the injected current, Up is the mean sample potential, Ui is the measured voltage at the excitation electrode, UE is 
the measured voltage at the potential electrode, ZE1 is the channel resistance between metal and ground, ZE2 is the impedance of the soil and 
C is the capacitive load of the electrode module. Panel (A) represents the typical case for lab measurement and field measurements where 
the coupling is through a channel to a sample or soil and panel (B) represents the case where the electrode is inserted into the subsurface.
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However, a realistic modeling of the electrode surface with 
respect to the correction of the measured potentials is difficult 
for two reasons. On the one hand, it cannot be assumed that 
the electrodes make contact with the sediment at all points on 
the surface, and on the other hand, oxide layers can strongly 
influence the contact impedance. Since it is currently not clear 
whether a complete electrode model is helpful for the correc-
tion of the potential measurements, a simpler approach is pre-
ferred here.

In this simpler approach, the electrode is represented 
as a point electrode in the FEM model (figure 5(b)). The 
impedance ZE1 represents the contact impedance between 
metal and ground, ZE2 the impedance of the ground and C 
the capacitive load of the electrode module. Assuming that 
ZE1 is much smaller than ZE2, no additional correction of the 
phase errors in the potential measurement is necessary. It is 
sufficient to consider the capacitance C in the FEM mesh 
used to consider capacitive coupling because the impedance 
ZE2 is already part of the FEM model. Clearly, it would be 
advantageous to integrate the impedance ZE1 into the FEM 
model. In this case, the phase error could be correctly mod-
eled and corrected for all cases. However, it is not possible 
to distinguish between ZE1 and ZE2 in the impedance meas-
urement and no method is known to reliably separate these 
two impedances in situ for field measurements. Therefore, 
the method proposed here is only valid for the case that ZE1 
� ZE2.

2.7. Inversion of spectral electrical impedance data

It is important to realize that the consideration of capaci-
tive coupling for the geometrically complex distribution of 
the cables requires a 3D FEM forward model for the recon-
struction of the complex electrical conductivity distribution, 
whereas a 2.5D FEM model in the x-z plane would have been 
sufficient for an EIT application without correction for capac-
itive coupling. Since the EIT measurements do not provide 
information on the variability in y -direction, a 2D target model 
in the x-z plane was defined. In the iterative inversion process, 
the conductivity of this target model was assumed to be the 
same in y -direction. To invert the spectral impedance data, an 

iterative Gauss–Newton procedure with Tikhonov regulariza-
tion was used (Zimmermann et al 2008). For regularization, 
a second order smoothing filter is applied to the 2D plane. An 
error-dependent data weighting is not used for the inversion.

3. Results

The real and imaginary part of the measured impedances after 
standard corrections are shown in figure 6 for locations A and 
B. The real part of the measured impedance spectra for location 
A and B differed by a factor of 10 due to the different subsur-
face electrical conductivity. The maximum value at location 
A with low subsurface electrical conductivity was about 400 
Ω. At location B with high subsurface electrical conductivity 
the maximum value was about 40 Ω. The imaginary part of 
the impedance spectra showed physically implausible posi-
tive values in the upper frequency range for both locations. 
The variation of the measured imaginary values at 10 kHz was 
about 100 Ω at location A and about 1.5 Ω at location B.

The real and imaginary part of the measured impedance 
after correction for inductive coupling is shown in figure 7. 
Since both sites were measured with the same cable layout and 
the same electrode configurations, the correction for inductive 
coupling was the same for both locations. The required cor-
rections for inductive coupling ranged from  −0.9 Ω to  +1.1 Ω 
for the imaginary part of the measured impedance at 10 kHz. 
At test site B, the correction for inductive coupling success-
fully removed the physically implausible positive imaginary 
parts of the measured impedance at 10 kHz. The variation of 
the imaginary part at 10 kHz after correction was only 1.5 Ω, 
which is about 4% of the real part of the measured imped-
ance (phase range). At test site A, the imaginary part of the 
measured impedance varied by about 100 Ω at 10 kHz after 
correction for inductive coupling, which is about 25% of the 
real part of the measured impedance. Despite the correction 
for inductive coupling, the measured spectra still showed 
physically implausible positive imaginary parts of the meas-
ured impedance. Of course, this was not unexpected given the 
broad range of values for the imaginary part of the imped-
ance at location A in relation to the relatively narrow range of 
values required to correct for inductive coupling. These results 

Figure 6. Impedance spectra of all configurations after standard error corrections for location A (left) and location B (right).
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clearly illustrate the challenges associated with surface EIT 
measurements at sites with low subsurface electrical conduc-
tivity that were already indicated by Kelter et al (2018).

In order to correct the errors due to the capacitive coupling 
with the extended FEM model, the total capacitances were 
measured at 1.2 kHz using a current excitation at each elec-
trode for both locations A and B. The mean capacitance was 
10.0 nF for location A and 12.5 nF for location B. The standard 
deviations of the measurements at all electrodes were 23 pF 
and 9 pF. Clearly, both capacitances are well within the esti-
mated range of 9–30 nF calculated for cable to ground separa-
tions ranging from 2.5 mm to 10 mm using equation (10). This 
also suggests that the small difference of 2.5 nF between loca-
tion A and B can be explained by a small difference (~1 mm) 
in mean separation between the cables and the ground surface. 
It also interesting to note that the contribution of the electrode 
modules to the measured total capacitance is negligible. The 
input capacitance associated with the electrode modules is 
approximately 29 * 10 pF  =  290 pF when using one current 
electrode and 29 potential electrodes. The contact impedances 
ZE were determined as well using equation (19). They varied 
between 1000 and 4000 Ω for location A and between 300 and 
600 Ω for location B.

After distributing the total capacitance in the 3D FEM 
model using the approach outlined earlier, the influence of 
the leakage current on the measured transfer impedance was 
analyzed first. For this, the imaginary part of the measured 
transfer impedance at 1950 Hz is plotted as a function of the 
nor malized leakage current |IL|/|IS| for location A and B in 
figure 8. For location A with low subsurface electrical con-
ductivity, the imaginary part of the transfer impedances was 
strongly correlated with the normalized leakage current and 
the maximum value of the normalized leakage current is 0.3. 
In contrast, location B showed no correlation between the 
imaginary part of the transfer impedance and the normalized 
leakage current, and the maximum value of the normalized 
leakage current was only 0.03 (i.e.10 times smaller than at 
location A). This clearly shows that the influence of leakage 
currents cannot be neglected for soils with high transfer 
impedances.

In a next step, the effect of considering capacitive coupling 
and leakage currents on the impedance spectra is shown in 
figure 9. For this, the measured impedances ZO were corrected 
with the numerically calculated impedances ZL that are avail-
able after data inversion using equation (18). The results show 
that the spread in the imaginary part of the transfer impedances 

Figure 7. Impedance spectra after correction for inductive coupling for location A (left) and location B (right).

Figure 8. Imaginary part of the measured transfer impedance as a function of the normalized leakage current |IL|/|IS| measured at 1950 Hz 
at location A and B.
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Figure 9. Impedance spectra after correction for inductive coupling and leakage currents for location A (left) and location B (right).

Figure 10. Impedance spectra after correction for inductive coupling, leakage currents, and the use of an additional data filter 
(|IL|/|IS|  <  0.1) for location A (left) and location B (right).

Figure 11. Magnitude and phase images of the reconstructed conductivity distribution in the x-z plane below the electrode row for location 
A. The indices A to D of the rows indicate different correction steps: (A) without correction, (B) with correction of inductive coupling, (C) 
with additional correction of capacitive coupling and (D) with additional data filter (|IL|/|IS|  <  0.1). The images show from left to right the 
magnitude of the complex conductivity at 6.1 Hz and the phase for 6.1 Hz, 71.4 Hz, and 1950 Hz, respectively.
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at 10 kHz was greatly reduced from 25% to 7% (phase range) 
for location A by considering capacitive coupling. However, 
some physically implausible positive imaginary parts of the 
transfer impedance remained. In contrast, only small changes 
were observed in the transfer impedance spectra for location 
B due to the implemented correction for capacitive coupling.

In order to remove the physically implausible transfer 
impedance for location A, a data filter was considered. For 
this, the normalized leakage current of the physically implau-
sible transfer impedances was analyzed at 1950 Hz, and it 
was found that they were associated with measurements with 
|IL|/|IS|  >  0.1. Therefore, these measurements were removed 
for all frequencies. After this last processing step, the size of 
dataset of location A was reduced from 810 to 594 transfer 
impedances for each frequency, but the physically implausible 
measurements were now also removed for location A (figure 
10). This of course reduces the possible spatial resolution after 
inversion. However, no electrodes were completely excluded 
from the analysis due to the data filter. Before applying the 
filter, each electrode occurred 108 times in the 810 electrode 
configurations of the transfer impedances. After applying 
the filter, each electrode occurred at least 42 times in the 
remaining 594 configurations. Thus, no zones in the subsoil 
are completely excluded from the conductivity reconstruction.

Finally, the inversion results of the two test sites are shown 
for location A (figure 11) and location B (figure 12) in terms 
of the magnitude and the phase of the electrical conductivity. 
The figures show the conductivity distribution in the x-z plane 
below the electrode row. Since the magnitude is almost inde-
pendent of frequency, it is shown for 6.1 Hz only. The phase 
of the electrical conductivity is shown for three selected fre-
quencies (6.1 Hz, 71.4 Hz, 1950 Hz). The inversion results are 
presented for uncorrected data, after correction for inductive 

coupling, after additional correction of capacitive coupling, 
and finally after applying the data filter |IL|/|IS|  <  0.1. The 
results for both location A and B show that corrections are not 
required for accurate measurements of the complex electrical 
conductivity (magnitude and phase) at a frequency of 6.1 Hz. 
For the more conductive location B, the correction for induc-
tive coupling improved the spectral consistency of the phase, 
indicating that inductive coupling was the most important 
source of error at this site. It can be seen that the correction for 
inductive coupling was considerable at 1950 Hz, but that the 
phase measurements at 71.4 Hz were not strongly affected yet. 
Corrections for capacitive coupling and data filtering did not 
lead to noticeable improvements in the imaged phase distribu-
tion at this location. In contrast, the imaged phase distributions 
at the less conductive location A were not spectrally consistent 
after correction for inductive coupling. Only after using the 
new approach to account for capacitive coupling, the spectral 
consistency of the imaged phase distribution improved. It can 
be seen that the consideration of capacitive coupling also con-
siderably improved the phase distribution at 71.4 Hz, indicating 
that this relatively low frequency was already affected by the 
high capacitive load for this location with low subsurface elec-
trical conductivity. The consideration of data filtering further 
reduced the phase values, particularly for the deeper subsur-
face (<3 m) at a frequency of 1950 Hz, which were found to 
be unrealistically high before filtering. Overall, we conclude 
that the proposed correction methods allow a reconstruction 
of the complex conductivity distribution for frequencies up to 
10 kHz using surface measurements in the field. The remaining 
variability in phase is attributed to actual variation in the sub-
surface electrical properties. For example, the areas with high 
phase are likely associated with a higher clay fraction, but a 
detailed investigation of this is beyond the scope of this study.

Figure 12. Magnitude and phase images of the reconstructed conductivity distribution in the x-z plane below the electrode row for location 
B. The indices A to D of the rows indicate different correction steps: (A) without correction, (B) with correction of inductive coupling, (C) 
with additional correction of capacitive coupling and (D) with additional data filter (|IL|/|IS|  <  0.1). The images show from left to right the 
magnitude of the complex conductivity at 6.1 Hz and the phase for 6.1 Hz, 71.4 Hz, and 1950 Hz, respectively.
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4. Discussion and conclusions

In this paper, we have presented novel correction methods 
for improved reconstruction of the complex electrical con-
ductivity distribution of the subsurface. In comparison with 
previous attempts to address capacitive coupling, the pre-
sented extended FEM model now also accounts for leakage 
currents between the soil and the cable shields. The efficiency 
of the new method was verified at test sites with low and high 
electrical soil conductivity. It could be shown that broadband 
field measurements with surface electrodes for frequencies 
up to 10 kHz are possible by using this extended FEM for-
ward modelling. This turned out to be especially important for 
locations with low electrical conductivity where the effect of 
coupling between cable shields and soil was much stronger. 
In particular, the leakage current that flows from the excita-
tion electrodes across the shields to the system ground was 
found to be important, and was therefore considered in the 
extended FEM model presented here. The estimated values of 
the leakage currents were additionally used for data filtering, 
which effectively eliminated transfer impedances with physi-
cally implausible positive phases in the upper frequency range. 
It is important to note that the novel correction approach pre-
sented here allows considering the coupling capacitance for 
all possible objects with arbitrary electrical conductivity.

A disadvantage of the proposed correction approach is 
the additional effort that is required to measure the leakage 
currents and the total capacitive load due to the cables. In 
addition, the extended FEM modelling approach needs to be 
implemented using a 3D forward model in order to consider 
the capacitive coupling of a fan-shaped cable layout. Instead 
of the fan-shaped cable layout used here, alternative cable lay-
outs that minimize both capacitive and inductive coupling and 
only require a 2D forward model should be tested in future 
studies. Given the strength of the capacitive coupling in certain 
conditions, it may also be worthwhile to consider strategies to 
avoid capacitive coupling. This could for example be achieved 
by increasing the distance between cable and ground.

An important open issue is the correction of measurement 
errors associated with high and unequal contact impedances. 
Unequal contact impedances are a dominant cause for leakage 
currents and it is still unclear how the resulting errors can be 
optimally corrected in the case of high contact impedances. 
Another open issue for the further development of the EIT 
system is the current excitation. So far, a voltage source with 
high accuracy current measurement has been used for current 
excitation, as it is easier to measure the currents compared to 
realizing a system with an ideal current source. When using 
ideal current sources, the system ground initially has no refer-
ence potential. Therefore, the potential measurements would 
require a grounding of the system with the soil. Unfortunately, 
a current source with negligible capacitive coupling to the 
system is hardly possible due to the long electrode cables. In 
order to minimize leakage currents, it would however be desir-
able to realize an ideal current source where the two voltages 
at the excitation electrodes can be varied such that the leakage 
current is zero. Instead of the leakage current, the unbalance 

of the resulting voltages would then be an indicator for meas-
urement errors. Such a development would reduce capacitive 
coupling, but would not avoid the need for advanced mod-
eling of the coupling capacitances. Regardless of possible 
approaches for further improvement, the presented system 
and correction methods are a significant step forward towards 
an increased frequency bandwidth and improved accuracy of 
field EIT measurements and thus for subsurface characteriza-
tion in geophysical applications.
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