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SUMMARY

This study presents the results of an interlaboratory test designed to evaluate the accuracy of
spectral induced polarization (SIP) measurements using controlled electrical test networks.
The study, conducted in Germany since 2006, involved 12 research institutes, six different
impedance measurement devices and four types of electrical test networks specifically de-
signed to evaluate phase shift errors in SIP measurements. The test networks, with impedances
ranging from 100 to 150 k<2, represent high-impedance samples with different phase char-
acteristics, and pose the measurement challenges typical of such samples, including high
contact impedances and parasitic capacitances. Four key findings emerged from the study:
(1) Impedance measurements across all devices showed deviations within 1 percent over a
wide frequency range (0.001-1000 Hz); (2) phase errors remained below 1 mrad up to 100 Hz
for most devices, but increased at higher frequencies due to parasitic capacitances and elec-
tromagnetic coupling effects; (3) lab-specific instruments have lower phase errors than field
instruments when used in a laboratory environment, primarily due to the effects of long ca-
bles and too low input impedances of the field instruments; and (4) short cables and driven
shielding technology effectively minimized parasitic capacitance and improved measurement
accuracy. The study highlights the usefulness of test networks in assessing the accuracy of SIP
measurements and raises awareness of the various factors influencing the quality of SIP data.

Key words: Electrical properties; Electrical resistivity tomography (ERT); Induced polar-
ization.

1 INTRODUCTION

The spectral induced polarization (SIP) method is used to measure
the complex frequency-dependent electrical conductivity of the sub-
surface in the mHz to kHz frequency range (Kemna et al. 2012).
This method has a wide range of applications, including but not
limited to ore exploration (Gurin et al. 2013; Giinther & Martin
2016), estimation of saturated and unsaturated hydraulic conductiv-
ity (Binley et al. 2005; Slater 2007; Breede et al. 2011; Parr et al.
2024; Peshtani et al. 2024), bioremediation (Williams et al. 2009;
Flores-Orozco et al. 2013; Saneiyan et al. 2024; Xia et al. 2025)
and other biogeophysical applications (Kessouri e al. 2019; Zhang
& Furman 2023; Michels et al. 2024).

A key advantage of SIP is its ability to provide detailed insights
into subsurface processes, often underpinned by laboratory exper-
iments performed under controlled conditions. These experiments
involve systematically varying parameters such as water saturation,
contamination levels, ore concentration and microbial activity to es-
tablish relationships between measured electrical properties and the
desired parameters. However, despite its versatility, the SIP method
faces challenges related to the sensitivity and accuracy of measure-
ments, particularly in applications where the measurable effects
are small compared to the achievable accuracy. These effects are
typically quantified by the phase shift of the complex impedance,
with the required accuracy varying across the frequency range of
approximately 0.001 Hz to several hundred kHz. In some cases,

© The Author(s) 2025. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

G20z AN 62 Uo J8sn saylolqiqieusz * yonr wniusezsbunyosiod Aq L£S0Z1L8/ES LIEBB/ L /Zyg/e0elB/woo dno olwapese/:sdiy woly pepeojumod


https://orcid.org/0000-0002-1059-4514
mailto:tina.martin@tg.lth.se
https://creativecommons.org/licenses/by/4.0/

2 T Martin et al.

measuring device

e

Uo

O
|

Un
4 Lo 1Bs
* Q{1

C

“T 1
Figure 1. A generalized electrical network model of an SIP measurement.

an accuracy of 1 milliradian (mrad) is sufficient, whereas others
demand accuracies as fine as 0.1 mrad (Zimmermann ez al. 2008a).
Achieving these levels of accuracy is critical, as they directly influ-
ence the reliability of scientific conclusions drawn from SIP data.

To meet the stringent accuracy requirements of SIP and fully
exploit its potential, significant efforts have been devoted to im-
proving and adapting laboratory equipment for specific applications
(e.g. Zimmermann et al. 2008b; Bore et al. 2022; Gurin et al. 2022).
These developments concern various components of the equipment,
such as the sample holder, the coupling between electrodes and sam-
ples and the electrode geometry (Ulrich & Slater 2004; Huisman
etal. 2016; Wang & Slater 2019). Among the key components of SIP
systems are impedance analysers, electronic devices that measure
the frequency-dependent impedance of samples. These analysers
are available commercially or custom-built by research groups to
meet specific laboratory needs. While commercial analysers are
not necessarily designed for SIP applications, custom-built devices
are often tailored to laboratory requirements and shared within the
scientific community (e.g. Zimmermann et al. 2008a).

A suitable approach to test the accuracy of impedance analysers
is to use electrical test networks for which the expected impedance
can be theoretically calculated. These networks can be designed to
mimic the specific behaviour expected for a given range of applica-
tions. Such test networks are often used during the instrument design
phase (Vanhala & Soininen 1995; Zimmermann et al. 2008a), for
simulating electrode impedance errors and developing as well as
validating correction procedures to mitigate their effects (Huisman
et al. 2016; Wang & Slater 2019) or for specific applications, such
as comparing time-domain and frequency-domain measurements
(Johansson et al. 2020; Martin et al. 2021) and quality control for
challenging SIP applications (Ehosioke et al. 2023). Such electrical
test networks are also particularly suitable for interlaboratory com-
parison studies in round-robin tests, as they are not as susceptible
to sample contamination or destruction as other test objects (e.g.
consolidated and unconsolidated porous media).

Zy Sample impedance

Z.1,Z.4 | Contact impedance of the current electrodes

Zo2, Zo3 | Contact impedance of the voltage electrodes

Uy Voltage source

Uy Voltage at the sample

Un Measured voltage between voltage electrodes

Us-Uy | Generated voltage at electrodes

E+-Es4 | Electrode connections

Ce1-Cesa | Capacitive loads

Ix Current through the sample

Is Measured excitation current

Rs Shunt resistant
1...6 Nodes

Here, we present the results of a round-robin test conducted in
Germany since 2006. The test involved 12 research institutes, six
impedance analysers and four types of test networks. The networks,
with impedances ranging from 100 to 150 k<2 and relatively small
phase shifts, were chosen to simulate high-impedance samples that
pose a significant challenge for accurate SIP measurements. Origi-
nally designed to evaluate the accuracy of impedance analysers used
by various working groups, the result of the round-robin test reveals
broader insights into SIP measurement accuracy.

Our work comprises three main contributions:

(1) We discuss the design and accuracy of the test networks
themselves, examining their suitability for various applications.

(2) We provide an overview of discrepancies between different
impedance analysers and highlight the importance of accuracy in
SIP applications.

(3) We identify potential sources of error, such as differences
in handling practices and cable usage, and propose strategies for
mitigating these issues.

In the first part of this paper, we review the fundamentals of
SIP measurements, introducing the test networks and the instru-
mentation (and concepts) involved. Then we present the results of
the round-robin test, focusing on the performances of the four test
networks and discuss potential sources of error. Finally, we propose
strategies to improve SIP measurement accuracy and summarize the
implications of our findings for the broader scientific community.

2 MATERIALS AND METHODS

2.1 Basics of SIP measurements with impedance analysers

A general electrical model of an impedance analyser utilizing four-
wire technique is shown in Fig. 1. The four-wire method is used to
measure electrical impedances where cable and contact impedances
can distort the measurement. Here, a known electrical current is
applied to the sample through two terminals of the sample holder,
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while the voltage across the sample is measured using a voltmeter
with a high input impedance connected to two additional terminals
of the sample holder.

Ideally, this method removes the disruptive effects of cable and
electrode contact impedance, which is especially important when
the contact impedance is high relative to the sample impedance.
In contrast, a two-wire measurement would measure the voltage at
the same contacts that are used for the current injection and would
therefore also be affected by the cable and contact impedance. The
contact impedance of the electrodes is frequency-dependent and can
become very high at low frequencies.

The main components of the electrical model shown in Fig. 1 are
the sample holder, the measuring system, and the connecting cables
between them. For the sample holder, the sample impedance Z,, the
contact impedances Z; and Z.4 of the current electrodes (includ-
ing the impedances between the current and voltage electrodes),
and the contact impedances Z,, and Z of the voltage electrodes
are considered. The electrode connections of the sample holder are
labelled E; to E,. For the connecting cables and the measuring sys-
tem, the parasitic capacitances between these cables and the ground,
called capacitive loads, C,; to Ce4 are accounted for. Additionally,
the model includes the shunt resistance R, and the voltage source
Up. The figure also shows the voltages Uy, Uy, and U, to U, as
well as the currents /; and I that are generated when U is ap-
plied. Instead of a voltage source U, a current source can also
be used to inject current. In an ideal SIP measurement, the values
Uy and I, are measured to determine the exact sample impedance
Z, = Uy/I;. However, the impedance analyser can only measure
the values Uy, (or the voltages U; to U,) and I, which are influ-
enced by the abovementioned contact impedances and capacitive
loads.

To mitigate the adverse effects of contact impedances, the four-
wire technique is used to minimize the difference between the mea-
sured voltage U, and the desired voltage U,. However, measure-
ment errors (i.e. differences between Uy, and Uy) still occur due
to the capacitive load of the cables and the measuring system.
These errors typically increase with measurement frequency and
become significant above a critical frequency. High contact and
sample impedances in combination with the capacitive loads af-
fect the current and the voltage measurements. For example in our
test network, the capacitance C, always causes the voltage U, to
be measured with an erroneous negative phase shift which distorts
the actual impedance measurement. In addition to the phase-shifted
voltage measurement, the C; capacitance causes a leakage current
which results in a phase-shifted current measurement /. Positive or
negative phase shifts can occur depending on how the capacitances
work in combination with the contact and the sample impedances.
It is difficult to give a general estimate of the phase errors, as these
are highly dependent on the cabling of the system, the measuring
device used, and the internal calibration with any built-in correction
methods. For this reason, we use test networks to assess the effect of
high contact and sample impedances on the measurement accuracy
and to compare the performance of SIP measuring devices.

2.2 Electrical test networks

Based on the generalized electrical model in Fig. 1, four test network
types were created for evaluating measured phase errors (Fig. 2).
They can be divided into two classes—class 1: TNWO01, TNW02;
class 2: TNWO03, TNWO04. For each type, two almost identical net-
works were available to allow parallel measurements at different
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institutes. The networks are built with electrical components that
were measured individually with high precision. The properties of
these components can be found in Table 1. The test networks were
also used to develop and test suitable correction methods for current
measurement and voltage measurements (Zimmermann 2011; page
18-24).

The first class consist of the two network types named TNWO1
and TNWO02 that are used to test the effect of electrode contact
impedances on SIP measurement accuracy. Network type TNWO1
represents a pure resistive sample with a high impedance and high
contact impedances Z.; and Z.4 for the current electrodes. Net-
work TNWO02 represents the same resistive sample, but this time
the contact impedances at the current electrodes, Z.; and Z.4, and
the potential electrodes, Z., and Z.3, are high. Ideally, only the sam-
ple impedance Z; of about 100 k2 should be measured for both
networks with zero phase response.

The TNWO1 network can be used to test current measurement
errors due to capacitive leakage currents, regardless of the excita-
tion used. In some systems, this error can be corrected by internal
calibration or correction methods if the load capacitances, Ce3 and
Ces, are known. In addition to the phase error, the noise or 50 Hz
interference can be tested, which can be coupled in capacitively,
especially for high resistances. Since the electronic components
have finite accuracy, the impedance values Z, for TNWO01 were de-
termined independently with higher accuracy, which is why they
deviate from their nominal value of 100 k€.

The TNWO02 network causes a voltage measurement error in ad-
dition to the current measurement error, which leads to significantly
greater measurement problems, as discussed and shown in Huisman
et al. (2016). In contrast to the correction of the current measure-
ment that only requires knowledge of the load capacitances, the
correction of the voltage measurement also requires knowledge of
the contact impedances. To improve measurement accuracy, it is im-
portant to reduce the load capacitance of the cables and the system
as much as possible because these capacitances lead to distortions
often referred to as parasitic effects. One strategy to minimize this
capacitance is to use triaxial cables with driven shield technology
(e.g. Zimmermann et al. 2008a), which is feasible for laboratory
SIP equipment with short cables (up to 1 m).

The second class of electrical networks is designed to reflect the
typical phase response of a soil or rock sample. This network only
contains the sample impedance Z,, which is made up of individual
electrical components without further contact impedances. With
network TNWO03, which is identical to the one used in Vanhala &
Soininen (1995), a spectrum with two phase peaks at about 1 Hz
and 14 kHz is obtained. The phase response of the low frequency
peak is relatively strong with a phase of ~30 mrad. However, the
high frequency phase peak is overlaid by the effect of the para-
sitic capacitances (a decay of the amplitude and an increase of the
phase shifts at high frequencies), which is essentially a low pass
filter behaviour. To demonstrate this filtering effect, the parasitic
capacitance of C,; = 0.7 pF between electrode 2 and 3 in TNW03
is modelled in set I only (Figs 5b, e, h—theory curve I). The com-
parison of the two sets (theory curves I and Il in Fig. 5) shows that
the phase response due to the parasitic capacitance will dominate at
frequencies above 1 kHz.

A second network type in this class was also realized, TNW04.
It has two phase peaks at about 1 and 300 Hz. The two phase peaks
are small with peak values between 1 and 2 mrad. As with TNWO03,
the model is calculated once with and once without the parasitic
capacitance. With these two networks, phase measurements in the
entire spectrum are tested. Given that the contact impedances at the
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Figure 2. Electrical network diagrams (left) and photographs (right) of the four test networks used in the round-robin test. The size of each box is 10 cm by
Scm.

Table 1. List of parameters for the two networks of each test network type that were used to obtain the theoretical curves in Figs 3—6. The parasite capacities
are only considered and modelled for TNW03-I and TNW04-1.

Test network Set Ze1 [2] Ze [R2] Ze3 [2] Zes [2] Zy [Q2]
TNWO1 1 100 000 0 0 100 000 99400

II 100 000 0 0 100 000 98500
TNW02 1 100 000 100 000 100 000 100 000 100 000

I 100 000 100 000 100 000 100 000 100 000
Test network Set Rx1 [©2] Rx2 [€2] Cx2 [nF] Rx3 [©2] Cx3 [uF] C23 [pF]
TNWO03 1 150300 5033 22 9407 22.1 0.7

1T 139600 5090 2.0 10000 21.7 0
TNWO04 1 100 000 280 2.0 270 490 1.8

I 98700 281 2.0 270 470 0
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potential electrodes are not considered, they pose a less stringent
test for the SIP measurement equipment.

2.3 Instruments and measuring concepts

Typically, impedance analysers use the four-wire technique and
determine the impedance values with voltage and current measure-
ments (Fig. 1). The voltages are measured at the sample with high-
impedance amplifiers and analogue-to-digital converters (ADC).
The current values are measured at a shunt resistor. The current
flows through the shunt resistor and the resulting voltage at the shunt
resistor is recorded with high-impedance amplifiers and ADC. Volt-
age or current sources are used for excitation. This measurement
approach is well suited for complex impedance measurements from
DC (uHz or mHz) up to several 100 kHz.

In the following, we briefly introduce the systems that were used
within the round-robin test.

2.3.1 Device A

The SIP measurement Device A (Zimmermann et al. 2008a) con-
sists of a function generator, an amplifier unit, a data acquisition card
and a computer. The function generator produces a sine wave stim-
ulation voltage with adjustable amplitude and frequency. The volt-
ages at the potential electrodes of the sample are measured with short
triaxial cables (using driven shield technique) and a high impedance
DC coupled amplifier to minimize the capacitive loads Ce; to Ceq
and leakage currents (Fig. 1). The input resistance and capacitance
are approximately 500 GS2 and 5 pF. The current is determined by
measuring the voltage across an adjustable shunt resistor (typically
1 k2) connected in series with the sample impedance. The voltages
at the shunt resistor and those at the potential electrodes of the sam-
ple are digitized using high resolution ADC. By applying the lock-in
technique, the complex amplitudes of the voltages for the measure-
ment frequency are determined from the measured time-series. The
lock-in technique uses the Fourier transformation to calculate the
signal for the measurement frequency only and suppresses all other
signal components. Finally, the impedance of the sample is deter-
mined from these complex amplitudes, with additional corrections
for measurement errors due to signal propagation times and parasitic
leakage currents. With this system, measurements can be made in
the frequency range between 1 mHz and 45 kHz using an excitation
voltage up to 10 V. To achieve the highest possible measurement
accuracy, the system should be calibrated by taking measurements
on a calibration network. It should be noted that the use of incor-
rect calibration values can lead to significant errors. To evaluate the
adequacy of the calibration, measurements should be carried out on
test networks. To correct the current measurement, the capacitance
values of the capacitive loads Ce; to C.4 are pre-defined but can be
adjusted during post-processing if additional capacitances from the
sample holder are identified.

2.3.2 Devices B, C and D

The underlying measurement concept of the devices B, C and D is
similar to that shown in Fig. 1 (Radic-Research, Germany). The SIP
response is measured by applying sinusoidal wave currents at differ-
ent frequencies. The excitation current is calculated from the voltage
measured across a shunt resistor. The voltages are also recorded as
a time-series synchronously with the current measurement. Finally,
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the complex frequency-dependent electrical impedance is calcu-
lated from the measured time-series according to magnitude and
phase for the individual frequency values of the spectrum. The
complex impedances and the associated confidence intervals are
calculated using a discrete Fourier transform (Radic 2007).

Device B is the SIP-FUCHS-III field instrument. In this system,
the transmitter, current receiver and voltage receiver are housed in
separate enclosures. Fibre-optic cables are used for synchroniza-
tion and signal transmission to the receivers (cable lengths up to
200 m). In this way, this device offers flexibility in the design of
the measurement arrangement, which is very advantageous for field
applications. The frequency range of the SIP-FUCHS-III is 1 mHz
to 20 kHz. The instrument is equipped with active shielding of the
potential cables. In this way, the influence of the cable capacitance
on the voltage measurement can be almost completely suppressed.
The actively shielded potential cables and the flexible design of the
current cable lengths make this field measuring device suitable for
laboratory use.

Device C is the SIP256C field instrument. It is optimized for
field measurements with a dipole—dipole configuration. The mea-
surement channels are housed in individual Remote Units (RU).
Each RU can be used for both current and voltage measurements.
In the field, the RUs are connected to form a chain and spaced at
intervals of 0.5-10 m. The frequency range of the SIP256C is 1
mHz to 1 kHz. As the RUs have no active shielding, they can only
be used for laboratory measurements in the low-frequency range.
The Remote Reference Units (RRUs) available for the SIP256C are
more suitable for laboratory applications. They are similar in design
to the units of the SIP-FUCHS-III and also have active shielding of
the potential cables. The RRUs are used in the field to detect and
suppress interference voltages that can reduce data quality (Radic
2014). However, the SIP256C’s operating software also allows it to
be used for laboratory measurements. One RRU is then used for
voltage measurement and the other for current measurement. Only
these RRUs were used for the measurements on the test networks.
Compared to Device B, the available frequency range is limited to
1 kHz. In addition, the capacitance of the pre-amplifiers is about
one order of magnitude higher than for Devices B and D, which
affects the measurement accuracy at the high frequency end.

Device D is the SIP-QUAD which has been specialized designed
for laboratory applications. It features an extended frequency range
spanning from 10 pHz to 230 kHz. A key advantage of the SIP-
QUAD is its use of active pre-amplifiers (probes) placed directly at
the current and potential electrodes of the sample holder. This de-
sign minimizes the input impedance to 1 pF, significantly enhancing
measurement accuracy, particularly at high contact resistances and
high frequencies. The device enables simultaneous measurements
of up to four material samples, each equipped with a dedicated
signal source (£10 V, 10 mA) and separate current and volt-
age measurement channels. If required, the four separated voltage
channel pairs can be linked to a single signal source, facilitating to-
mographic measurements with one current dipole and seven voltage
dipoles. This device allows also frequency combinations in a mul-
tifrequency excitation mode, enabling the entire impedance spec-
trum to be captured in a single measurement process with maximum
efficiency.

2.3.3 Device E

Device E is the PSIP, a multichannel geophysical instrument opti-
mized for laboratory and in-situ near surface SIP (Ontash & Ermac,
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Table 2. Overview of the instruments used, including links to the manufacturers.

Study name Instrument name Manufacturer Figure colours
Dev A SIP-ZEL FZ Jiilich! Blue
Dev B SIP-FUCHS-III Radic Rescarch? Red
Dev C SIP256C Radic Research Orange
Dev D SIP Quad Radic Research

Dev E PSIP Ontash & Ermac Green
Dev F VMP Princeton Applied Research* Grey

Uhttps://www.fz-juelich.de/en.
Zhttps://www.radic-research.de/.
3https://www.ontash.com/.

“https://www.ameteksi.com/about-us/princeton-applied-research.

USA). It measures conventional resistivity, time- and frequency-
domain induced polarization as well as self-potential following the
measurement principles outlined in Fig. 1. The SIP response is mea-
sured by applying sine wave voltages at different frequencies. The
impedance and phase are determined by correlating induced volt-
age and stimulus current. The stimulus current is computed based
on the voltage measured at a shunt resistor using Ohm’s law. The
main application areas of Device E are laboratory investigations
and small-scale surface and shallow borehole field environments.
It measures in the frequency range between 1 mHz and 20 kHz
with up to 4 simultaneous setups. It has an actively driven electrode
guards/shields to mitigate capacitive coupling and noise. The volt-
age output is 10 V and the current is 10 mA per channel. The
input impedance of the voltage channels is greater than or equal to
1 GQ.

2.3.4 Device F

Device F is the VMP3-Z (Princeton Applied Research, USA; dis-
tributed by BioLogic, USA), which was designed for electrochemi-
cal applications of impedance spectroscopy, and has also been used
for petrophysical measurements for 15 yr. The instrument can be
operated in galvanostat and potentiostat mode, that is, that either
holds the current constant and measuring the potential, or vice
versa. A specific electrical circuit diagram is not available, but it
can be assumed that the principle follows the standards of poten-
tiostat/galvanostat measurements. A low-current option is available
specifically for high impedance applications. Measurements can be
done in the frequency range between 0.01 Hz and 1 MHz. The
input impedance for the normal and low-current measurement op-
tion are specified as 10'> and 10" Q, respectively. The stray ca-
pacitance is specified as 20 pF (normal) and 3 pF (low-current).
The measurements reported here were made with the standard
four-wire configuration, in galvanostat mode with the low-current
option.

An overview of the different instruments and the colour-coding
used in the results presented can be found in Table 2.

2.4 Participating institutes

The German Geophysical Society (DGG) hosts an Induced Po-
larization (IP) working group called AKIP'. Almost all German

Uhttps://dgg-online.de/arbeitskreise/working- group-induced-polarisation-
ip/

universities, research institutes and companies interested in I[P are
members of this group. The AKIP meets twice a year, organizes
national IP workshops every two years (alternating with the inter-
national IP workshop), maintains an SIP archive?, and exchanges
news, data and the latest developments in the German IP commu-
nity. For more than 15 yr, interlaboratory comparisons have been
carried out with the above-described test networks, sandstone spec-
imens and sample holders. During this time, almost all German
institutes have joined. In addition, St. Petersburg State University in
Russia and Lund University in Sweden have also participated. The
institutes listed in Table 3 have provided data for this study.

3 RESULTS

All participating institutes measured the first three electrical test
networks (TNWO1-TNWO03). Network TNW04 was measured by
only a few of the institutes as it was designed at a later stage. The
test networks were measured at different institutes and by different
users. Some of the users are more experienced and trained than
others, and we expect that the differences in the results also include
variability due to user training. In addition, the laboratory environ-
ments at the different institutes vary in terms of noise, shielding or
additional equipment around the impedance analyser (e.g. cables,
tables and climate chamber). We assume that the test results pre-
sented here also reflect the variation to be expected from different
laboratory conditions. Figs 3—6 show the measurement results for
each test network. In all four figures, the top row shows the data
for Device A, the middle row shows the data for Devices B, C and
D and the bottom row for Devices E and F. In each row, the re-
sistance (a, d, g) and phase shift (b, e, h) are shown for the entire
(instrument-specific) frequency range and additionally a close-up of
the phase shift in the frequency range from 0.001 to 100 Hz is shown
(c, £, 1).

The results for TNWO1 are shown in Fig. 3. The two versions
of this test network are expected to have an impedance of 99.4 and
98.5 k€2, respectively, and a phase shift of 0 mrad (Table 1). The
parasitic capacitances introduce a current measurement error that
must be compensated for by internal correction methods in each
system. For this reason, the phase values of devices with internal
current correction are seen to fluctuate around zero at high frequen-
cies. All instruments and institutes measured the impedance value
within 1 percent deviation (Figs 3a, d, g) although some instru-
ments start to deviate more at frequencies above 1000 Hz (Device

Zhttps://www.sip-archiv.de/
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Table 3. Overview of the participating institutes. Institutes with symbols in different colours have measured the test networks with several devices (colour

code in Table 2).
Study name Institute Contact person Figure symbols
Inst 1 BAM-—Bundesanstalt fiir Materialforschung und -priifung Sabine Kruschwitz [ B X ]
L X 3
Inst 2 BGR—German Federal Institute for Geosciences and Resources Stephan Costabel [ § § |
Inst 3 TUC—Technical University Clausthal Andreas Weller g = o
+++
Inst 4 FZJ—Forschungszentrum Jiilich Egon Zimmermann ’ ‘ ‘
Inst 5 RWTH-—Aachen University Norbert Klitzsch vyvYv
vyYvvwy
Inst 6 LIAG—Institute for Applied Geophysics Matthias Halisch
Inst 7 SPBU—St. Petersburg State University Konstantin Titov > > >
Inst 8 TUB—Technische Universitét Berlin Sabine Kruschwitz oD
Inst 9 TUBAF—Technical University Bergakademie Freiberg Jana Borner _;KLH
Inst 10 LU—Lund University Tina Martin ‘ < <
Inst 11 EKUT—Eberhard Karl University Tiibingen' Adrian Mellage x x x
Inst 12 TUBS—Technical University Braunschweig Andreas Hordt AAA

The instrument is now at the University of Kassel, Germany but the contact person remains the same.

B, C, D and F). The phase shift values were <1 mrad for most
of the instruments in a frequency range of roughly 0.001-100 Hz
(Figs 3b, e, h). When measuring with Devices A and E, the fluc-
tuation in the phase spectrum (‘noise’) is in the range of 0.1 mrad
for frequencies up to 100 Hz (Figs 3c, f, 1). Device F shows a
significant higher noise level in the same frequency range (noise
peaks up to 1 mrad, Fig. 3i). For Devices B, C and D, the noise
level is difficult to estimate since the noise is overlayed with the
frequency-depended phase shift (Fig. 3f). In addition, the measure-
ment with Device F shows a 50 Hz peak (Fig. 3g), most likely due
to the 50 Hz power supply system. Experience suggests that the
other measurement systems would also have shown a distortion at
50 Hz if measurements had been taken at exactly this frequency.
Compared to the measurements with Devices B, C and E, the mea-
surements with Devices A, D, E show significantly lower phase er-
rors in the upper frequency range, and errors are only visible above
1000 Hz.

The results for test network TNWO02 (Fig. 4) show a similar be-
haviour to test network TNWOI1. Again, the expected theoretical
response is a constant impedance of 100 k€2 and zero phase shift.
The impedance is measured to within 1 percent deviation and the
measured phase shifts are mostly <1 mrad in the frequency range
between 0.001 and 100 Hz for Devices A, D, E and F. For Devices
B and C, the phase error starts to increase already at lower fre-
quencies. As expected, the phase errors are predominantly negative.
This is due to the contact impedances at the voltage electrodes,
represented by Z., and Z.; in combination with the parasitic ca-
pacitances. To correct this error, it is necessary to determine the
contact impedances in addition to the parasitic capacitances, which
is much more complicated. These measurements clearly show that
parasitic elements can lead to large phase errors. Due to the addi-
tional contact impedances of TNWO02, the phase errors in the current
measurement can be offset by the phase errors in the voltage mea-
surement, as observed by device E from institute 11 (Fig. 4h). As a
result, the individual errors are no longer distinguishable.

Test network TNWO3 is characterized by two phase peaks at about
1 Hzand 14 kHz (Fig. 5). The low frequency peak is relatively strong
with an expected phase of 32 mrad but the high frequency phase peak
is overlaid by the low pass behaviour of the network and is therefore
hardly recognizable. The measurements from all instruments and
institutions showed that the impedances of the test network TNWO03
were measured with an accuracy of 1 percent as in the previous
measurements (Figs 5a, d, g). In addition, the low frequency peak
of the measured phase was located at the appropriate frequency and
with the correct phase magnitude (Figs Sc, f, 1). However, the phase
errors occurred at lower frequencies, starting partly already at 10 Hz
(Figs 5f and 1).

The influence of obviously incorrect measurements, probably
by incorrect calibration, by miscalculation or by the user, can be
clearly seen in Figs 5(b) and (c). Here, all institutes have measured
the correct phase values with the same instrument (Dev A), only
Institute 5 measured too small phase shifts whereas the impedance
(Fig. 5a) was measured correctly.

The higher frequency peak was not resolved by any instrument
or institute. Only the measurements from Device A obtained by
Institute 1 (Fig. 5b) and from Device E obtained by Institute 10
(Fig. Sh) come close to the expected behaviour of TNWO03 when
the parasitic capacitance C,3 was considered (set I). This additional
parasitic capacitance explains the increase in phase in the upper
frequency range. It also shows that small parasitic capacitances on
the order of ~1 pF substantially affect the phase response in the
upper frequency range for high-impedance samples.

The design of test network TNWO04 is similar to TNWO03 but
with both phase peaks at lower and thus more easily measurable
frequencies (at about 1 and 300 Hz) and with smaller peak values
(between 1 and 2 mrad). Fig. 6 shows the results for all participating
instruments and institutes. Again, the impedance of both set I and
II were measured with a deviation below 1 per cent. For the phase
shift, all instruments measured the low frequency peak correctly.
For the high frequency peak at 300 Hz, the increasing slope is well
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Figure 3. SIP results for test network TNWO1 for several devices (dev) and institutes (Inst) in different years. Left column (a, d, g): resistance. Middle column
(b, e, h): phase values for the entire (instrument-specific) frequency range. Right column (c, f, i): phase values for a selected frequency range. Top row: Device

A. Middle row: Devices B, C, D; Bottom row: Devices E and F.

captured by Devices A, D and E (Figs 6¢, f, i). Due to the parasitic
capacitance of Cy; = 1.8 pF between contacts £, and E5 of the test
network in set I, the modelled phase does not return to zero but
increases with frequency. The measurement obtained with Devices
A, D and E also show this behaviour.

4 DISCUSSION

The round-robin test, designed and developed to evaluate the ac-
curacy of impedance analysers used for SIP measurements, uti-
lized four different test networks. This approach has provided valu-
able insights into both the expectations and limitations associated
with obtaining reliable IP data, particularly when measuring high-
impedance samples. The test offers a comprehensive overview of the
factors influencing measurement quality and serves as a benchmark
for assessing the performance of IP instruments in challenging sce-
narios. It was found that the impedance of all test networks can be
measured within a deviation below 1 per cent over almost the entire

frequency range (0.001-1000 Hz) using all tested instruments. The
phase response was also captured by almost all instruments with an
accuracy of <1 mrad in a broad frequency range that extended from
0.001 to 100 Hz for the test networks without a capacitance (TNWO01
and TNWO02). As shown in Fig. 4(h), the phase errors in the current
measurement can be offset by those in the voltage measurement,
making the individual errors no longer distinguishable. It is there-
fore recommended that the measurements from the TNWO1 and
TNWO?2 test networks are interpreted together. The phase response
of'the test networks TNW03 and TNW04 was partly identified using
all instruments, whereby the second phase peak at higher frequen-
cies (14 kHz for TNWO03 and 300 Hz for TNWO04) was difficult to
identify in some cases. Due to the overlaying low pass behaviour,
the entire peak at 14 kHz (TNWO03) was almost impossible to rec-
ognize and could only be sensed in two measurements (device A,
institute 2 and device E, institute 10) on the low-frequency rise. In
contrast, the peak at 300 Hz for TNW04 could be well resolved
by almost all measurements, but again, only on the low frequency
rise.
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Figure 4. SIP results for test network TNWO02 for several devices (dev) and institutions (Inst) in different years. Left column (a, d, g): resistance. Middle
column (b, e, h): phase values in the entire (instrument-specific) frequency range. Right column (c, f, i): phase values for a selected frequency range. Top row:

Device A; Middle row: Devices B, C, D; Bottom row: Devices E and F.

At higher frequencies (>100 Hz), the results showed that elec-
tromagnetic coupling affects all measurements. The extent to which
measurements are affected depends on several factors, such as sam-
ple and contact impedance as well as on the parasitic coupling of the
cabling. It was observed that such coupling effects started earlier
for Devices B and C than for the other instruments, most likely due
to cable effects. Particularly, Device C was designed for field use
and thus has unnecessary long cables for laboratory investigations.
However, there are also differences in the measurement methods
required to avoid or correct errors, which can differ for field and
laboratory measurements. The measurements on TNW02 showed
the importance of the electrode impedance for accurate measure-
ments at high frequencies. Especially in partially saturated or dry
soil and rock samples the contact impedances can become very high.
Although methods have been proposed to correct for the effect of
contact impedance (Huisman et al. 2016; Wang & Slater 2019),
the overall aim should be to minimize contact impedances while
avoiding parasitic electrode effects that are caused by the electrical
transition from the electrode to the electrolyte (Breede ef al. 2011;
Huisman et al. 2016).

The measurements on the test networks also revealed that even
a very small capacitance of a few pF affects the phase response
in the upper frequency range as shown, for example, by the in-
crease in phase in the upper frequency range of TNWO04 due to
the parasitic capacitance of 1.8 pF (Fig. 6). One meter of a typical
coaxial cable has a capacitance between the inner conductor and
the shield of 100 pF, which is significantly larger than the small
parasitic capacitance of the test network. Therefore, long shielded
or unshielded cables will cause greater interference than shorter
cables. This demonstrates that the cables have a large impact on the
measurement accuracy, and that it is essential that the measuring
devices adequately compensate for cable effects for example using
driven shield technology. For the same reasons, it is important that
the shielded cables are connected directly to the sample electrodes
and not extended with other cables. This is even more important
for devices that use amplifiers to pick up the signal directly from
the sample electrodes to avoid additional capacitive loading of the
sample. In general, the recommendations provided by the manufac-
turer about how the sample should be connected should always be
followed.
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Figure 5. SIP results for test network TNWO03 for several devices (dev) and institutes (inst) obtained in different years. Left column (a, d, g): resistance. Middle
column (b, e, h): phase values for the (instrument-specific) entire frequency range. Right column (c, f, i): phase for a selected frequency range. First row—only
measurements from Device A; second row—only measurements for the Devices B, C, D; last row—only measurements for Devices E and F.

Overall, the presented results show that test networks can serve
as an invaluable tool for evaluating the impact of sample properties
and cabling on the performance of the impedance analyser. The test
measurements have demonstrated that phase errors are primarily
caused by parasitic elements—such as resistances, capacitances,
or inductances—introduced by both the sample and electrodes as
well as the cables. The influence of these parasitic effects varies
depending on the measurement principle of the system and the
internal correction methods employed. To accurately assess these
effects, it is essential to conduct test measurements with known test
networks for each specific setup, including the associated cabling.
By varying the sample and contact impedances, one can observe
their influence on the measurement results.

When estimating or measuring the impedance values of both
the sample and contact points, it is crucial to ensure that the test
measurement is representative of the actual measurement errors that
might occur during sample analysis. This testing approach simplifies
error estimation compared to theoretical, model-based methods,
which involve the complex task of modelling every component,
including the measurement system itself. By simulating sample
parameters within a test network, predicting and mitigating potential

measurement errors becomes significantly more straightforward.
These error estimates and tests are particularly focused on errors that
occur in the upper frequency range. However, errors can also arise
in the lower frequency range, particularly during measurements on
real samples. Such errors cannot fully be captured by test networks,
and are typically associated with electrode effects (Wong 1979;
Vinegar & Waxman 1984; Ulrich & Slater 2004; Zimmermann &
Huisman 2024).

It is important to note that parasitic capacities of the actual sample
holder can also substantially affect the measurement accuracy, and
that these additional capacitances were not considered here. To test
for such additional effects, SIP measurements with a sample holder
filled with water are highly recommended as an additional step of
testing.

Although not systematically investigated in this study, several ad-
ditional aspects that affect the SIP measurement accuracy are worth
discussing. First of all, it is evident that the accuracy of the achieved
measurement will depend on the amount of current injected and the
resulting voltages. Based on prior measurements of soil and rock
samples, it can be confidently assumed that the electrical conduc-
tivity of porous media shows linear behaviour, meaning that the
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Figure 6. SIP results for test network TNWO04 for several devices (dev) and institutes (inst) obtained in different years. Left column (a, d, g): resistance. Middle
column (b, e, h): phase values for the (instrument-specific) entire frequency range. Right column (c, f, i): phase for a selected frequency range. First row—only
measurements from Device A; second row—only measurements for the Devices B, C, D; last row—only measurements for Device E. Note: not all institutes

have measured this test network.

voltage at the potential electrodes increases proportionally with the
injected current. To achieve the best possible signal-to-noise ratio
and thus measurement accuracy, the excitation should thus be per-
formed with the highest feasible current or voltage. This is only
applicable to samples with linear properties and not to materials
like metallic minerals, which can exhibit a nonlinear relationship
between excitation current and voltage. Care must also be taken to
avoid overloading the voltage inputs. Unlike the sample impedance,
electrode impedances can be nonlinear depending on the injected
current (Barsoukov & MacDonald 2005). For example, when mea-
suring the contact impedances of potential electrodes to determine
equivalent impedances in a test network, small excitation signals
must be used, as the voltages are measured at high impedance (with
no current flow).

Another important aspect to take into account for SIP measure-
ment accuracy is the measurement time. SIP measurements typ-
ically take a considerable amount of time, especially when mHz

frequencies are also involved. It should be ensured that the sample
remains stable throughout the measurement, while also consider-
ing the signal-to-noise ratio. Depending on the device, frequency
tables are specified for the measurements, with the frequencies to
be measured and the measuring time per measuring frequency. To
check the time stability of the measurement, it is recommended to
measure from the highest frequency to the lowest and back to the
highest. Comparing the measured values for the respective frequen-
cies will show whether the measurement was sufficiently stable.
With this method, suitable settings can be found empirically. This
method was not necessary to use for the measurements on the test
networks, as it could be reasonably assumed that the electrical prop-
erties of the networks did not change with time. When choosing the
frequencies to be measured, care should also be taken to avoid
frequencies of the local power supply (i.e. 50, 60 Hz) and their mul-
tiples, as interference is to be expected at these frequencies (see

Fig. 3g).
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Additional parasitic capacitances can significantly impact the ac-
curacy of SIP measurements. These may originate from unexpected
sources, such as the laboratory table or neighbouring electronic de-
vices. Some laboratory tables are coated with conductive materials,
which can promote capacitive leakage currents. To mitigate this, it
is advisable to position the sample away from electrically conduc-
tive surfaces, using insulating spacers when necessary. Moreover,
temperature plays a well-known role in influencing the electrical
conductivity of many materials (Hayley ez al. 2007; Bairlein et al.
2016). To ensure consistent and reliable results, conducting mea-
surements in a climate chamber or a room with stable temperature
conditions is highly recommended.

Impedance analysers typically rely on specific calibration data,
such as channel gain and cable delay to ensure accurate measure-
ments. These parameters are typically fixed but can drift over time
due to factors like temperature fluctuations or changes in mea-
surement configurations. To mitigate this, calibration following
manufacturer’s guidelines is essential. Proper calibration signif-
icantly enhances measurement accuracy, whereas incorrect cali-
bration can severely compromise impedance and phase measure-
ments (see Figs 5b and c). To confirm successful calibration, test
measurements using a network like a 1 k€2 resistor (without con-
tact resistance) are highly recommended. In such tests, the phase
should remain close to zero across the entire frequency range, and
the impedance values should fall within the acceptable tolerance
limits.

Beyond technical factors, user expertise represents another major
source of uncertainty in SIP measurements. Accurate and reliable
measurements require well-trained personnel who understand the
various factors influencing data quality and can minimize errors
during setup and execution.

Interpreting SIP measurements, particularly at high frequencies,
poses additional challenges. Although measurements can extend
into the kHz range, their reliability often diminishes, increasing
the risk of misinterpretation. This underscores the importance of
critical evaluation and a thorough understanding of the limitations
inherent in high-frequency SIP data.

5 CONCLUSIONS

Our study highlights the effectiveness and necessity of using test
networks to evaluate the measurement accuracy of SIP systems. We
have thoroughly investigated the design and accuracy of these test
networks and demonstrated their suitability for various applications
when tailored to reflect the expected impedance of rock or soil
sample materials.

Discrepancies between different impedance analysers were ob-
served, particularly at higher frequencies. These discrepancies un-
derline the critical importance of accuracy in SIP applications, as
they are often influenced by the ability to effectively manage par-
asitic capacitances. Our results emphasize that while field instru-
ments can provide reliable data in laboratory settings up to a certain
frequency, they are less suitable for high-precision studies requir-
ing broader frequency ranges due to the effects of long cables and
inadequate input impedances.

Finally, we identified several potential sources of error, includ-
ing variations in handling practices and cable usage. Strategies
to mitigate these issues, such as standardizing procedures and
ensuring optimal cable configurations, are proposed. The round-
robin tests conducted by the German IP community not only
fostered scientific exchange but also catalysed improvements in

SIP measurement routines, accuracy, and critical assessment of
both self-generated and literature data. We hope these efforts con-
tribute to more reliable and reproducible SIP results across diverse

applications.

ACKNOWLEDGMENTS

This study is the outcome of almost 20 yr of research, testing and
the engagement of many people. We thank all of them but par-
ticularly all the researchers that were involved and have measured
and provided data: Jana Borner, Stephan Costabel, Walter Glaas,
Matthias Halisch, Sarah Hupfer, Erika Liick, Adrian Mellage, Ernst
Niederleithinger, Martin Sonntag, Konstantin Titov, Jan Volkmann,
Erik Pennewitz and Andreas Weller. Further thanks go to the two
reviewers, Lee Slater and Stacey Kulesza, for their valuable input
and insightful questions that helped improve the manuscript.

DATA AVAILABILITY

The data is available on request. In the long term, the data will be
available via the SIP archive.

REFERENCES

Bairlein, K., Biicker, M., Hordt, A. & Hinze, B., 2016. Temperature de-
pendence of spectral induced polarization data: experimental results and
membrane polarization theory, Geophys. J. Int., 205, 440-453.

Barsoukov, E. & MacDonald, J.R., 2005. Impedance Spectroscopy—Theory,
Experiment, and Applications, 2nd edn, Wiley.

Binley, A., Slater, L.D., Fukes, M. & Cassiani, G., 2005. Relationship be-
tween spectral induced polarization and hydraulic properties of saturated
and unsaturated sandstone, ater Resour. Res., 41, W12417.

Bore, T., Coperey, A., Wagner, N., Mishra, PN., Scheuermann, A. & Revil,
A., 2022. Experimental determination of frequency- and temperature-
dependent electrical properties of water-saturated clays using spectral
induced polarization and network analyser technique, Measurement, 190,
110 653.

Breede, K., Kemna, A., Esser, O., Zimmermann, E., Vereecken, H. & Huis-
man, J.A., 2011. Joint measurement setup for determining spectral in-
duced polarization and soil hydraulic properties, Vadose Zone J., 10,
716-726.

Ehosioke, S., Garré, S., Huisman, J.A., Zimmermann, E., Placencia-Gomez,
E., Javaux, M. & Nguyen, F., 2023. Spectroscopic approach toward un-
raveling the electrical signature of roots, /. Geophys. Res. Biogeosci., 128,
€2022JG007281.

Flores-Orozco, A., Williams, K.H. & Kemna, A., 2013. Time-lapse spectral
induced polarization imaging of stimulated uranium bioremediation, Near
Surf. Geophys., 11, 531-544.

Giinther, T. & Martin, T., 2016. Spectral two-dimensional inversion of
frequency-domain induced polarization data from a mining slag heap,
J. Appl. Geophys., 135, 436-448.

Gurin, G., Fomina, E., Emelianov, V. & Kozlov, E., 2022. New equipment for
high-accuracy laboratory measurements of spectral induced polarization
of rock samples in the time- and frequency domains: testing of laboratory
multifunction potentiostat-galvanostat, J. Appl. Geophys., 203, 104 703.

Gurin, G., Tarasov, A., Ilyin, Y. & Titov, K., 2013. Time domain spectral in-
duced polarization of disseminated electronic conductors: laboratory data
analysis through the Debye decomposition approach, J. Appl. Geophys.,
98, 44-53.

Hayley, K., Bentley, L.R., Gharibi, M. & Nightingale, M., 2007. Low tem-
perature dependence of electrical resistivity: implications for near surface
geophysical monitoring, Geophys. Res. Lett., 34, L18402.

Huisman, J.A., Zimmermann, E., Esser, O., Haegel, F.-H., Treichel, A. &
Vereecken, H., 2016. Evaluation of a correction procedure to remove

G20z AINf 6z UO Jasn ¥ayjolqiglesusz * yaine wniuazsbunyasiod Aq LES0ZL8/ES 11eBB/L/zyz/alomelB/woo dno-olwapeoe//:sdjy woy papeojumod


http://dx.doi.org/10.1093/gji/ggw027
http://dx.doi.org/10.1029/2005WR004202
http://dx.doi.org/10.1016/j.measurement.2021.110653
http://dx.doi.org/10.2136/vzj2010.0110
http://dx.doi.org/10.1029/2022JG007281
http://dx.doi.org/10.3997/1873-0604.2013020
http://dx.doi.org/10.1016/j.jappgeo.2016.01.008
http://dx.doi.org/10.1016/j.jappgeo.2022.104703
http://dx.doi.org/10.1016/j.jappgeo.2013.07.008
http://dx.doi.org/10.1029/2007GL031124

electrode contact impedance effects from broad-band SIP measurements,
J. Appl. Geophys., 135, 466—473.

Johansson, S., Hedblom, P. & Dahlin, T., 2020. Spectral analysis of time
domain induced polarization waveforms, J. Appl. Geophys., 177,104 037.

Kemna, A. ef al. 2012. An overview of the spectral induced polarization
method for near-surface applications, Near Surf. Geophys., 6, 453-468.

Kessouri, P. et al. 2019. Induced polarization applied to biogeophysics:
recent advances and future prospects, Near Surf. Geophys., 17, 595-621.

Martin, T., Titov, K., Tarasov, A. & Weller, A., 2021. Spectral induced polar-
ization: frequency domain versus time domain laboratory data, Geop/ys.
J. Int., 225, 1982-2000.

Michels, V., Chou, C., Weigand, M., Wu, Y. & Kemna, A., 2024. Quantitative
phenotyping of crop roots with spectral electrical impedance tomography:
a rhizotron study with optimized measurement design, Plant Methods,
20(1), 118.

Parr, K., Kulesza, S.E. & Bernhardt-Barry, M.L. 2024. Modified complex
electrical resistivity technique: applications to saturated and unsaturated
soils, Geotech. Test. J., 47(6), 1298-1312.

Peshtani, K., Weller, A. & Slater, L., 2024. Permeability and induced polar-
ization of mudstones, Water Resour. Res., 60(8), €2024WR037455.

Radic, T., 2007. Instrumentelle und Auswertemethodische Arbeiten zur
Wechselstromgeoelektrik, PhD thesis, Technical University Berlin.

Radic, T., 2014. Geoelectric reference technique, efficient tool to eliminate
external noise in SIP data, Proceedings of the Near Surface Geoscience
2014-20th European Meeting of Environmental and Engineering Geo-
physics, Athens, Greece, Vol. 2014, pp. 1-5. European Association of
Geoscientists & Engineers.

Saneiyan, S., Filippone, N., Colwell, F. & Ntarlagiannis, D., 2024. Tracking
microbial movement in saturated media with spectral induced polariza-
tion, J. Environ. Manage., 370, 122 808.

Slater, L., 2007. Near surface electrical characterization of hydraulic con-
ductivity: from petrophysical properties to aquifer geometries—a review,
Surv. Geophys., 28, 169-197.

Ulrich, C. & Slater, L.D., 2004. Induced polarization measurements on
unsaturated, unconsolidated sands, Geophysics, 69, 762-771

Round-robin SIP test using electrical test networks 13

Vanhala, H. & Soininen, H., 1995. Laboratory technique for measure-
ment of spectral induced polarization response of soil samples, Geop/ys.
Prospect., 43, 655-676.

Vinegar, H.J. & Waxman, M.H., 1984. Induced polarization of shaly sands,
Geophysics, 49, 1267-1287.

Wang, C. & Slater, L.D., 2019. Extending accurate spectral induced po-
larization measurements into the kHz range: modelling and removal of
errors from interactions between the parasitic capacitive coupling and the
sample holder, Geophys. J. Int., 218, 895-912.

Williams, K.H. et al. 2009. Geophysical monitoring of coupled microbial
and geochemical processes during stimulated subsurface bioremediation,
Env. Sci. Tech., 43, 6717-6723.

Wong, J., 1979. Electrochemical model of the induced-polarization phe-
nomenon in disseminated sulfide ores, Geophysics, 44, 1245-1265.

Xia, T., Huisman, J.A., Chao, C., Li, J. & Mao, D., 2025. Induced polarization
monitoring of in-situ chemical oxidation for quantification of contaminant
consumption, J. Contam. Hydrol., 269, 104 481.

Zhang, Z. & Furman, A., 2023. Statistical analysis for biogeochemical pro-
cesses in a sandy column with dynamic hydrologic regimes using spec-
tral induced polarization (SIP) and self-potential (SP), Geophys. J. Int.,
233(1), 564-585.

Zimmermann, E., 2011. Phasengenaue Impedanzspektroskopie und—
tomographie fiir Geophysikalische Anwendungen, PhD thesis, Rheinis-
chen Friedrich-Wilhelms-Universitit, Bonn, URN: urn:nbn:de:hbz:5N-
24691.

Zimmermann, E. & Huisman, J.A., 2024. The effect of heterogeneous con-
tact impedances on complex resistivity measurements, Geophysic. J. Int.,
236, 1234-1245.

Zimmermann, E., Kemna, A., Berwix, J., Glaas, W., Miinch, HM. & Huis-
man, J.A., 2008a. A high-accuracy impedance spectrometer for measuring
sediments with low polarizability, Meas. Sci. Technol., 19, 105 603.

Zimmermann, E., Kemna, A., Berwix, J., Glaas, W. & Vereecken, H., 2008b.
EIT measurement system with high phase accuracy for the imaging of
spectral induced polarization properties of soils and sediments, Meas. Sci.
Technol., 19,094 010.

© The Author(s) 2025. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

G20z AINf 6z UO Jasn ¥ayjolqiglesusz * yaine wniuazsbunyasiod Aq LES0ZL8/ES 11eBB/L/zyz/alomelB/woo dno-olwapeoe//:sdjy woy papeojumod


http://dx.doi.org/10.1016/j.jappgeo.2015.11.008
http://dx.doi.org/10.1016/j.jappgeo.2020.104037
http://dx.doi.org/10.3997/1873-0604.2012027
http://dx.doi.org/10.1002/nsg.12072
http://dx.doi.org/10.1093/gji/ggab071
http://dx.doi.org/10.1186/s13007-024-01247-7
http://dx.doi.org/10.1520/GTJ20230491
http://dx.doi.org/10.1029/2024WR037455
http://dx.doi.org/10.1016/j.jenvman.2024.122808
http://dx.doi.org/10.1007/s10712-007-9022-y
http://dx.doi.org/10.1190/1.1759462
http://dx.doi.org/10.1111/j.1365-2478.1995.tb00273.x
http://dx.doi.org/10.1190/1.1441755
http://dx.doi.org/10.1093/gji/ggz199
http://dx.doi.org/10.1021/es900855j
http://dx.doi.org/10.1190/1.1441005
http://dx.doi.org/10.1016/j.jconhyd.2024.104481
http://dx.doi.org/10.1093/gji/ggac452
http://dx.doi.org/10.1093/gji/ggad477
http://dx.doi.org/10.1088/0957-0233/19/10/105603
http://dx.doi.org/10.1088/0957-0233/19/9/094010
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 MATERIALS AND METHODS
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	REFERENCES

