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Abstract

Spectral electrical impedance tomography (EIT) involves the imaging of the complex
electrical distribution in the mHz to kHz range. Until now, field EIT measurements were
limited to frequencies below 100 Hz because strong electromagnetic coupling effects
associated with longer cables and high electrode contact impedances prohibit accurate field
measurements at higher frequencies. In this paper, we aim to evaluate the capability of recent
improvements in the pre-processing and inversion of wideband EIT measurements to improve
the accuracy and spectral consistency of field EIT measurements of the complex electrical
conductivity distributions in the mHz to kHz frequency range. In a first case study, time-lapse
surface EIT measurements were performed during an infiltration experiment to investigate the
spectral complex electrical conductivity as a function of water content. State-of-the-art data
processing and inversion approaches were used to obtain images of the complex electrical
conductivity in a frequency range from 100 mHz to 1 kHz, and integral parameters were
obtained using Debye decomposition. Results showed consistent spectral and spatial variation
of the phase of the complex electrical conductivity in a broad frequency range, and a complex
dependence on water saturation. In a second case study, borehole EIT measurements were
made in a well-characterized gravel aquifer. These measurements were inverted to obtain
broadband images of the complex conductivity after correction of inductive coupling effects
using a recently developed correction procedure that relies on a combination of calibration
measurements and model-based corrections. The inversion results were spatially and
spectrally consistent in a broad frequency range up to 1 kHz only after removal of inductive
coupling effects. Overall, it was concluded that recent improvements in spectral EIT
measurement technology combined with advances in inversion and data processing now allow

accurate broadband EIT measurements up to 1 kHz.
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1. Introduction

Spectral electrical impedance tomography (EIT) is a geophysical imaging method that
provides the distribution of the complex electrical conductivity in the mHz to kHz frequency
range (Slater 2007; Kemna et al., 2012; Revil et al., 2012). Whereas the real part of the
complex electrical conductivity is determined by ionic conduction in the pore space, the
imaginary part of the complex electrical conductivity is determined by polarization processes
associated with the electrical double layer at the interface between the soil matrix and the pore
fluid (Borner et al. 1996; Revil and Florsch, 2010). In recent years, there has been increasing
interest in the use of EIT for a range of environmental engineering applications (Kemna et al.,
2000, 2004) with a particular focus on contaminated site investigations (e.g. Williams et al.,
2009; Flores-Orozco et al., 2012b). Such field investigations have been fueled by a range of
laboratory investigations with spectral induced polarization (SIP) measurements that have
provided mechanistic understanding of the polarization processes that determine the complex
electrical conductivity (Titov et al., 2002, 2004; Revil and Florsch, 2010; Biicker and Hordt,
2013). These laboratory SIP investigations have also shown that the complex electrical
conductivity exhibits a characteristic frequency dependence that depends on the involved
polarization length scales within the subsurface (e.g. Leroy et al., 2008; Bairlein et al., 2014).
Therefore, there is considerable interest to obtain field measurements of the complex

electrical conductivity in the in the mHz to kHz frequency range.

Despite continuous progress in the development of EIT inversion codes and strategies
(Oldenburg and Li, 1994; Kemna, 2000; Flores-Orozco et al., 2012a) as well as recent
improvements in the analysis of spectral inversion results (Kelter et al., 2015; Weigand and
Kemna, 2016), it is still challenging to make accurate EIT measurements of the complex
electrical conductivity in the field, especially for frequencies above 50 Hz. Depending on the

type of application, there may be different reasons for this reduced accuracy. In the case of
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borehole or surface EIT measurements with long cables, many applications have been limited
to frequencies below 10 Hz (e.g. Flores-Orozco et al., 2011) due to electromagnetic coupling
effects. Especially inductive coupling between the electrical wires used for current injection
and potential measurements strongly affects impedance measurements when long multicore
cables are used (e.g. Pelton et al., 1978). In order to account for such inductive coupling
effects on spectral EIT measurements, Zhao et al. (2013, 2015) developed a correction
method that relies on a combination of calibration measurements and numerical modelling of
the cable layout. The use of this correction method significantly improved the data quality for
higher frequencies to an accuracy of about 1 mrad for frequencies up to 1 kHz for EIT
measurements in water. However, an extensive field evaluation of these novel correction

procedures has not been performed yet.

Another application where field EIT measurements in a broad frequency range are
challenging is the investigation of vadose zone processes. Several studies investigated the
relationship between spectral electrical parameters and water content in the laboratory (Ulrich
and Slater, 2004; Binley et al., 2005; Breede et al., 2011; Kelter et al., 2015), but only
Ghorbani et al. (2008) presented an in-situ investigation of the effect of changes in soil water
content on the measured phase shift. They found that an increase in water content resulted in
an increase in the phase shift of the complex electrical conductivity below 100 Hz, whereas a
decrease in phase shift was observed above 100 Hz. A common problem for accurate phase
measurements in the Hz to kHz frequency range for vadose zone applications is the electrode
contact impedance, which increases drastically for dry soil (Breede et al., 2011; Huisman et
al., 2015; Kelter et al., 2015). An approach to correct electrical impedance measurements for
the effect of electrode contact impedances was proposed in Huisman et al. (2016) for
laboratory SIP measurements and in Kelter et al. (2015) for laboratory EIT measurements. In

the latter study with very dry soil, the use of this correction extended the interpretable
4
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frequency range up to 200 Hz. However, the value of such correction strategies to account for
the effects of electrode contact impedances has not been evaluated in the field, where contact
impedances are much more difficult to control and also depend strongly on the selected

electrode type.

In this paper, we aim to evaluate the capability of recent improvements in the pre-processing
and inversion of wideband EIT measurements to improve the accuracy and spectral
consistency of field EIT measurements of the complex electrical conductivity distributions in
the mHz to kHz frequency range using two case studies. The first case study deals with an
irrigation experiment on an initially dry soil, where spectral electrical measurements were
performed in a frequency range from 0.1 Hz up to 1 kHz using surface electrodes. EIT
measurements were made before, during, and after irrigation in order to investigate the
relation between water content and the inverted spectral electrical conductivity distributions.
Two electrodes types were used in this case study and their performance was compared based
on measurement accuracy using normal-reciprocal analysis. The second case study deals with
borehole EIT measurements using long multicore cables in a well characterized aquifer at the
Krauthausen test site (e.g. Vereecken et al., 2000; Hordt et al., 2007; Miiller et al., 2010). In
both case studies, spectral electrical parameters were estimated using a Debye-decomposition
approach and the obtained spatial distributions of the spectral electrical parameters were

evaluated using ground truth data.

2. Materials and Methods

2.1. Measurement principle and system

In order to perform measurements of the spectral complex electrical impedances in the field,
an EIT system similar to the one described in Zimmermann et al. (2008a) was used. The EIT

system has 40 channels and was modified in such a way that reciprocal measurements (i.c.
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switching of current and voltage dipoles) are possible. This was achieved by using so called
electrode modules that consist of an internal relay for current injection and an amplifier for
potential measurements. These modules are connected directly to the electrodes. Connection
to the data acquisition channels of the system is achieved with shielded twisted pair cables of
5 m length in the irrigation experiment. In case of the borehole measurements, the modules
were connected to an adapter box very close to the measurement system using a 25 m long
multicore cable that was composed of 16 shielded, twisted wire pairs. Potential measurements
are performed relative to system ground, which enables the a posteriori calculation of

arbitrary voltage dipole pairs for a given current injection.

Figure 1: Photograph of the measurement setup of the irrigation experiment showing the two
used electrode profiles of non-polarizable (left profile) and stainless steel (right profile)
electrodes. Also shown are the access trench at the beginning of the profile and the drip tube
system that was used for irrigation.

2.2. Site description and experimental setup
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2.2.1. Irrigation experiment

The first case study presents an irrigation experiment on initially dry soil. For this, a roofed
plot of 7 m length and 3 m width with a drip irrigation system was used. The plot is part of the
field rhizotron facility described in detail in Cai et al. (2016). The soil is characterized by a
very high gravel content of 40%, and the fine fraction has a silt loam texture with 23% sand,
63% silt and 14% clay (Vanderborght et al., 2010). An overview of the general set-up of the
irrigation experiment is provided in Figure 1. One side of irrigated plot is bordered by a
trench, which was excavated in order to install additional sensors. In particular, hourly Time
Domain Reflectometry (TDR) measurements were made using a TDR100 system (Campbell
Scientific, Logan, USA) with custom-made three-wire probes with a length of 20 cm. Four
TDR probes each were installed in six depths (10, 20, 40, 60, 80, and 120 cm), and the mean
of the four sensors at each depth is used in this study. In order to convert the dielectric
permittivity € measured with TDR to water contentf, a calibration relationship was
determined in the laboratory. For this, air-dried soil from different soil layers was mixed with
a known amount of water and packed to the same bulk density as the field soil. TDR
measurements were used to determine the permittivity of these packed samples with a known
water content. It was found that the resulting site-specific calibration relationships were
similar for the different soil layers. Therefore, the following relationship was used to estimate
soil water content from permittivity for all soil layers:

6 = 0.1045 -y — 0.1671. (1)

For more information on the calibration of TDR, the reader is referred to Cai et al. (2016).

A drip irrigation system was used for five applications of water that lasted 90 minutes each
and a sixth irrigation which lasted about 55 minutes. The plot was homogeneously irrigated to
the extent possible by using a distance of 30 cm between individual drippers and a separation

of 30 cm between each tube with drippers. Table 1 provides details about start and end time of
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all irrigation events together with information about the electrical conductivity and
temperature of the irrigation water. The fifth irrigation event was started directly after the

fourth event in order to perform measurements during stationary flow conditions.

Table 1. Irrigation schedule and information about irrigation water.

Infiltration 1 | Infiltration 2 | Infiltration 3 | Infiltration 4 | Infiltration 5 | Infiltration 6
Start Time 20130930 20131001 20131002 20131003 20131003 20131004
14:54 12:27 12:45 12:24 14:28 09:45*
End Time 20130930 20131001 20131002 20131003 20131003 20131004
16:24 13:57 14:15 13:54 15:58 10:40
Amount (dm”) 597 573 587 548 566 360
Amount (mm) 28.4 27.3 28 26.1 27 17.1
T (°C) 17 17 16 14.4 14.4 14.4*
EC (uS/cm) 513 513 500 488 488 488*

* Event was started accidently. Start time has been estimated from known amount of irrigated water and mean
application rate of infiltration event 1-5. Values for temperature and electrical conductivity were taken from
previous date.

Two types of electrode arrays were used for the infiltration experiment (Figure 1). The first
electrode array consisted of 28 non-polarizable Cu/CuSo4 electrodes (model 3-A “Fat Boy”,
Tinker & Rasor, San Bernardino, CA, USA) with an electrode spacing of 0.25 m and a
ceramic plate diameter of 6 cm. Wetted sponges were used to obtain a homogeneous contact
between the ceramic plate and the uneven soil surface. This type of electrode has the
advantage that they do not need to be inserted into the soil. Furthermore, the overvoltage of
electrodes that have already been used for current injection decays much faster compared to
the more widely used stainless steel electrodes (Kemna et al., 2012). In addition, this
electrode type provides a large contact area to the soil surface, which results in relatively low
electrode contact impedances. This is beneficial for accurate EIT measurement in the kHz

frequency range (Huisman et al., 2016).
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The second electrode array consisted of 40 stainless steel electrodes with an electrode spacing
of 18 cm and was installed in parallel to the electrode array of non-polarizable electrodes with
a separation of 1 m in order to compare the performance of the two electrode types. The steel
electrodes had a length of 10 cm and a diameter of 1 cm and were inserted by at least 2 cm
into to soil to ensure sufficient contact. In the case of the non-polarizable electrodes, the
length of the cables to connect the electrodes to the EIT system was 5 m, whereas it was 8§ m
in case of the steel electrodes. The use of such short cables with sufficient separation avoids
the need to correct for inductive coupling between the cables, as it is also done in laboratory

EIT measurements (Zimmermann et al., 2008a; Kelter et al., 2015).

A combination of skip-0, skip-2 and skip-8 current injection configurations (e.g. current
injection at electrodes 1-2; 1-4 and 1-10, respectively) was used for data acquisition. All
possible pairs of voltage dipoles with the same skips were calculated a posteriori for each
current injection in order to have a full set of normal and reciprocal measurements. For the
electrode array with non-polarizable electrodes, the total number of normal and reciprocal
measurement configurations was 6128, whereas 13080 normal and reciprocal measurement
configurations were obtained for the array of stainless steel electrodes. Spectral measurements
were only made using the non-polarizable electrodes at 14 frequencies equally spaced in
logarithmic space from 0.1 Hz to 1 kHz. The data acquisition time was 100 minutes for a full
set of spectral EIT measurements with non-polarizable electrodes and 10 minutes for a single
frequency EIT measurement at 2.5 Hz using the stainless steel electrodes. In order to correct
for the effect of high contact impedances on the EIT measurements, the correction procedure

outlined in Kelter et al. (2015) was used.
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2.2.2. Borehole EIT measurements in a well characterized aquifer

The second case study deals with EIT borehole measurements in the well characterized
heterogeneous unconfined aquifer of the Krauthausen test site (see e.g. Vereecken et al., 2000;
Hordt et al., 2007; Miiller et al.,, 2010). This test site is located approximately 10 km
northwest of the city of Diiren and about 6 km from the Forschungszentrum Jiilich, Germany.
The base of the aquifer is located at a depth of 11 to 13 meter and consists of intermitting
layers of clay and silt. The upper part of the aquifer is divided into 3 layers with the Rur
sediments at the top, followed by the upper and lower Rhine sediments. Heterogeneity in the
upper part is mostly related to differences in gravel content (Vereecken et al., 2000). A
detailed description of the Krauthausen test site can be found in Vereecken et al. (2000) and

Tillmann et al. (2007).

Borehole EIT measurements were made using two custom-made active electrode chains each
consisting of eight electrodes with a separation of 1 m. Brass ring electrodes with a diameter
of 42 mm and a height of 10 mm were used. More details about these active electrode chains
can be found in Zhao et al. (2013) and Zhao et al. (2015). EIT measurements were performed
in two boreholes (B75 and B76) that were separated by 5 m. Electrodes in borehole B75 were
numbered from 1 to 8, and electrodes in borehole B76 were numbered from 9 to 16. The
current injection consisted of skip-0 (1-2, 2-3, ,..., 9-10,...), skip-2 (1-4, 2-5, ..., 9-12, ...),
skip-4, skip-5, skip-6 in each of the two boreholes, and cross-hole (skip-8) configurations (1-
9, 2-10, ...). In post-processing, all possible pairs of voltage dipoles with the same skips were
calculated for each current injection in order to have a full set of normal and reciprocal
measurements. Therefore, the total number of normal and reciprocal measurement
configurations was 3000. Spectral measurements were made at 18 frequencies equally spaced
in logarithmic space from 1.6 Hz to 3.15 kHz. Each current injection was repeated with

switched polarity to correct the injected current (see Zimmermann et al., 2008a). This
10
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procedure to obtain a more accurate estimate of the injected current is time-consuming
because all measurements need to be taken twice. Therefore, it was not considered in the first
case study where time was considered to be a limiting factor in survey design. The data
acquisition time was 110 minutes for a full set of spectral EIT measurements in this second
case study. During installation of the boreholes B75 and B76, sediment was collected during
drilling. The gravel, sand, silt and clay content of this sample material was determined and

this information will be used to validate the field EIT measurements.

Calibration measurements and numerical modelling of the layout of the electrode chains were
used in order to correct for inductive coupling effects between cables following the
procedures outlined in Zhao et al. (2013, 2015). In this correction procedure, the measured
impedances Z are described by

Z = Zsoi + iwM, (2)
where Zs,,;; 1s the impedance of the soil and iwM is the inductive coupling between the cables
that needs to be removed. M is the mutual inductance of the corresponding measurement
configuration. The mutual inductances of all possible two-wire pairs in one borehole chain or
between two borehole chains are put into four submatrices, which results in the following

pole-pole matrix

~ My My ) ©)
where the diagonal submatrices M; and M, define the mutual inductances between wire pairs
in chain 1 and 2, respectively, and M,; and M;, define the mutual inductances between wire
pairs in the two separate chains. The mutual inductances in M; and M, were determined using
calibration measurements (Zhao et al., 2015). The mutual inductances in M;, and M,,; were
obtained by a numerical solution of the Neumann-integral in MATLAB for a particular set of
wire pairs (see e.g. Jackson, 1975):

11
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270  where s and S are infinitesimal wire segments of current and potential wires, C;, C,, P; and P
are the start and end positions of wires for current injection and potential measurement,
respectively, and 7 is the distance between the two wires. In order to use this correction
procedure, the layout geometry of the electrical cable needs to be known with cm accuracy.
This was achieved by using the simple cable geometry shown in Figure 2. For more details

275  about the calibration measurements and the calculation of the mutual inductance, the reader is

referred to Zhao et al. (2015).
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Figure 2. Cable layout (blue line) of the borehole EIT measurements with the measurement
system (S) at location (0.00, 0.00), borehole 75 at location (13.20, 2.50), and borehole 76 at

280  location (12.80, -2.40).
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2.3. Inversion methodology

Inversion of the EIT data obtained in both case studies was done using the 2.5 D inversion
code CRTomo developed by Kemna (2000). This code uses log-transformed magnitude and
phase shift as data, and iteratively minimizes the objective function:

¥(m) = [[Wy[d - f(m)][|? + A|W;,m||?, )
where d is the complex valued data vector, m is the model vector of complex electrical
conductivities, f(m) is the vector of the forward response of model m, A is the regularization
parameter, and W,; and W,,, are the data weighting and model roughness matrix, respectively.
Because of the ill-posedness of this inverse problem, some sort of regularization is needed in
order to achieve a unique and stable solution. Here, W,,, represents a first-order roughness
operator that is used to penalize overly rough models during inversion. When the subsurface
is known to be layered, an anisotropic smoothing factor is often used to define W,,, in order to
strengthen smoothing in horizontal direction (Kemna, 2000). In the second case study with
borehole EIT data, we used an anisotropic smoothing factor of 50 based on experience from

previous studies and trial and error to obtain the expected layered inversion results.

The entries of the data weighting matrix W; were derived from the inverse of the individual
data errors, which were estimated from the analysis of normal and reciprocal measurements
using a so-called multi-bin approach (see e.g. Koestel et al., 2008; Flores-Orozco et al.,
2012a). This analysis provided error parameters for the magnitude and the phase of the
measured electrical impedances for each individual frequency. In this multi-bin approach, the
data are binned according to the measured magnitude. Then, the standard deviation of the
discrepancies between normal and reciprocal measurements inside each bin is calculated for
the magnitude and phase. Finally, error models are fitted to these standard deviations as a
function of the mean measured magnitude. In this study, the selected error model for the

magnitude of the electrical conductivity was:
13
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€mag = Amag + Dmag " 1Z1, (6)
where @44 represents the absolute measurement error and b,,,, represents the relative
measurement error. The error model for the phase was defined as:

Epha = Apna 2177714, (7
where a,p, and byp, are fitting parameters of the phase error model. In case of the
magnitude, an additional relative modelling error of 3% was added to the estimated relative
error parameter in order to account for positional errors of the electrodes as well as the
approximation introduced by the use of a 2.5D forward modelling and inversion approach that
neglects variations in the conductivity distribution in the strike direction of the electrode

profile.

In order to obtain robust estimates of the data error and reasonable data for the inversion, the
measured data were filtered prior to further analysis. In a first step, all measurements that
showed a standard deviation of three repeated measurements of more than 10% for the real
part and 100% for the imaginary part of the complex electrical impedance were removed.
Furthermore, measurements were not considered when the difference between normal and
reciprocal measurements was higher than two standard deviations of normal-reciprocal
differences for both magnitude and phase shift of the whole data set. Finally, measurements
with physically implausible positive phase shifts of the complex impedances were removed.
In the case of the EIT measurements obtained during the irrigation experiment, an additional
filter was used. In particular, unreasonably high negative phase shift values were removed
that were mostly caused by the strong polarization associated with the metallic TDR probes
on one side of the EIT transect. The threshold value for this filter was empirically estimated
for each individual frequency based on the distribution of measured phase shifts and the

position of the electrode configuration (i.e. only configurations that were likely affected by

14
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the presence of the TDR probes were removed). Obviously, the removal of these
measurements decreased the coverage within the EIT transect, in particular for the deeper soil
layers. However, the resulting inversion results were much better using this additional filter in
terms of plausibility and spectral consistency, especially in the low frequency range where

polarization caused by the TDR probes was observed to be very high.

After determination of the data weighting matrix and data filtering, the spectral EIT
measurements were inverted following the procedures established in Kemna (2000) and
Kelter et al. (2015). In summary, the inversion process is started using a homogeneous
starting model, a high value of the regularization parameter A, and a central frequency of 10
Hz. Equation (5) is iteratively minimized by updating the model parameters m and the
regularization parameter A until the error-weighted root mean square error (RMSE) reaches a

value of 1:

RMSE = viﬁ\/”wd(d — f(m))||? (8)

where N is the number of measurements. Since the complex model error in Wy is dominated
by €mqg, it may occur that the RMSE is already close to 1 while the actual fit to the phase
values still is rather poor. In order to overcome this issue, a so-called final phase improvement
was performed in both case studies. This is an additional inversion in which the fit to the
measured phase values is improved by only varying the modelled phase while keeping the
resistivity magnitude fixed. For more details, the reader is referred to Kemna (2000). The

resulting inverted model for 10 Hz was then used as a starting model for all other frequencies.

2.4. Spectral analysis
A Debye-decomposition approach (Nordsiek and Weller, 2008) was used in order to obtain

integral spectral parameters that summarize the spectral response of the complex electrical
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conductivity. In this approach, the complex resistivity spectrum p*(w) is decomposed into a

superposition of N Debye relaxations:

p"(@) = po |1 = ZNey mie (1 - o) | 9)

T 1+t
with p, the DC-resistivity and my the chargeability corresponding to the relaxation time Ty.
Integral spectral parameters can be estimated from the resulting chargeability distribution,
such as the total chargeability, my

Moy = lej=1 my, (10)

and the normalized total chargeability m&*:

mppt = e, (11)

The former is a measure of the total polarizability of the sample and reflects the area under the
phase spectrum. The latter was proposed by Weller et al. (2010) as a more robust measure of
the IP effect compared to my,;, which is independent of changes in the DC resistivity.
Characteristic relaxation times can also be obtained from the chargeability-weighted
relaxation time distributions. A commonly used characteristic relaxation time (Flores-Orozco
et al., 2012b; Kelter et al., 2015; Weigand and Kemna, 2016) is the chargeability-weighted

logarithmic mean relaxation time Ty ean:

1 N
Tmean = eXp(a (k=1 MkIn(T1))). (12)
Alternatively, peak relaxation times (if present) or cumulative relaxation times that represent a

threshold relaxation time where a certain percentage of the total chargeability has been

reached (i.e. T5q for the median) can be used.

The implementation of our Debye-decomposition approach was based on the Tikhonov-
regularized optimization scheme described in Zisser et al. (2010), which was modified to
allow automated analysis of spectral tomography data. In this approach, the complex

electrical resistivity at each frequency for each pixel was collected to obtain the frequency
16
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spectrum of the complex resistivity for each pixel. The time axis was discretized using 100

o 10
(27t f min)

relaxation times that ranged from t s and a first order smoothness-

(10-27tfmax) S

constraint was applied to the chargeability (see e.g. Zisser et al., 2010; Weigand and Kemna,
2016). After this inversion, integral spectral parameters were calculated using the
chargeability values corresponding to relaxation times within the measured frequency range

only.

3. Results and Discussion

3.1. Irrigation experiment on an initially dry soil

3.1.1. Measurement error analysis and comparison of non-polarizable and steel electrodes
Figure 3 shows a comparison of the measurement accuracy with stainless steel and non-
polarizable electrodes in terms of differences between normal and reciprocal measurements
for the magnitude (top) and phase shift (bottom) of the measured complex electrical
impedance at 2.5 Hz after data filtering. The data were obtained for a wet soil and therefore
present a best-case-scenario because of the low electrode contact impedances. The results
indicate that the measurement accuracy of the impedance magnitude was similar for the two
electrode types for impedance magnitudes ranging from 1 to 250 Q. For higher impedance
magnitudes obtained for greater dipole lengths (not shown here), the measurement accuracy
decreased significantly for the steel electrodes whereas the measurement accuracy of the non-
polarizable electrodes remained relatively constant. Figure 3 also presents the differences
between normal and reciprocal measurements for the phase of the impedance. It can be seen
that these differences are much smaller for the non-polarizable electrodes over the entire
range of measured impedance magnitude (please note different scaling of y-axis). This clearly
suggests that a higher measurement accuracy can be achieved with this electrode type as

compared to the stainless steel electrodes.

17



Figure 4 presents the binned data corresponding to Figure 3, and the fitted error model
including the associated model parameters. The magnitude of the impedance obtained with
non-polarizable electrodes showed a relatively constant measurement error, whereas the
415 measurement error for the stainless-steel electrodes showed a small but significant increase
with increasing magnitude of the measured impedance. The absolute error of the impedance
magnitude bp,,4 was similarly low for both electrode types. Compared to previous studies
(Bechtold et al., 2012; Kelter et al., 2015), the obtained absolute and relative errors for the

steel and non-polarizable electrodes are in a reasonable range.

® non-polarizable

#  stainless steel
x 4

AlZI @)

Ao (mrad)

420

Figure 3. Comparison of differences between normal and reciprocal measurements of the
magnitude (top) and phase shift (bottom) of complex electrical impedance measurements at a

frequency of 2.5 Hz using non-polarizable (left) and stainless steel electrodes (right).

18



425

430

435

440

& o4 a=0.0002, b=0.0881 0.4 a=0.0008, b=0.0711
~ 03} 0.3
N
=02 0.2
je]
» 0.1t ._._-._l—-. 0.1 ._.__/.
0 0
10° 10° 10° 10
mean mean
Zre| () Znen ()
10 10
2 a=2.19, b=-0.58 a=5.95 b=-0.45
j
E 5 5
=
<]
S \\ﬂ_‘ )
0 : : 0 ‘ -
10° 10° 10° 10
mean mean
[zl () jZean| (@)

Figure 4. Error models obtained by multi-bin normal-reciprocal analysis of data measured at a
frequency of 2.5 Hz using a linear error model for the magnitude data (top) and an inverse
power law relationship for the phase shift data (bottom) for non-polarizable Cu/CuSO4
electrodes (left) and stainless steel electrodes (right). The resulting error model parameters are

also shown.

For the phase shift, the differences in data quality between the stainless steel and the non-
polarizable electrodes were observed to be much larger. Figure 4 shows that measurement
errors are substantially higher for the phase of the impedance measured with stainless steel
electrodes, especially for low transfer impedances. Most likely, this is due to the stronger
effects of systematic errors like polarization of electrodes that have been previously used for
current injection before subsequent voltage measurements, as well as inhomogeneous and
high contact impedances. The latter explanation is further supported by the even higher
measurement errors observed for drier soil conditions when using stainless steel electrodes
(not shown). The error parameters for the phase shift obtained with non-polarizing electrodes
corresponded well with values observed in Flores-Orozco et al. (2012a), who reported

Aphe = 1.79 and byp, = —0.18 at a frequency of 0.125 Hz. Because of the higher
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measurement accuracy, we will only present results obtained using the non-polarizable

electrodes in the following.

Figure 5 presents the development of the error parameters for all spectral measurements
performed during the irrigation experiment as a function of frequency. It can be seen that the
relative error parameter by,,, for the magnitude of the complex electrical impedance remains
very low and independent of frequency. For instance, the relative error remained below 1 %
except for the high frequencies of the first measurement at day 0 (dry soil), as well as for the
second set of measurements on day 3 that was obtained during an irrigation event where
stationary conditions were assumed but maybe not fully realized. Non-stationarity can
introduce systematic difference in the magnitude of the impedance of normal and reciprocal
measurements due to actual changes in water content during data acquisition. The absolute
model parameter a,,,, of the magnitude of the complex electrical impedance was generally
low for all measurement days too, except again for the first measurements in dry soil where

the absolute error increased to around 1 Q.
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Figure 5. Spectral behaviour and temporal evolution of error parameters for magnitude (top
row) and phase shift (bottom row), estimated using normal-reciprocal analysis during the

irrigation experiment for measurements using non-polarizable electrodes.
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The measurement accuracy of the phase shift varied much stronger as a function of frequency
and time. The a,p, parameter that represents the phase shift error in mrad for an impedance
magnitude of |Z| = 1 Q was highest for the first measurement in dry soil. In addition, a,pq
was found to systematically increase with frequency, particularly for frequencies above 10
Hz. This decrease in measurement accuracy is consistent with the findings of Kelter et al.
(2015), who found an increase of the absolute error of the imaginary part of the complex
electrical impedance data. The frequency dependency of the by, parameter that describes the
decrease of the phase shift error with increasing impedance magnitude is much less
pronounced. However, Figure 5 seems to suggest that this error parameter is somewhat higher
for frequencies above 10 Hz. In addition, it was found that the b, parameter did not vary
systematically between different measurement days. We hypothesize that these measurement
errors are to some extent determined by the contact impedances of the non-polarizing
electrodes. These contact impedances obviously depend on the bulk electrical conductivity of
the subsurface, but are also determined by the fact that sponges used to make better contact
with the soil were only rewetted periodically, and not before every EIT measurement. This

possibly explained the less consistent changes observed for the by, parameter.
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Figure 6. Inversion results for real and imaginary part of complex electrical conductivity at
frequencies of 0.1 Hz (left), 10 Hz (center) and 1000 Hz (right) at day O (top two rows) and

day 4 (bottom two rows).

3.1.2 Spectral complex imaging results during the irrigation experiment

Figure 6 presents a compilation of inversion results for frequencies of 0.1 Hz, 10 Hz and 1000
Hz for two measurement days (before the irrigation at day 0 and day 4). The distribution of
the real part of the electrical conductivity was homogeneous at day 0, as expected for a dry
soil. After irrigation, the real part of the electrical conductivity increased, particularly for the
top soil. As expected, the distribution of the real part of the electrical conductivity did not
depend on the measurement frequency. In contrast, the imaginary part of the complex
electrical conductivity consistently increased with frequency and the spatial distribution of the
imaginary conductivity was consistent over the whole frequency range at both days. However,
the increase of the imaginary conductivity deeper in the soil at day 0 in dry conditions seems
erratic.
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Figure 7. Inverted phase spectra of complex electrical conductivity, obtained for certain pixels
at a lateral position of 3 m along the profile and depths of 20 cm (left) and 60 cm (right) for
representative measurement dates. Solid lines illustrate the obtained Debye-decomposition

fits.

Two representative pixels for the topsoil and subsoil layers were chosen at a depth of 15 cm
and 60 cm and a lateral position of 3 m in order to illustrate the spectral variation of the
complex electrical conductivity of individual pixels obtained from the inversion (Figure 7).
These phase spectra of individual pixels show that the phase increased in response to
irrigation in the low frequency range (< 10 Hz), whereas it decreased for the higher frequency
part of the spectrum (i.e. > 10 Hz) except for the EIT measurements made at day O that
seemed to behave differently. This is attributed to additional errors caused by capacitive
coupling between the cable shield and soil (see Zhao et al., 2013) that become important
when EIT measurements are made on soils with a low conductivity and high electrode contact
impedances. Similar behavior was observed in Ghorbani et al. (2008) and Kelter et al. (2015)
for sand-clay mixtures, and more work is required to improve the reliability of EIT

measurements in these conditions.
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Figure 8. Spectral complex electrical inversion results in terms of DC-conductivity,
normalized total chargeability and mean relaxation time, obtained by pixel-wise Debye-
decomposition for all spectral electrical measurements during the irrigation experiment. Black

dots indicate the positions of the electrodes.

The temporal development of the spatial distribution of integral spectral parameters obtained
by Debye decomposition during the irrigation experiment is shown in Figure 8 and the good
quality of the fit to the complex electrical conductivity of individual pixels is illustrated in
Figure 7. It can be seen that the normalized total chargeability, the mean relaxation time, and

the DC-electrical conductivity increased with increasing soil water content. The inversion
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results suggest a two-layer structure, especially for the electrical conductivity and
chargeability images. The results also indicate that changes in response to irrigation were
much stronger in the top soil layer, and less pronounced deeper in the soil. This is attributed
to the higher initial soil water content for the subsoil, as well as a much lower porosity.
Independent TDR measurements indicated that the initial water content of the subsoil was

about 0.15 cm’cm™, whereas the estimated total porosity was 0.20 cm’cm”™.
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Figure 9. Mean DC electrical conductivity from x = 2 m to 6 m obtained from the inverted
spectral electrical conductivity images plotted as a function of measured soil water content
using TDR probes at a position of x = 0.75 m and the corresponding depths. Due to their

erratic behaviour, measurements at day = 0 were not considered here.

3.1.3 Relationships between water content and spectral electrical parameters

The integral spectral parameters presented in Figure 8 were used to investigate relationships
between spectral electrical properties and water content of the soil obtained from TDR. For
this, the EIT inversion results at six depths were averaged from 2 to 6 m, which is justified
given the limited lateral variation in the spectral electrical properties (Figure ).

Approximately linear relationships between the real part of the electrical conductivity and
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water content were found for a limited range of water content (Figure 9). Similar linear
relationships have been reported by Oberdorster et al. (2010) and Michot et al. (2003). The
normalized total chargeability was also found to increase with water content (Figure 10). Only
a few studies are available that have investigated the dependence of the normalized total
chargeability on soil water content and they have reported different types of relationships. For
example, Binley et al. (2005) observed decreasing phase shift values (and thus decreasing
chargeability) with increasing water content for sandstone samples, whereas Grunat et al.
(2013) reported increasing phase values with increasing water content for their soil sample.
Breede et al. (2012) reported a more complex dependence of the normalized total
chargeability on water content with increasing values in the low to medium saturation range
and a rapid decrease of normalized total chargeability near full saturation. The results
presented here are consistent with previously reported findings of Breede et al. (2012) and
Grunat et al. (2013). Finally, we observed a slight but consistent increase in mean peak
relaxation time with increasing saturation (Figure 11). This is also consistent with previous
findings of Binley et al. (2005) and Breede et al. (2012), and this is typically explained by a
decreasing characteristic polarization length scale with desaturation due to the decreasing size

of the saturated pores.
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Figure 10. Mean normalized total chargeability from x = 2 m to 6 m obtained from the
inverted spectral electrical conductivity images as a function of measured soil water content

using TDR probes at a position of x = 0.75 m and the corresponding depths. Due to their
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Figure 11. Mean relaxation time from x = 2 m to 6 m obtained from the inverted spectral
electrical conductivity images as a function of measured soil water content using TDR probes

at a position of x = 0.75 m and the corresponding depths. Due to their erratic behaviour,
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In general, Figures 9-11 also seem to indicate that the relationships between the spectral
electrical parameters and water content were similar for all soil depths. However, the increase
in DC-conductivity, normalized total chargeability, and mean relaxation time for a given
change in water content decreases with depth. This is likely associated with the effects of the
regularization, since the resolution of surface EIT measurements decreases significantly with
depth. This is a general limitation of electrical imaging methods, and a detailed evaluation is
beyond the scope of this study. In principle, the relationships shown in Figure 9-11 can be
used to estimate water content distributions. If significant changes in the electrical
conductivity of the pore water are expected, a relationship between water content and o'’ or

tot

m;’" may be less affected than the bulk electrical conductivity and may thus be preferable

(Grunat et al., 2013).

The spatial and spectral consistency of the results presented in this section clearly highlight
that the processing and inversion strategy for laboratory EIT measurements developed in
Kelter et al. (2015) also provides meaningful results for field EIT measurements where
conditions are generally less favorable due to high and temporally variable electrode contact
impedances. However, it seems that leakage currents due to capacitive coupling of the cables
with the ground must be considered when electrode contact impedances are high due to a very
dry top soil. This source of error is not (yet) well understood and requires further
investigation. Of course, the EIT measurement set-up used here is only useful for small-scale
field investigations because of the use of short cables to minimize the effect of inductive
coupling between the cables (Zhao et al., 2015). In the next section, the robustness of the
processing and inversion strategy is explored for borehole EIT measurements with long

electrode chains.
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3.2 Borehole imaging in an unconfined aquifer

Borehole EIT measurements were performed using long multicore-cables that require the
consideration of inductive coupling effects. However, since electrodes are galvanically
coupled to the subsurface through the water-filled borehole, the electrode contact impedance
is low and thus the key source of error in the surface EIT measurements presented earlier is
not present here. Figure 12 shows the measurement error as a function of frequency obtained
from normal and reciprocal measurements for borehole EIT measurements with and without
correction for inductive coupling (after data filtering). It is important to note that the
measurement error is not significantly affected by the correction for inductive coupling. This
highlights that the effects of inductive coupling are reciprocal, which was already suggested
by Zhao et al. (2015). This implies that errors due to inductive coupling cannot be corrected in

an indirect manner through a higher error during inversion, and should thus be corrected a

priori.
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Figure 12. Error parameters for magnitude (top) and phase shift error (bottom) of uncorrected
and corrected data as obtained by normal-reciprocal analysis for borehole EIT measurement

data of the Krauthausen test site.

In general, the spectral behavior of the error parameters is similar to the results shown in

Figure 5 for surface EIT measurements. Both the absolute (a;,,4) and the relative error
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parameter (bg,) of the magnitude of the transfer impedances showed no frequency
dependence. A small peak between 50 and 200 Hz in a4, indicates noise associated with
power supply systems in the vicinity of the Krauthausen test site. The values @, 4 are

difficult to compare between the two case studies because the range of measured impedances
in the surface EIT measurements (1 Q - 1 kQ) was different from that in the borehole EIT
measurements (0.01 € - 20 €). However, it can be observed that a,,,, was about two orders
of magnitude higher in the irrigation experiment, which corresponds to the two order of
magnitude difference in the measured ranges. The low values for by,q 4 for the borehole EIT

measurements are in good agreement with the results of the irrigation experiment, where this
parameter only was significantly higher in dry conditions due to high electrode contact

impedances.

A comparison of the error parameters of the phase shift in the two case studies shows a

monotonic increase of the absolute error parameter (a,p,) with frequency in both cases. Also
the range of the observed values for a,, matches very well between the two case studies. In
the irrigation experiment, the relative error parameter (b,pq) increased for frequencies above

10 Hz. Similar behavior was not observed in the borehole data (Figure 12). For the borehole

data, b,p, ranged from -0.84 to -0.45, while it ranged from -0.80 to -0.02 in the irrigation

experiment. The higher errors in the irrigation experiment are again attributed to the effect of

the higher electrode contact impedances on the measurement accuracy.
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Figure 13. Imaging results for the imaginary part of complex electrical conductivity at

frequencies of 2, 10, 100 and 1000 Hz for uncorrected (top) and corrected (bottom) data.

EIT imaging results for the imaginary conductivity at frequencies of 2, 10, 100 and 1000 Hz
are shown in Figure 13 for data with (bottom) and without (top) corrections for inductive
coupling. The distribution of the real part of the complex electrical conductivity was found to
be independent of frequency (not shown). In the low frequency range (until 10 Hz), the
inversion results for uncorrected and corrected data showed very similar results. For
frequencies above 10 Hz, the inversion results for the uncorrected data showed increasingly
strong artefacts whereas the corrected data resulted in EIT images that show the same
structures that were present in the lower frequencies. Clearly, the correction for inductive
coupling strongly increased the spectral consistency of the EIT imaging results. In some
regions, there even was an increase in contrast at high frequencies, which indicates the added

value of spectral information at higher frequencies.
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Figure 14. Integral spectral parameters obtained from spectral analysis of the imaging results
for all individual frequencies for the corrected data. Parameters shown are DC-conductivity
(left tomogram), normalized total chargeability (middle tomogram) and median relaxation
time (right tomogram). The two panels on the right show profiles of the clay fraction (< 2 pm)

and gravel content (> 2mm) obtained for sediments from boreholes B75 and B76.

The imaging results for each frequency were again analyzed using the Debye decomposition
approach. The three resulting integral spectral parameters DC-electrical conductivity,
normalized total chargeability, and median relaxation time are shown in Figure 14. Layers
with higher electrical conductivity were observed between 4 and 6 m depth, between 8 and 9
m depth, and below 10 m in the DC-conductivity image. The normalized total chargeability
qualitatively showed the same results as the imaginary conductivity in Figure 13. However,
the layer between 4 and 6 m depth was not as clear as for the DC conductivity, whereas the
layers between 8 m and 9 m and below 11 m showed a stronger contrast when the normalized
total chargeability was considered. The median relaxation time also showed the distinct layer
between 8 and 9 m, as well as the general three-layer lithology of the aquifer at the

Krauthausen site.
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In order to validate the spectral electrical imaging results, they are compared to hydrological
and sedimentological characteristics of the aquifer. During the time of the measurement, the
groundwater table was known to be at around 3 m below ground surface, which was well
captured in the imaging results by the lower DC-conductivity and normalized total
chargeability. The more electrically conductive zones between 4 and 6 m and 8 and 9 m
matched well with zones of higher porosities that are associated with a significantly lower
gravel content (right panel of Figure 14). Furthermore, the polarizable layer between 8 and 9
m was associated with a local maximum in clay content in borehole B75 and a less
pronounced increase in clay content in borehole B76 (Figure 14). Below 9 m, the clay content
strongly increased due to the clay base of the aquifer and this explained the observed increase

in the DC conductivity and the normalized total chargeability.

4 Summary and Conclusions

In this study, the capability of recent improvements in pre-processing and inversion strategies
to improve the accuracy and spectral consistency of complex electrical conductivity
distributions in the mHz to kHz frequency range obtained from field EIT measurements was
evaluated using two case studies. The first case study consisted of a controlled irrigation
experiment on an initially dry soil, which was monitored by spectral EIT measurements. A
comparison of EIT measurements with stainless steel electrodes and non-polarizable
electrodes showed that the use of non-polarizable electrodes provided more accurate
measurement results in terms of data reciprocity. Error-weighted inversion was used to obtain
EIT images from 0.1 Hz to 1 kHz, which were subsequently analyzed using a Debye-
decomposition approach to obtain integral spectral electrical parameters (DC-conductivity,
normalized total chargeability, and mean relaxation time). All three integral parameters
increased linearly with water content, and were consistent with previous laboratory SIP

investigations. Overall, it was concluded from the spatial and spectral consistency of the
33



695

700

705

710

715

720

inversion results that the inversion strategy for laboratory EIT measurements developed in
Kelter et al. (2015) also provided meaningful results for field EIT measurements where
conditions are generally less favorable due to high and temporally variable electrode contact
impedances. It was also found that additional correction methods are required to make
accurate EIT measurements for very dry soil conditions and high electrode contact
impedances, which is likely due to significant capacitive coupling between the cable shield

and the soil that has a strong impact on the EIT measurements in these dry conditions.

The second case study focused on borehole EIT measurements in an unconsolidated sand-
gravel aquifer. Because of the use of long cables, corrections were made to account for
inductive coupling. Spectral electrical imaging was performed in a frequency range from 2
Hz to 3.15 kHz and the results were again analyzed using a Debye-decomposition approach.
Inversion results with and without corrections for inductive coupling showed that correction is
essential to obtain spatially and spectrally consistent inversion results for frequencies above
10 Hz. A comparison of EIT imaging results with clay and gravel content independently
determined on material collected from the boreholes showed a good agreement in terms of

layering.

Overall, the results of this study clearly highlight that improved soil and aquifer
characterization using broadband spectral electrical imaging is now possible using dedicated
EIT equipment combined with appropriate data processing and consistent inversion
procedures. To the best of our knowledge, this study is the first to provide plausible EIT
inversion results for frequencies up to 1 kHz in a field application, and this opens up
opportunities to monitor processes that are expected to affect the complex electrical
conductivity in the Hz to kHz frequency range, such as the polarization associated with calcite

precipitation used for soil stabilization (Wu et al., 2010), injected nanoparticles for
34
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contaminated site remediation (Flores-Orozco et al.,, 2015), or the monitoring and

characterization of plant root systems (Weigand and Kemna, 2017).
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