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SUMMARY

In the last two decades, the improvement of both instruments and theory, as well as the
broadened scope of applications, led to a spectacular development of the use of induced
polarization. In particular, the richness of complex conductivity spectra is driving the sci-
entific community towards vast deployment of this measurement method often referred
to as spectral induced polarization (SIP). In this contribution, we describe an innovative
multichannel instrument that we develop for fast monitoring of critical zone processes.
The spectral content of a signal with line spectrum resulting from square-wave current is
exploited by injecting successively three square-wave currents with periods of 1, 10 and
100 s, covering the frequency range of 1072 to 10% Hz in less than 4 min. One data set con-
sists of eight successive current injections at different depths. For each current injection,
the electrical potential is simultaneously measured at seven dipoles. The time-series are
recorded with a 2 kHz sampling rate, allowing to calculate by Fourier transform the am-
plitude and phase spectra up to 1 kHz for each quadrupole. The complex conductivity data
was validated by a comparison with the commercial SIP-Fuchs instrument, despite a sig-
nificant discrepancy below 0.1 Hz which may be due to a worse signal-to-noise ratio at low
frequencies. The prototype version of the instrument has been installed in 2018 at a wet-
land at Ploemeur-Guidel hydrogeological observatory to monitor reactive processes with
high spatial resolution across the top metre of soil. The instrumental device, controlled
by a Gantner data acquisition system connected to a solar panel, is fully autonomous and
consumes little energy. Acquisitions are made several times a day and recorded on a SD
card. Seven-year continuous monitoring highlights significant temporal variations of both
subsurface resistivity and phase angle. The absence of correlation between resistivity and
phase variations in the continuously saturated soil thickness highlights the potential of
the system to monitor and separate different types of dynamics processes, such as ground-
water/surface water mixing and mineral precipitation/dissolution.

Key words: Electrical properties; Induced polarization; Hydrogeophysics.

continuous observations of biotic and abiotic interactions at rel-

1. INTRODUCTION .
evant spatial and temporal scales (e.g. event response, seasonal

Understanding subsurface reactive transport processes and their
response time remains a major challenge for studying the critical
zone, for understanding the dynamics of natural biogeochemi-
cal cycles, as well as that of contaminations (J. Gaillardet 2023).
However, as pointed out in J. Gaillardet et al. (2018), critical zone
dynamics and reactivity can range over several orders of mag-
nitude in terms of time, making its observation a difficult task.
This highlights the need for new instruments that can provide

variation, longer time of climate change).

Recent developments show the ability of time-lapse geophys-
ical methods to monitor transient subsurface processes in the
field (e.g. T. Hermans et al. 2023; M. Dumont & K. Singha 2024),
such as groundwater-surface water interaction (L.D. Slater et al.
2010), water absorption by roots (D.H. Jayawickreme et al. 2010;
B. Mary et al. 2020) and 3-D migration of gas plumes (C.M.
Steelman et al. 2017). Furthermore, the potential of induced
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polarization methods for monitoring reactive processes has been
illustrated by laboratory (e.g. D. Ntarlagiannis et al. 2005; L.
Slater et al. 2007; A. Mellage et al. 2018; S. Izumoto et al. 2022; F.
Rembert et al. 2024), and field studies (K.H. Williams et al. 2009;
A. Flores-Orozco et al. 2011; L. Lévy et al. 2024), although many
questions on the origin of the measured IP signal still remain.

Induced polarization (IP) measurements consist in applying
an electric current, and measuring the transient voltage, caused
by electric charges accumulation at interfaces between conduct-
ing and insulating media, in response to the current (C. Schlum-
berger 1920; J. Bertin & J. Loeb 1976; J.S. Sumner 1976). The
injected current can either have a square or a sinusoidal wave-
form. When square-wave currents are injected, the method is of-
ten called ‘time-domain’ IP, while it is called ‘frequency-domain’
IP when a sinusoidal currentis injected (e.g. A. Binley & L. Slater
2020).

Petrophysical calibrations between IP signals and physico-
chemical parameters of interest are necessary to quantitatively
interpret field signals. Most of these calibrations are established
by laboratory experiments using sinusoidal signals and sweep-
ing over a large frequency range, typically from mHz to kHz.
With this approach, the broad-band impedance spectrum (of-
ten expressed as amplitude and phase) of the studied medium
can be obtained. A few laboratory studies derive petrophysi-
cal relations from square-wave IP signals, using either the in-
tegral chargeability (K. Titov et al. 2004) or spectral informa-
tion obtained from a relaxation time distribution (K. Titov et
al. 2002; M. Tong & H. Tao 2007). Overall, most relevant petro-
physical relations for interpreting physicochemical processes in
the field need impedance spectrum to be applied. While most
laboratory-based petrophysical calibrations obtain impedance
spectrum based on sinusoidal IP signal, this approach remains
time-consuming to be widely deployed in the field (T. Dahlin
& V. Leroux 2012; G. Fiandaca et al. 2013)—even though it has
been successfully applied in a few cases (A. Flores-Orozco et al.
2011).

A few approaches exist to extract spectral information from
square-wave IP data (G. Fiandaca et al 2013; W. Liu et al. 2017;
W. Liu et al. 2019; S. Johansson et al. 2020). The approach devel-
oped by G. Fiandaca et al. (2013) proposes Cole-Cole models in
the frequency space, transforms the resulting impedance spec-
trum into IP time-series for a given current waveform, including
square-wave signals typical of field studies, and tries to find the
Cole-Cole model that best matches the decaying voltage data by
going back-and-forth between the frequency and time domains.
This approach allows inverting for the four Cole-Cole parame-
ters but has several drawbacks: (i) the data is parametrized as-
suming a Cole-Cole model, which is often problematic, (ii) the
Cole-Cole model is poorly constrained at low frequency—that is,
close or below to the period of the square wave, (iii) the model
optimization is carried out using a black box algorithm in the
frequency space while the impedance spectrum corresponding
to the data itself is never calculated and (iv) there is no open-
source code allowing that procedure. Another approach consists
in Debye decomposition (S. Nordsiek & A. Weller 2008), which
presents the advantage of providing comparable parameters in
time and frequency domains (G. Gurin et al. 2013; T. Martin et
al. 2021) but only when some conditions are met, such as a suf-
ficient length of the current step. In addition, Debye decomposi-
tion has limitations: (i) the decomposition acts as a noise ampli-
fier (L. Lévy et al 2024), (ii) a relaxation time distribution as well
as average parameters can be extracted but not the impedance

spectrum itself and (iii) the Debye decomposition may differ de-
pending on which portion of the signal is analysed.

Therefore, for many applications, there is need for a methodol-
ogy that allows rapid data acquisition in the field, that is, relying
on square-wave signals as in most field studies, while at the same
time allowing the transformation of the time-series into reliable
impedance spectra. Such methodology is required to apply in
a consistent way laboratory-established petrophysical relations
based on spectral IP (SIP). In the specific context of critical zone
monitoring, the SIP acquisition methodology must fulfill addi-
tional criteria of relatively low production cost and energy con-
sumption, in order to operate in an autonomous way over long
periods of time for site-based monitoring.

The main aim of this paper is to present the development of
a relevant SIP instrument, the corresponding data acquisition
design and processing algorithm. The secondary aim of this pa-
per is to show the quality of SIP monitoring data and their po-
tential to address important environment questions, in this case
by monitoring critical zone processes at a natural wetland for
nearly seven years. The methodology developed here follows the
steps of other long-term, regular, geophysical monitoring meth-
ods, such as resistivity monitoring of embankment dam integrity
(R. Norooz et al. 2024) or of soil properties (e.g. G. Blanchy
et al. 2025), self-potential monitoring for (eco)hydrology (e.g.
E.B. Voytek et al. 2019; K. Hu et al. 2020) and supraconductor
gravimetry monitoring to monitor evapotranspiration (e.g. S.D.
Carriére et al. 2021).

2. MATERIALS AND METHODS

2.1. Description of the SQWA-SIP system

The SQuare-WAve Spectral Induced Polarization system
(SQWA-SIP system) measures induced polarization in the
frequency domain by exploiting the spectral richness of a
square-wave signals. By recording both the electric current in-
jected in this form and the electrical potential of the same form
detected synchronously, the complex impedance is obtained by
calculating the ratio of the Fourier transform of the two signals.
A T-periodic square-wave signal, defined by:

y@t)=1forT €[0,T/2[ and y(t)=—1for T € [T/2,T[ (1)

can be decomposed into a Fourier series as follows:

4 1 1
y(t)=— |:sir1 (wt) + gsin QBwt) + gsin (Swt) + -+ } with
bd

2
0= @)
that is, the odd harmonics with coefficients decreasing in 1/n.
Its frequency spectrum therefore consists of lines at the odd har-
monics of the fundamental, with decreasing amplitude in 1/n.
Fig. 1 shows, in red, an example of a square-wave signal in the
time and frequency domains.

The amplitude of the synchronous potential depends on the
amplitude of the injected current and the geometry and size of
the electrode quadrupole. In the frequency domain, the signal-
to-noise ratio controls the number of usable harmonics in the
current and potential spectra and therefore the bandwidth over
which the complex impedance can be calculated. With the mea-
surement settings described in Section 2.2, the signal-to-noise
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Figure 1. Square-wave signal with a period of 100 s (red line) and example of actual injected current (black line): (a) time-domain data, (b) spectral
amplitude. The amplitudes of the ideal square-wave signal are equal to those of the actual signal in the first seconds of each half-period.

ratio allows spectral information to be evaluated over approxi-
mately two decades from the fundamental frequency. Thus, us-
ing three square-wave signals with periods of 1, 10 and 100 s
provides overlapping information over the frequency band from
0.01 to 100 Hz. By successively injecting such currents for two
periods each, the total acquisition time is 2 + 20 + 200 = 222 s,
that is, below 4 min. Figs 2(a)-(c) show an example of time-
domain data recorded with our SQWA-SIP system. One can see
that the current actually injected (black line) is not a perfect
square-wave signal, probably due to electrochemical processes
or capacitive effects in the coupling of the injection electrodes
with the medium. In Fig. 1, the 100 s-period current actually in-
jected is compared to a perfect square-wave signal of the same
amplitude in the first seconds of each half-period. Although the
injected current is distorted, its spectrum remains a line spec-
trum at the same frequencies as that of the square-wave sig-
nal, with the same amplitude decay. The lines are just slightly
broader and slightly weaker in amplitude.

Sampling both current and potential at a frequency rate of
2 kHz allows their frequency spectra, calculated by Fourier
transform, to be exploited up to 1 kHz. In the recorded current
signals, exactly two periods are selected for each square-wave
signal, represented by 4000 samples for the 1 s-period signal,
40000 samples for the 10 s-period signal, and 400 000 samples
for the 100 s-period signal. In the recorded potential signals,
the same periods are selected at exactly the same times (syn-
chronous detection). The Fourier transform of each signal is cal-
culated using Matlab’s fft function, after removing the DC com-
ponent and apodizing with a Hanning window. No zero-padding
is necessary since the time signal consists of an integer num-
ber of periods of the square-wave signal. Thus, the frequency
resolution, equal to the ratio between the sampling frequency
and the total number of samples, is sufficient to perfectly ex-
tract the spectral values at odd harmonics of the fundamen-
tal: resolution of 0.5 Hz for the 1 s-period signal (fundamen-
tal at 1 Hz), 0.05 Hz for the 10 s-period signal (fundamental at
0.1 Hz), and 0.005 Hz for the 100 s-period signal (fundamental
at 0.01 Hz).

The amplitude spectra are plotted with a linear frequency scale
in Figs 2(d)-(i), showing the lines at the odd harmonics of the
fundamental. In Figs 3(a)-(c), the amplitude spectra are plotted
with a logarithmic frequency scale, showing that despite the am-
plitude decayin 1/n, the data can be exploited with a good signal-
to-noise ratio over two decades from the fundamental frequency.

To estimate the signal-to-noise ratio of the data, we use the self-
potential recorded for 1 min before the start of the current injec-
tion. Fig. 4(a) shows the spectral amplitude of the self-potential
recorded before the SQWA-SIP data of Figs 2 and 3, plotted on
the same frequency band. The average noise level calculated up
to 1 kHz is equal to 0.17 pV, which is six orders of magnitude
lower than the SQWA-SIP potential measured at values of a few
hundred mV. A noise at 50 Hz is recorded with an amplitude of
73 uV, which remains much lower than the SQWA-SIP poten-
tials, thanks to the battery power supply of the device (Section
2.2) and the absence of a high-voltage line near the site where
the device is installed (Section 2.3). To estimate the signal-to-
noise ratio by taking into account the major trends in spectral
noise variations, rather than using only its average value, the
self-potential spectrum is smoothed by moving average calcu-
lated over a decade of logarithmically spaced frequencies. The
smoothed curve shows that the noise is higher at low frequen-
cies, with a 1/f energy decay up to approximately 10 Hz, where
the average level is reached. The signal-to-noise ratio is then cal-
culated using the smoothed self-potential curve interpolated at
the odd harmonics over two decades from the fundamental fre-
quency of the three square-wave potential signals (Fig. 4b). The
shape of the three curves is mainly controlled by the 1/n decay
of the line spectrum of the square-wave signals, but despite this
decay, the signal-to-noise ratio is always greater than 70 dB and
can reach values close to 120 dB. And because of the 1/f decay of
noise energy at low frequencies, the signal-to-noise ratio at the
fundamental frequency of the square-wave signal is better the
higher the fundamental frequency.

The complex electrical impedance is obtained at odd har-
monic frequencies, by dividing the value of the potential spec-
trum by that of the injected current spectrum. In order to de-
scribe the electrical impedance with a limited number of values
according to a progression as logarithmic as possible, only a few
values are kept among those calculated at all odd harmonics over
two decades from the fundamental frequency (harmonics 1, 3,
5,7,9,11, 13,17, 21, 25, 33, 49, 65, 97 for the 1 s-period signal;
harmonics 1, 3, 5, 7, 13, 17, 23, 37 for the 10 s- and 100 s-period
signals). Figs 3(d)—(f) and (g)-(i) show the electrical impedance,
in amplitude and phase respectively, at all odd harmonics and at
the selected frequencies for the three square-wave signals. The
electrical impedance at 30 frequencies between 0.01 and 100 Hz
is finally obtained by gathering the selected values for the three
signals (Fig. 5).
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Figure 2. SQWA-SIP time-domain and frequency-domain data: (a, b, c) time-domain data of three square-wave signals (1 s-period signal, 10 s-period
signal and 100 s-period signal respectively), in black the injected current, in colour the measured voltage; (d, e, f) Fourier transform amplitude of the
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Figure 3. SQWA-SIP frequency-domain data and impedance: (a, b, c) spectral amplitude of the three signals (1 s-, 10 s- and 100 s-period square-wave
signals) plotted with a logarithmic frequency scale (solid black line for the injected current, dotted colour line for the measured voltage); (d, e, f)
amplitude of the electrical impedance (ratio of the spectral amplitude of potential and current) calculated at the odd harmonics over two decades from
the fundamental frequency (solid line), then selected at a few frequencies according to a progression as logarithmic as possible (dots), with 14 values
from 1 to 97 Hz for the 1 s-period signal, 8 values from 0.1 to 3.7 Hz for the 10 s-period signal and 8 values from 0.01 to 0.37 Hz for the 100 s-period signal;
(g, h, i) phase of the electrical impedance (opposite sign of the phase shift between potential and current) plotted in the same way as the amplitude.

2.2. Electrode design for monitoring critical zone

processes

In order to monitor critical zone processes, the SQWA-SIP sys-
tem is connected to two one-metre-long electrode rods, inserted

vertically into the ground a few tens of centimetres apart from
each other (Fig. 6). Using a Gantner data acquisition system
(Gantner Q.station 101-www.gantner-instruments.com) pow-
ered by a 12 V battery connected to a 50 W solar panel, the instru-
mental device is completely autonomous with the data recorded
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Figure 5. SQWA-SIP electrical impedance obtained from the three signals, at 30 frequency values from 0.01 to 97 Hz: (a) amplitude (ratio of the spectral
amplitude of potential and current), (b) phase (opposite sign of the phase shift between potential and current).

on a SD card. It offers 1-D vertical imaging in the top metre of
ground with a spatial resolution of the order 5 cm. The rods
are made of electrically insulating material, and 15 electrode
dipoles are formed between the rods with 5 mm wide stainless
steel rings every 5 cm on each rod (Figs 6a and b). The odd-
numbered dipoles (E1 to E15) are used successively to inject a
current of +4 mA at eight depths spaced 10 cm apart, while
the electric potential is measured simultaneously at the even-
numbered dipoles (E2 to E14). The measured data thus provide
the electrical impedance of the medium between the current
and potential dipoles. If we consider, for example, the measured
data with all adjacent current and potential dipoles (E1-E2, E3-
E2, E3-E4, ..., E13-E14, E15-E14), the electrical impedance is
obtained at 14 depths every 5 cm (Fig. 6a). A relay demulti-
plexer successively connects each current dipole to the square-
wave signal generator, and the voltage of the actual injected cur-
rent is measured across a 1 2 shunt (Fig. 6¢). The injected cur-
rent voltage, amplified by 40 dB (Analog Devices 5B-40 signal
conditioner), and the seven potential dipoles are measured by
an eight-channel differential voltage module (Gantner Q.bloxx
A108). The signals are then filtered with a 4th-order low-pass
filter at 1 kHz and recorded at a sampling rate of 2 kHz on an
SD card. This research-developed instrument is open-source; it
is reproducible, flexible and adaptable for other uses.

2.3. Field installation at Ploemeur-Guidel observatory

The Guidel site (L. Guillaumot et al. 2022) is a 2.5 km? coastal
watershed in fractured crystalline rock. Water flow is dominated
by aquifer contributions, including deep and long-distance flow
lines beyond the topographic catchment. Aquifer discharges
into streams and feeds a coastal ecosystem classified as a Natura
2000 site. The mixing of different types of waters (oxygen-rich
surface water, iron-rich anoxic deep water, ...) stimulates bio-
geochemical reactivity (I. Osorio et al. 2023) and creates spe-
cific habitats. The SQWA-SIP system was set in a lowland and is
part of an observation system dedicated to understanding how
deep groundwater, flowing up towards the surface, is partitioned
as evapotranspiration or river flow. At this place, the depth to
groundwater varies from 0 to 25 cm, as shown in Fig. 7, which
presents the rainfall readings and the piezometric level recorded
over an 18-month period.

The instrumental device was installed at the Guidel wetland in
July 2018 (Fig. 6d). The two rods were inserted into the ground
50 cm apart from each other, with the electrodes at depths
ranging from 23 to 93 cm, always in a fully saturated medium
(Fig. 7b). Until May 2021, injection was limited to a 1 s-period
square-wave signal, with successive injection on the eight cur-
rent dipoles and simultaneous measurement of the potential on
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Figure 7. Environmental data in the Guidel wetland: (a) rainfall recorded by a Météo France weather station located 3.5 km away; (b) piezometric level
recorded between July 2018 and January 2020 in a small borehole located less than one metre from the electrode rods. The depth of the first electrode

dipole is represented by a black dotted line.

the other seven dipoles. The total acquisition time was then less
than one minute, and measurements were repeated every four
hours. But with the single 1 s-period square-wave signal, the de-
termination of the electrical impedance was limited to the fre-
quency range [1-100] Hz. Since May 2021, the frequency range
is extended to lower frequencies, by injecting three square-wave
signals with periods of 1, 10 and 100 s. The total acquisition time
then amounts to approximately 30 min, and measurements are
achieved only twice a day to limit energy consumption to what
the battery and solar panel can provide.

3. RESULTS

3.1 Validation measurements on an electrical circuit

First, the SQWA-SIP system was validated by a measurement
on a controlled electrical circuit consisting of a 100 2 resistor
in parallel with a 10 pF capacitor. Figs 8(a)-(c) shows that, in
the absence of electrodes in contact with the ground, the in-
jected current is a perfect square-wave signal. This tends to con-
firm that the distortion observed when current is injected in the
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Figure 8. Measurement on an electric circuit with R = 100 2 and C = 10 uF in parallel: (a, b, ¢) time-domain data of the three signals (1 s-, 10 s- and
100 s-period square-wave signals), in black the injected current, in colour the measured voltage; (d) amplitude and (e) phase of the electrical impedance,
described by 14 values from 1 to 97 Hz with the 1 s-period signal, 8 values from 0.1 to 3.7 Hz with the 10 s-period signal, and 8 values from 0.01 to 0.37 Hz
with the 100 s-period signal. The theoretical electrical impedance curve is plotted between 0.01 and 100 Hz as a red dotted line.

natural medium is probably due to capacitive effects in the cou-
pling of the electrodes with the medium. The measured electri-
cal impedance values are in very good agreement with the cal-
culated theoretical values (Figs 8d and e): the RMS of the cal-
culated differences at 30 frequencies between 0.01 and 97 Hz is
0.09  and 0.47 mrad.

3.2 In-situ comparison with SIP-Fuchs instrument

Next, the performance of the SQWA-SIP system was evaluated
in-situ by compared with that of the conventional SIP-Fuchs-
III instrument. This tool measures spectral impedance point by
point by sweeping the frequency band using successive sinu-
soidal current injections (Radic research—www.radic-research.
de). Thus, the acquisition time required to cover the frequency
band from 0.01 to 100 Hz is six times longer than with SQWA-
SIP instrument: 22 min to inject 16 sinusoidal signals that pro-
vide the spectral impedance at 16 logarithmically spaced fre-
quencies, versus 222 s to inject the three square-wave signals
that provide the spectral impedance at all their odd harmonics.
On-site comparison was made by connecting successively the
two instruments to the same electrode device installed in the
Guidel wetland. With the SIP-Fuchs, the measurements were
made at three depths successively, by connecting the following
current and potential dipoles: E7-E8 (electrical impedance at
55 cm depth), E11-E10 (electrical impedance at 70 cm depth)
and E15-E14 (electrical impedance at 90 cm depth). As shown
in Fig. 9, this yields very consistent IP spectra down to about
0.1 Hz. We often observe that the quality of the data obtained
with the 100 s-period square-wave signal is lower than that of
the data obtained with the 1 and 10 s-period square-wave signals.
This could be explained by the higher noise level recorded at low
frequencies, which affects the spectral impedance obtained with

the 100 s-period square-wave signal (Fig. 4b) and leads to an in-
creased discrepancy with the SIP-Fuchs data at the lowest fre-
quencies, in amplitude and in phase: the RMS of the differences
calculated on the whole data at the three depths, at the harmon-
ics of each of the three square-wave signals, is 0.6 2 and 4.2 mrad
for the 1 s-period signal, 1.5 € and 17 mrad for the 10 s-period
signal, and 8 €2 and 48 mrad for the 100 s-period signal. In the fol-
lowing section on long-term monitoring in the Guidel wetland
ground, we use electrical impedance values at 1 Hz, calculated
from the potential spectra with the highest signal-to-noise ratio,
as well as maximum phase values above 0.1 Hz where consis-
tency with SIP-Fuchs electrical impedance is good, to analyse
the resistivity and phase variations over seven years.

3.3 Long-term monitoring

The SQWA-SIP data recorded in the top metre of soil over more
than seven years provide time-lapse 1-D imaging—depth versus
time, 6 times a day up to 2021 then twice a day, every 5 cm—of
electrical impedance at any selected frequency. Using only data
measured with adjacent current and potential dipoles, informa-
tion is obtained at 14 depths every 5 cm (Fig. 6a). This long-term
monitoring data are shown in Fig. 10, for resistivity and phase
at 1 Hz, the lowest frequency available since July 2018, and for
the maximum phase angle measured since May 2021 at frequen-
cies above 0.1 Hz. Almost every winter, periods of insufficient
sunlight to recharge the battery with the solar panel cause the
measurements to stop, marked by the white bands across the en-
tire height of the images in Fig. 10 (one month in January 2019,
occasionally in January 2021, 10 d in December 2021, 25 d in
January 2023, 9 d in November 2023, 11 d in November 2024
and 6 d in January 2025). In addition, a failure of the battery
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Figure 9. Spectral electrical impedance obtained with the SQWA-SIP system compared to the SIP-Fuchs electrical impedance, measured on the same

day at three depths on the field site: (a, c, e) amplitude; (b, d, f) phase angle.

charge controller caused a one-month interruption in measure-
ments during the spring of 2019, and a faulty connection in the
data acquisition system led to an interruption in measurements
between January and April 2024. Furthermore, a poor connec-
tion of the first potential dipole resulted in the absence of mea-
surements at depths of 25 and 30 cm for three periods (nearly
three months during the winter of 2020, one month during the
winter of 2022 and one month at the end of 2023), and a poor
connection of the sixth current dipole resulted in the absence of
measurements at depths of 70 and 75 cm for two months during
the spring of 2021. With the exception of the data missing due
to these device failures, all recorded data are retained for deter-
mining electrical impedance.

In Fig. 11, we show that when both are available, phase at
1 Hz and maximum phase vary in the same way. Fig. 12 shows
the evolution of resistivity and phase over the seven years at
three depths, as well as daily rainfall recorded by a Météo
France weather station located 3.5 km away. Large-amplitude
spatiotemporal variations are observed for both resistivity and
phase, while no clear correlation between the two parameters
is observed. The phase time-series are very different at differ-
ent depths, with the greatest variations observed between 35
and 70 cm depth with no clear trend identified. At some depths,
phase varies by up to 150 mrad over time, with a tendency to
slow increases and sharp decreases and an absence of clear peri-
odicity. For example, a sharp decrease can be observed at 35 cm
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Figure 10. SQWA-SIP data at 14 depths in the Guidel wetland ground: (a) resistivity and (b) phase (opposite sign) measured at 1 Hz since July 2018,
(c) maximum phase (opposite sign) measured since May 2021. The white bands across the entire height of the images and the white areas limited to
certain depths correspond to missing data due to device failures (poor battery charging or faulty dipole connection).

depth in late 2020, or at 45 cm depth in mid-2020 and late 2022
(Fig. 12). On the other hand, seasonal variations of resistivity are
observed, with an amplitude of variations by up to 25 Q m, yet
fading away below 70 cm depth. The highest resistivity values
are recorded every winter, while the lowest values are recorded
every summer (Figs 10a and 12).

The influence of seasonal temperature variations on resistiv-
ity could be analysed using data recorded between July 2018
and December 2020, a period when PT100 sensors continuously
recorded the temperature in the ground next to the electrode
rods, at five depths between 15 and 125 cm. Figs 13(a) and (c)
show the correlation between measured conductivity at 1 Hz
and temperature at two different depths, with an average linear
fit coefficient equal to 0.85 mSm ~'°C~!. In contrast, no clear
correlation is observed between electrical impedance phase at
1 Hz and temperature (Figs 13b and d). Subtracting the influence

of temperature provides corrected resistivity time-series that still
vary with similar amplitude but with a less marked periodicity.
The actual persistence of a periodicity after correction even re-
mains uncertain, due to the limited period of soil temperature
recording.

4. DISCUSSION

4.1. Discrepancy between SQWA-SIP and SIP-Fuchs data
at low frequency

We observe on Fig. 9 a very good agreement between SQWA-SIP
and SIP-Fuchs impedance spectra, which worsens when electri-
cal impedance is measured with the injection of 100 s square-
wave signal, that is, for frequencies below 0.1 Hz. Although the
cause of this discrepancy has not yet been identified clearly, it
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Figure 11. Electrical impedance phase at 1 Hz since July 2018 (brown lines) and maximum value since May 2021 (yellow lines): (a) at 14 depths during

the whole period; (b) at 45 cm depth between May 2021 and December 2022.

could be explained by the presence of a 1/f noise, which more
significantly affects the spectral impedance obtained with the
100 s-period square-wave signal. In order to rule out possible
effects from the SQWA-SIP internal circuits, the SQWA-SIP sys-
tem was validated in the laboratory on a calibrated RC circuit,
without the electrode rods. In the future, other experiments us-
ing both the SQWA-SIP and the SIP-Fuchs instruments will be
carried out at different test sites.

4.2. Perspective for SQWA-SIP development

Currently, the electrode device consists of two parallel rods a few
tens of centimetres apart with electrodes every 5 cm, and the

injected current is limited to £4 mA. Moreover, the electrodes
are hard-wired between the rods to form eight current dipoles al-
ternating with seven potential dipoles (Fig. 6a). When a current
injection is performed from a dipole, the eight-channel measur-
ing device records the injected current and the seven voltage sig-
nals. In practice, however, only the voltage measured at the adja-
cent electrodes of the current injection dipole is used, as the volt-
age detected at the more distant electrodes is not sufficient for
SIP analysis. Since the maximum injected current is determined
by the power source and its autonomy, increasing the injected
current would mean adding a renewable source of power, such
as wind-turbine. This would allow increasing the voltage level
further away from the current electrodes. Nevertheless, with
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Figure 12. SQWA-SIP data at the Guidel wetland: (a) rainfall recorded at a Météo France weather station 3.5 km away; (b, c, d) electrical impedance

(complex resistivity) at three depths since July 2018.

the equatorial electrode configuration in which the system is
currently locked, this would not add much information, as it
would not allow meaningful 2-D inversion. On the other hand,
integrating a relay switch to the system would allow diversifi-
cation of the electrode configurations and thus exploiting all the
channels as well as providing a meaningful data set for 2-D inver-
sion. In such a context, reinforcing the power source may also be
beneficial. The intention is to reproduce the instrument and im-
prove it each time, taking into account new developments that
remain at a reasonable cost.

The decrease in data quality below 0.1 Hz, and the corre-
sponding discrepancy with the SIP-Fuchs instrument, limit the
spectral analysis at this stage. Fixing this issue would allow fur-
ther exploitation of the spectral content of the signal, with, for

example, Debye decomposition of the spectrum or Cole-Cole in-
version.

4.3. Origin of large phase angle variations

While a certain periodicity is observed for the resistivity signal
(in blue on Fig. 12) which can be at least attributed partly to sub-
surface temperature variations (Figs 13a and c), the electrical
impedance phase (in brown/yellow on Fig. 12) does not follow
the same periodicity and does not seem significantly influenced
by temperature variations (Figs 13b and d).

Overall, the phase angle variations (including both the max-
imum phase angle, in yellow, and the phase angle at 1 Hz,
in brown) are irregular over the monitoring period. A certain
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Figure 13. Data recorded in the wetland ground between July 2018 and December 2020: (a, c) SQWA-SIP conductivity at 1 Hz versus temperature at
depths of 30 and 70 cm (black circles) and linear fit (red line); (b, d) SQWA-SIP phase at 1 Hz versus temperature at the same depths.

consistency is observed over depth (Fig. 10) although (i) similar
changes may happen at different times in different depth ranges
and (ii) changes observed in a certain depth ranges do not hap-
pen outside this range. For example, a sharp drop from 200 to
50 mrad is observed in late 2020 at 35 cm depth, while a sim-
ilar drop—from 150 to 50 mrad—is observed earlier at 45 cm
depth (Fig. 12). This drop happens at the same time at depths
35 and 40 cm, and at an earlier time at depths 45-60 cm, while
it does not happen at depth shallower than 35 cm or deeper
than 60 cm (Fig. 10 and 11). Furthermore, the phase angle at
45 cm increases back to its high level at the beginning of 2021,
while such an increase is not observed at 35 cm (Fig. 12). This
illustrates the relevance of monitoring the phase signal with
high spatial and temporal resolution to understand critical zone
processes.

Given the large amplitude of the phase angle variations over
the monitoring period (150 mrad), as well as the variable rates

of increase and decrease, up to 50 mradd™, we suggest that
cycles of dissolution—precipitation—passivation of metallic sul-
fides may be responsible to a large extent for the signal. Col-
umn experiments involving precipitation-passivation of iron
sulfide minerals observe variations up to 60 mrad with both in-
creases and decreases of the signal (K.H. Williams et al. 2005; L.
Slater et al. 2007). Laboratory experiments on volcanic samples
from hydrothermal areas containing naturally occurring iron
sulfide minerals measure phase angle in the range 0-200 mrad,
with the highest values being attributed to pyrrhotite rather
than pyrite (L. Lévy et al. 2019). Conditions are met at Guidel
wetland for sulfate reduction—high concentrations of organic
matter and sulfate, generally anoxic conditions, presence of
sulfate-reducing bacteria in metagenomic analysis (unpublished
data)—and subsequence metallic sulfide precipitation with high
concentration of iron in circulation (I. Osorio-Leon et al. 2023).
In this low-temperature, dynamic context, iron-sulfides with
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a formula closer to FeS (such as mackinawaite) than to FeS2
(pyrite) are expected. In addition, periodic oxygen arrival should
be able to trigger abrupt dissolution, or passivation, of iron sul-
fide minerals. Other critical zone processes may also be respon-
sible for the observed phase angle variations: temporary chem-
ical disequilibrium related to precipitation and dissolution of
other minerals (S. Izumoto et al. 2022; F. Rembert et al 2024)
or microbial activity (A. Mellage et al. 2018). Nevertheless, lab-
oratory experiments studying the influence of biofilm and mi-
crobial growth on the phase angle show that (i) biofilm growth
does not clearly influence the phase angle—although it can sig-
nificantly decrease the resistivity (P. Kessouri et al. 2019; C.L.
Rosier et al. 2019) and (ii) the phase angle increase attributed
to microbial growth in these experiments is less than 3 mrad
(A. Mellage et al. 2018; C.L. Rosier et al. 2019). Further work is
needed to interpret the origin of the phase variations, including
in-situ experiments, geochemical monitoring and reactive trans-
port modelling.

5. CONCLUSION

A new SIP instrument called SQWA-SIP has been developed and
installed at a field site for monitoring natural wetland processes
for more than seven years. The instrument is plugged onto two
1-m-long vertical rods with 15 electrodes each, offering 1-D ver-
tical imaging in the top metre of soil with high spatial reso-
lution, in the order of 5 cm. Thanks to the injection of three
square-wave signals with different periods and to the high sam-
pling rate for recording both the voltage and current signals, a
Fourier transform-based algorithm was implemented to recover
spectral information from the square-wave signal. On-site com-
parison with a conventional SIP-Fuchs instrument plugged to
the same electrodes yields very consistent IP spectra down to
0.1 Hz. Data quality decreases below 0.1 Hz, which corresponds
to an increased discrepancy with the SIP-Fuchs for certain dates
and electrode configurations. Compared to a SIP-Fuchs instru-
ment, the acquisition time is divided by 6 to recover the same
spectral information between 0.01 and 100 Hz. Spectral analysis
of the recorded signals provides time-lapse 1-D imaging—depth
versus time, twice a day, every 5 cm—of the maximum phase
angle, ¢max, and the DC resistivity, ppc, in the top metre of soil.

Large-amplitude spatiotemporal variations are observed for
both ppc and ¢n.y, While no clear correlation between the two
parameters is observed. At certain depths, ¢max varies by up to
150 mrad over time, with a tendency to slow increases and sharp
decreases and an absence of clear periodicity. Moreover, the ¢max
time-series differ in different depth ranges. On the other hand,
seasonal variations of ppc are observed, with an amplitude of
variations by up to 25 Qm, yet fading away below 60 cm depth.
The influence of seasonal temperature variations on ppc was
confirmed by temperature sensors continuously recording the
soil temperature during a 29-month period where temperature
sensors continuously recorded the temperature in the soil. Pos-
sible causes of ¢,,x variations over time include metallic sulfide
precipitation through sulfate reduction in this generally anoxic
environment, combined with irregular discharge of highly oxic
waters into the wetland that may trigger precipitation and pas-
sivation processes. Other processes such as temporary chemi-
cal disequilibrium and microbial activity may be responsible for
part of the observed variations.
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