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SUMMARY

Transient electrokinetic effects may generate conversions between seismic and electromag-
netic energy in fluid-filled poroelastic media. Two resulting seismoelectric signals have been
predicted and identified: on the one hand electric fields accompanying seismic waves and
on the other hand electromagnetic disturbances generated when seismic waves are crossing
interfaces. The coseismic electrical field is in general the dominant effect, but it only pro-
vides local information around the electrical receivers. On the contrary, the seismoelectric
interface response could be exploited in a new high-resolution imaging technique, as it is
particularly sensitive to fluid contrasts. However, the detection of such events is a challenging
task, mainly because it is usually masked by the higher amplitude coseismic electric field and
by the presence of strong electrical noise. In order to increase the signal-to-noise ratio of the
interface response, we experimentally study the sensitivity of seismoelectric signals to various
electrode arrangements used for their recording. For that, we use a filter theory approach
to investigate the response of electrode arrays to measure seismoelectric signals. Then, we
confront this approach with seismoelectric data acquired in homogeneous silica glass-beads
in laboratory experiments. The measured laboratory coseismic signals were also successfully
compared with numerical simulations, which in turn have been used to predict the sensitiv-
ity of the interface electromagnetic signals to the data acquisition configuration. This study
demonstrates the possibilities offered by multielectrode arrays to enhance the electromagnetic
interface response.

Key words: Numerical modelling; Hydrogeophysics; Electromagnetic theory; Wave propa-
gation; Eelectrical Properties; Permeability and porosity.

1 INTRODUCTION

The propagation of elastic waves in a wet porous medium induces
relative movements between the fluid and the grain matrix. This
produces an electric field localized within seismic waves, namely,
a coseismic electric field, due to an electrokinetic phenomenon
(Ivanov 1939; Broding et al. 1963; Long & Rivers 1975). This
electrokinetic phenomenon is itself explained by the presence of
an electrical double layer at the grain—fluid interface. In addi-
tion, when seismic wave fronts cross an interface between two
media exhibiting contrasts of mechanical and/or electrical prop-
erties, an electromagnetic (EM) disturbance is radiated from that
interface because of the time-varying imbalance of the stream-
ing currents on both sides (see for a review Jouniaux & Zyser-
man 2016). The interface response was observed in field experi-
ments performed in the near-surface by Martner & Sparks (1959),
who recorded EM precursors to seismic arrival, indicating a wave

© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society.

with very high velocity generated at the base of a weathered
layer.

Based on a series of large-scale field experiments, Thompson
& Gist (1993) suggested that the seismoelectric coupling mecha-
nism has the potential to directly detect fluids at depth with a high
resolution. This observation, as well as the theoretical develop-
ments of Pride (1994), has motivated seismoelectric investigations
in the shallow subsurface (Butler ef al. 1996; Mikhailov et al. 1997,
Beamish 1999; Garambois & Dietrich 2001; Dupuis et al. 2007;
Haines et al. 2007a; Strahser et al. 2007). Despite advances in sig-
nal processing, such as the fast discrete curvelet transform (Warden
et al. 2012), this promising exploration method remains challenging
to use because of the low signal-to-noise (S/N) ratio of the records
and the presence of high-amplitude coseismic signals, which mask
EM arrivals generated at interfaces.

The seismoelectric signals are generally recorded by using pairs
of electrodes (electric dipoles) connected to a digitizer. This setup is
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used to measure the electric field as a voltage difference. As already
mentioned above, seismoelectric signals are usually dominated by
noise consisting of 50 or 60 Hz powerline disturbances and their
harmonics (see e.g. Butler et al. 1996; Mikhailov et al. 1997; Rus-
sell et al. 1997; Garambois & Dietrich 2001; Sorokina & Bulychov
2001; Rosid & Kepic 2004; Dupuis et al. 2007; Haines et al. 2007b).
Another source of electrical noise are atmospheric transients (sfer-
ics) due to distant lightning strikes and electrical storms (Macnae
etal. 1984; Butler e al. 1996; Kepic & Butler 2002; Norvill & Kepic
2004). A significant part of these interferences can be mitigated via
post-processing, in particular by using the adaptive powerline noise
subtraction technique of Butler & Russell (2003). Another option to
reduce man-made disturbances, which can be applied directly in the
field, is to use electrode arrays instead of dipoles, as originally tested
by Thompson (1936) for seismoelectric signals. This approach will
be developed below.

The second issue for seismoelectric exploration is that the seis-
moelectric data mainly consist of coseismic electrical signals, and
particularly the electrical signature of dispersive Rayleigh surface
waves when the data are recorded along the ground surface (e.g.
Long & Rivers 1975; Garambois & Dietrich 2001). In industrial
seismic reflection surveys, geophone arrays have long been used to
favour near-vertical seismic reflections and attenuate at the same
time unwanted surface-wave arrivals (see e.g. Hales & Edwards
1955; Knapp & Steeples 1986a,b). As with geophone arrays, ar-
rangements of electrodes could be designed to mitigate coseismic
contributions while preserving the targeted EM interface responses.

So far, seismoelectric fields have been systematically investi-
gated from electrical potential differences measured using electri-
cal dipoles. Their sensitivity to dipole characteristics (dipole length,
burial depth) and electrode ground coupling properties have been
studied in the field (see e.g. Mikhailov et al. 1997; Beamish 1999;
Haines et al. 2007a; Dupuis ef al. 2007), without leading to signifi-
cant improvements for interface response detection. Enhancing the
weak signals characterizing seismoelectric measurements has been
attempted by connecting the electrical dipoles to a pre-amplifier
(Kepic & Butler 2002), by choosing a powerful seismic source
(Bulychov 2005; Dean & Valuri 2012), by stacking individual seis-
moelectric shots (see e.g. Beamish 1999; Mikhailov et al. 1997;
Garambois & Dietrich 2001), by using supergathers (Dupuis et al.
2007) or by measuring seismoelectric data nearby interfaces, in
boreholes (Dupuis et al. 2009). It seems that recording of seismo-
electric signals with electric dipoles arrangement has never been
questioned as a measuring technique. Still, the interface response,
which shows up as quasi-plane waves parallel to the ground surface,
appears with very weak amplitudes, notably because these ampli-
tudes are significantly attenuated when electrical dipoles are used
for its recording, as suggested by Dietrich ez al. (2018) in a compan-
ion paper. This may partly explain why interface response was only
clearly recorded in a limited number of field studies (see ¢.g. Garam-
bois & Dietrich 2001; Bulychov 2003; Dupuis ef al. 2007; Haines
et al. 2007b), and at interfaces between water and rock samples in
laboratory experiments (Zhu et al. 2008; Schakel et al. 2011). The
purpose of this paper is to present experimental investigations at
the laboratory scale of the novel seismoelectric recording approach
suggested by Dietrich et al. (2018), which takes benefit of electrode
arrays.

During the last two decades, seismoelectric laboratory experi-
ments have been performed for various studies, for example, to study
the sensitivity to conductivity in micro glass-beads and medium-
grain sands (Chen & Mu 2005; Block & Harris 2006; Holzhauer
et al. 2017). Besides seismoelectric experiments, seismomagnetic

measurements were also performed by Zhu & Toksoz (2005) and by
Bordes et al. (2008). More recently, the influence of water saturation
on coseismic signals was examined experimentally and theoretically
by Bordes et al. (2015), whereas the sensitivity of seismoelectric
amplitudes to the length of dipoles was established by Holzhauer
et al. (2017). In all these studies, the seismoelectric signals were
measured using electrical dipole.

In this paper, we consider alternative electrode configurations and
investigate the influence of the electrode arrangement on seismo-
electric responses, by confronting the filter theory and numerical
developments proposed by Dietrich et al. (2018) to real laboratory
data. We first briefly recall the basics of this filter properties gen-
erated by specific electrode arrangements, which are thoroughly
described in a companion paper (Dietrich et al. 2018). We then
present laboratory coseismic signals obtained using various elec-
trode arrangements, by varying the array length L, the number of
the electrodes and the apparent seismic velocity. These results are
compared with theoretical predictions and full waveform numeri-
cal simulations performed using the seismoelectric modelling code
adapted by Dietrich et al. (2018) to compute electrical potential.
This successful confrontation allows numerical studies highlight-
ing the benefits of using different electrode arrangements to amplify
an interface response compares to coseismic arrivals.

2 SIGNATURE OF ELECTRODE
ARRANGEMENT ON SEISMOELECTRIC
SIGNALS: ANALYTICAL APPROACH

The approach used is inspired from the concept of arrays of geo-
phones in reflection seismology, which was developed to favour
near-vertical seismic reflections by attenuating unwanted surface
waves (Hales & Edwards 1955). In seismic exploration, the pro-
cedure essentially consists in deploying, for each trace, a few geo-
phones connected in series, usually in line with direction of the pro-
file, so that the signals of interest (reflected waves) are in-phase and
stacked constructively along the geophone array, while the disper-
sive surface waves are mostly out-of-phase and thus partly removed
(Knapp & Steeples 1986a). The filtering achieved by a linear array
of geophones depends on the properties of the receiver array (num-
ber of receivers and array length), and on the characteristics of the
incoming (plane) wave (angle of emergence and frequency).

A somewhat similar multielectrode approach has been proposed
by Thompson (1936) for electrical measurements, with linear ar-
rays of three to five electrodes with constant spacing. At the time,
the so-called ‘seismic electric effect’ was referring to disturbances
generated by seismic waves’ propagation when measuring electri-
cal resistivity. These multielectrode configurations were tested to
reduce the background electrical noise to enhance the seismic elec-
tric effect. Thompson (1936) introduced configurations with an odd
number of electrodes in which every other electrode is assigned the
same polarity. Positive electrodes are connected together, and neg-
ative electrodes as well. The observed signal is measured between
these two groups of electrodes, as illustrated in fig. 3 of Dietrich
et al. (2018).

To quantitatively describe the measurements of a seismoelectric
wavefield, Dietrich ef al. (2018) consider the electrical signature of
a seismic plane wave propagating with a single angular frequency
, which reaches the ground surface from below with an angle 6
relative to the ground surface (fig. 1 of Dietrich et al. 2018). The
incident angle 6, the array length L between the two outer electrodes
and the wave velocity } determine a horizontal delay time ., which
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corresponds to the time needed by the plane wave to propagate from

electrode e; to electrode e5:

L L sinf
VeV

where V,, is the apparent velocity of the wave front along the ground

surface and 1/V,, is the horizontal slowness of the wave front.

In general, seismoelectric fields are measured from the voltage
difference between two electrodes Av(?) :

AV _ w0 = v _ vl

e 7 = *x[8(1) =0t — )], (2)
v;(?) being the potential at electrode 7, 5(¢) the Dirac delta function
and symbol * denoting the convolution operator.

From eq. (2), it becomes clear that this dipole configuration
strongly attenuates the EM interface responses which manifest
themselves by quasi-plane waves arriving more or less parallel to
the ground surface (7, ~ 0) and with virtually the same amplitude
over the small distance L involved (Garambois & Dietrich 2001).

The electric signals s;.,(¢) can be directly measured by connecting
together electrodes e to es as described in fig. 3 of Dietrich et al.
(2018), iel being the number of electrodes included in one single
measurement. This results in

, (M

T, =

E(t) ~

$201(1) = vi(t) — vs(?) (3)
s3¢1(2) = vi(t) — v3(f) + vs(?) 4)
sser(t) = vi(F) — v2(f) + va(?) — va(?) + vs5(7). (5)

Considering the various electrode configurations presented in
Dietrich ef al. (2018) we can write s3.,(f) = v () — v2(f) + v3(¢) for
an array of three electrodes and ss./(f) = v () — va(t) + v3(¢) — va(?)
+ vs(#) for an array of five electrodes. Dietrich et al. (2018) shows
that the modulus of the complex gain of the filters corresponding to
two, three and five electrodes are respectively

|Gre(@)] = 2| sin(w1y/2)] (6)
|G3a(@)] = |2 cos(wt,/2) — 1] (M
|Gse(@)] = |2 cos(wt,/2) — 2 cos(wt, /4) + 1]. ®)

One should especially notice that the dipole configuration is as-
sociated with a sine function, whereas the three- and five-electrode
configurations are described by cosine functions. Small values of
the horizontal delay time 7, correspond to small values of the filter
response Gy, thereby explaining the considerable attenuation of
plane-waves arriving more or less parallel to the ground surface.
With the three- and five-electrode configurations, the filter response
is equal to 1 when 7, = 0. As illustrated analytically and numeri-
cally by Dietrich et al. (2018), the properties of these filters modify
the seismoelectric spectral responses, depending on the number of
electrodes, the array length L and the apparent velocity of incoming
waves (eq. 1). In this paper, we propose to experimentally confirm
this crucial result by recording and analysing coseismic electrical
data measured in a homogeneous material in laboratory conditions.

3 SEISMIC AND SEISMOELECTRIC
DATA ACQUISITION
3.1 Experimental setup

Seismic and seismoelectric experiments were carried out at the lab-
oratory scale using a piezoelectric transducer source (from 0.1 to

1 MHz with an optimal frequency around 250 kHz), which gener-
ates mainly P-waves propagating in a homogeneous water-saturated
porous medium. An output from a function generator has been set
as one cycle of sine wave with a predetermined main frequency.
This device was plugged into a high voltage amplifier featuring a £
150 V maximum supply voltage which was eventually connected to
the longitudinal piezoelectric transducer (Fig. 1).

Seismoelectric responses to various electrode arrangements were
studied using an array of mini-electrodes consisting in 30 stainless-
steel rods with diameter of 0.2 mm and length of 50 mm. These
adjacent electrodes were spaced every 2.5 mm. The first e; and last
e3 electrodes were placed respectively at 50 and 123 mm from the
source. This array allows us to measure the electric signals acquired
with two-, three- and five-electrode configurations considering vari-
ous array lengths L, apparent velocities V,, and angular frequencies
. It must be noted that the array lengths considered in our labo-
ratory conditions (from half the seismic wavelength A to 41) are
greater than those classically used in the field (typically a tenth of
2). However, this does not alter the confrontation between the filter
theory developed by Dietrich ef al. (2018) and real data.

A laser Doppler vibrometer was used to measure the normal
seismic displacements at the sample surface (e.g. Lebedev et al.
2011). The system consists of a OF V-505 single point laser head and
a DD-300 auxiliary (displacement) decoder. The vertical particle
displacement u. is obtained from the frequency shift of a scattered
helium-neon laser on a reflective tape which has been placed on the
surface of the porous material. A scaling factor for the displacement
decoder is given as 50 nm V1.

Unconsolidated synthetic glass beads, mainly composed of quartz
with grain sizes of 125-160 um were used as a porous medium.
They were poured into a plastic box of 220 x 160 x 70 mm, and
were eventually gently shaken. The glass-beads were washed several
times (Glover & Dery 2010) and then saturated by demineralized
water, leading to an initial fluid conductivity of ~25 1S cm~! (corre-
sponding approximately to a salinity of 4 x 10~*mol 1=!), measured
at equilibrium state. This value may increase over time when water
is in contact with the glass beads.

Seismic and seismoelectric signals were recorded simultaneously
after stacking signals 2000 times using a four channel Keysight
DSO-S 054A digital storage oscilloscope with a 10 MHz sampling
frequency on a duration of 2 ms, which includes a 0.4 ms window
before triggering. We could not measure seismic displacements in
the horizontal plane (see Fig. 1), since the displacement can only be
measured along the direction of the laser beam of the interferometer.
As observed by Garambois & Dietrich (2001, 2002), the horizontal
components of electric field £, should be quantitatively compared
in theory with the horizontal component of the grain acceleration
ity Nevertheless, comparing the arrival time and frequency content
of £, and ii, can be reasonably performed as qualitatively displayed
on field data by Garambois & Dietrich (2001) in their fig. 4.

3.2 On the need of a reference electrode

In seismoelectric observations, the choice of the electrode spac-
ing results from a compromise between the need of local electric
field measurements and S/N ratio issues. When electrical noise is
small enough and spatially constant, the use of a reference elec-
trode positioned at infinity will increase the number of effective
traces (Holzhauer et al. 2017). In this case, the local electric field
is reconstituted from the subtraction of two voltage difference mea-
surements performed between a given electrode and the reference
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Figure 1. Side and top views of the laboratory experimental setup and the acquisition chain. A piezoelectric transducer generates seismic waves, whose surface
displacements are recorded using a laser vibrometer while seismoelectric signals are recorded using electrode arrays. By rotating the receiver line by an angle

«a, different apparent seismic velocities are generated.

one. However, in field experiments, the use of a reference electrode
is often not possible, because stable low-noise conditions are not
met, resulting in weak S/N ratio. In our laboratory conditions, we
could measure the electric signals D, (f) = v, (f) — vso(¢) between the
reference electrode e (the farthest from the source, with an offset
of 123 mm) and the electrode numbered e, to es, that is, with dipole
lengths ranging from 73 to 63 mm.

Consequently, the electric signals with respect to a reference
electrode, denoted here 3;,,(¢) for each electrode configuration can
be deduced from the D, (f) measurements:

S21(t) = Di(t) — Ds(2) ©)
S30(t) = Di(t) — Ds(#) + Ds(1) (10)
Sser(t) = Di(t) — Da(t) + D3(t) — Du(t) + Ds(t). (11)

We display in Fig. 2 the seismoelectric signals generated by a
200 kHz longitudinal excitation and recorded using the two-, three-
and five-electrode arrays with an array length L of 10 mm. A com-
parison of the two electric signals §;.;(¢) and s;.(¢) is highlighted.
Figs 2(a) and (b) show the spatial evolution of the potential differ-
ence D,(t) for n varying from 1 to 5. It highlights three different

types of electrical signals : (i) a large dominating instantaneous sig-
nal (labelled 1), which is in-phase on all the measurements D) (7)
to Ds(f), (ii) coseismic signals propagating with a given apparent
velocity and (iii) residual electrical noise. It is noticeable that the
coseismic signals are due to the direct P-wave when it reaches elec-
trodes e, (labelled 2) and when it reaches the reference electrode
(labelled 4) as well as reflected waves at the edges (labelled 3). The
large electrical noise originating at + = 0 is due to the electrical
triggering of the piezoelectric transducer and appears synchronous
on all voltage measurements displayed in Fig. 2(b). This distur-
bance is emitted in the air and can be captured by any part of the
recording chain. Figs 2(c) and (d) highlight for the three electrode
configurations a comparison of the recorded signals §;,(¢) and s;.(7)
respectively acquired between electrodes e; and es with (red line)
and without (blue line) the use of the reference electrode e3p. At
first order, we observe that both measurement methods give sub-
stantially the same results. The use of a reference electrode with an
odd number of electrodes introduces an additional propagating co-
seismic electrical signal vso(¢), when the seismic waves impinges the
reference electrode, which is not suitable when local seismoelectric
fields have to be recorded. It also shows that for the two-electrode
configuration, the double difference measurement method (with a
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Figure 2. (a) Raw and (b) amplified voltage differences D,(f) for five inner electrode locations (50—-60 mm). Comparison of raw (c) and amplified (d) local
electrical potential differences 3;.;(f) measured at e as inner electrode and using a reference electrodes e3q (red lines) and s;(#) obtained directly from different
connections (blue lines) for the 2- (top), 3- (middle) and five-electrode (bottom) arrangements with an array length L of 10 mm.

Table 1. Signal-to-noise ratios for different electrode configurations and
array lengths L.

Array length S/N S/N

Configuration L (mm) reference no-reference
Two-electrode 2.5 8.0 80.0
5.0 9.5 42.8
7.5 6.6 14.7
10.0 8.4 12.3
Three-electrode 5.0 7.9 16.7
10.0 9.5 19.4
Five-electrode 10.0 4.7 15.5

reference electrode) efficiently removes the synchronous triggering
noise at = 0.

Quantitative S/N ratio have been estimated by peak-to-peak am-
plitude measurements considering signal (2) and noise recorded
before the triggering (Table 1). For all tested configurations and
array lengths, the use of a reference electrode increases the level of
ambient electrical noise, which affects the S/N ratios.

These experiments also show that the coseismic waveforms
strongly differ according to the electrode configuration, as well
as their S/N ratio. These properties will be studied hereafter.

3.3 Quantitative illustration of electrode configuration
influence on seismoelectric waveforms

Seismic and seismoelectric raw data acquired using a 200 kHz
source for various offsets are displayed in Fig. 3. Seismic traces
displayed in Figs 3(a) and (b) were acquired close to the inner
electrode for each configuration. Seismoelectric data shown in
Figs 3(c) and (d) are s5,/(¢) and s3,/(f) measured for different offsets

with an array length L=5 mm. The line of receivers was placed
with an angle o = 22.5° with respect to the seismic wave front
(Fig. 1).

The triggering noise (labelled (7) in Fig. 3c) dominates seis-
moelectric data, but other events are consistent in all recordings :
P-direct (2) and P-reflected waves (from the bottom of the box de-
noted as P-reflected 3) which propagate with an apparent velocity
of ~2010 ms~! can be identified. We also noticed P-reflected 4
waves coming from the end side of the box. In the seismic data,
a late low-velocity weak arrival was identified as the sound wave
(labelled 35, apparent velocity of 380 ms™!). The seismoelectric
waveforms differ depending on the electrode configuration used for
their recording. These waveforms are further analysed regarding the
filter properties associated to each electrode configuration (eqs 6-—8)
after basic signal processing have been applied to raw data in order
to isolate the seismoelectric signals. For that, a simple time window-
ing was applied to the data, as illustrated in Fig. 4 on a single trace
located at an offset of 74 mm. This figure shows data in time and
frequency domains for both seismic and seismoelectric data (two-
and three- electrode configurations). The seismoelectric waveforms
and spectra differ according to the electrode arrangement, while no
seismic acceleration change was noticed. The three-electrode seis-
moelectric spectrum (c) exhibits a higher frequency content than
the seismic acceleration (a) and the two-electrode (b) spectra.

When using a dipole, the differences between acceleration and
the derived seismoelectric fields may result from two different
frequency-dependent effects : the seismoelectric transfer function
TFgx(w) (Garambois & Dietrich 2001) and the electrode arrange-
ment filter function G, (w). For other arrays, the pseudo-electric
field was obtained from the s;,(f) measurements after a divi-
sion by the array length. Consequently, the coseismic recorded
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Figure 3. Seismic (a) and seismoelectric data (c) recorded with an array length L of 5 mm in the two-electrode configuration and generated with a source
frequency of 200 kHz. (b) Seismic and (d) seismoelectric data recorded for the three-electrode configuration.
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Figure 4. Vertical seismic accelerations (a) and seismoelectric data (b and ¢) displayed in the time domain before (black lines) and after tapering (red lines)
with a trapezoidal time window and the corresponding spectra (right). The electric fields were deduced from voltage differences Avy — o(¢) (b) and Avs _ .(7)

(c) after a division by the array length.

(pseudo-)electric field Eiq(w), which is generated by the propa-
gation of a P-wave, can be written in the Fourier domain as

Eia(0) = Giu(w) - T Frg (o) - () (12)

where ii(w) is the particle acceleration spectrum and G;,/(w) is the
complex gain of the array filter considering 7 electrodes (eqs 6-8).

A quantitative analysis of eq. (12) is provided in Fig. 5 for the
trace located at an offset of 74 mm. For that, we i) used the vertical
acceleration spectra measured in the vicinity of the first electrode

located at offset 74 mm (a), ii) computed the theoretical seismoelec-
tric transfer function |7Fgx(w)| (b) for the studied material using
properties described in Table 2 after adjusting the fluid conductiv-
ity and iii) computed the theoretical frequency response of two-
and three-electrode arrays with a velocity of 2010 ms™! and an
array length L of 5 mm. This figure illustrates the importance of
the array filter response (c) on the final seismoelectric spectra vari-
ations. Indeed, the presence of lobes and zeros, whose locations and
amplitudes vary according to the electrode arrangement, primarily
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Figure 5. Results of the experiments considering two-electrode (red line) and three-electrode (black line) arrays. (a) Vertical seismic acceleration spectra;
(b) predicted seismoelectric transfer function |TFgx(w)| using a salinity of 0.0125 mol1~'; (c) spectral response of the array arrangement considering an
array length L of 5 mm and a velocity of 2010 ms~'. (d) Electric field comparison between observations (plain lines) and predictions (dashed lines) for the
two-electrode (black) and three-electrode (red) arrays. The absolute accelerations and electric field amplitude were obtained after dividing the recorded data by

the source stack number.

Table 2. Properties of the materials used for the numerical calculations

Input parameter Material 1 Material 2
Porosity ¢ () 40% 20%
Permeability ko (m?) 1012 1013
Tortuosity 7 () 1.75 1.75
Solid bulk modulus ks (GPa) 36 36
Frame bulk modulus kg (GPa) 0.4 5.0
Shear modulus Gf (GPa) 0.5 7.0
Solid density ps (kg m™3) 2400 2700
Relative solid permittivity « () 4 4
Fluid bulk modulus kr (GPa) 22 22
Fluid density pf (kg m™) 1000 1000
Fluid viscosity  (Pa s) 1073 1073
Fluid salinity C (mol 171) 0.04 0.04
Relative fluid permittivity « ¢ () 80 80
Temperature 7' (K) 298 298

affects the final seismoelectric frequency response. On the contrary,
the seismoelectric transfer function (b), which varies continuously
over the whole frequency band, weakly affects the seismoelectric
final response.

The recorded spectra for both electrode arrays (plain lines) are
compared with the predicted spectra (dashed lines) defined by eq.
(12) after the seismoelectric transfer function |7Fgx(w)| was opti-
mized using the water salinity (value of 0.0125 mol1~"). This com-
parison shows that the measured seismoelectric spectra and their
variations are well described by eq. (12). This comparison shows
that the electrode array generates dominant filters, which primarily
affect the seismoelectric recorded spectra. Indeed, in this case, the
response is almost maximum at 175 kHz with the two-electrode

array, while it is strongly attenuated with the three-electrode array
at this frequency, as is the array filter.

In terms of amplitude, we computed the coseismic recorded elec-
tric field from the s;,/(f) measurements, although we do not satisfy
the ideal conditions observed by Holzhauer et al. (2017) who claim
the distance between electrodes L should be lower than A/5 (in our
experiment, d >~ 1/2). Consequently, the derived electric field could
be underestimated. Here, the transfer function was optimized using
a rather high water conductivity value in order to mimic the ob-
served amplitudes, a value which seems one order of magnitude too
high when compared to in-situ water conductivity measurements.
This small discrepancy might be explained i) by the use of the ver-
tical component of the acceleration for the comparison, where only
longitudinal component should have been used; ii) by an increase
of water conductivity when in contact with the grains and iii) by the
underestimation of the electric field due to the large array length L.
Consequently, in the following, only normalized comparisons be-
tween theory and observations will be performed, in order to focus
on the filtering effects generated by the recording array properties.

4 PROPERTIES OF THE ELECTRODE
CONFIGURATION FILTER

In this section, we experimentally study the sensitivity of the seis-
moelectric signals to the main parameters describing the electrode
arrangements, that is, number of electrodes, array length and appar-
ent velocity of the incoming seismic wave. These observations are
systematically confronted to the expected variations predicted by
the electrode-arrangement filters derived in the frequency domain
(egs 6-8).
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Figure 6. (a) Sketch of the acquisition for the two-electrode array. Outer electrode is displaced so that the L varies from 5 to 30 mm. (b) Seismic acceleration
acquired at an offset of 50 mm (top) followed by (c) seismoelectric recordings for the different offset (left) and corresponding normalized observed (plain

lines) and predicted (dashed lines) spectra (right).

4.1 Influence of array length

The spacing between the two outer electrodes L determines the time
delay taken by the seismic wave to reach each electrode, which
strongly impacts the resulting seismoelectric waveforms. To ex-
perimentally study this influence, seismoelectric data have been
acquired using a source frequency of 200 kHz, an apparent velocity
of 1850 ms~! (a = 0°) and an array length L ranging from 5 mm to
30 mm for two-electrode and three-electrode arrays. The incident
seismic wavelength is about 9.25 mm at 200 kHz.

Seismic and seismoelectric data have been analysed in time and
frequency domains (Fig. 6). For array lengths larger than the wave-
length X, the electrical signature of the incident seismic P-wave
starts decoupling into a constant arrival reaching inner electrode at
around 0.046 ms and another one whose arrival time varies with
the location of the outer electrode. Consequently, two-electrode ac-
quisitions using large spacing compared to the wavelength create
additional electrical signals not necessarily related with local seis-
moelectric fields. In the frequency domain, seismoelectric spectra
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Figure 7. (a) Sketch of the acquisition for the three-electrode array. Outer and middle electrodes are displaced so that L varies from 5 to 30 mm. (b) Seismic
acceleration acquired at an offset of 50 mm (top) followed by (c) seismoelectric recordings for the different offset (left) and corresponding normalized observed

(plain lines) and predicted (dashed lines) spectra (right).

varies a lot depending on the outer electrode location, showing an
increasing number of lobes when spacing increases. The compar-
ison between normalized seismoelectric observations s;.,(w) and
the analytical frequency response of the two-electrode filter ii. (w) -

Ge(w) 1s remarkably consistent for all the spacings.

The influence of array length was also analysed in time and fre-
quency domains for the three-electrode configuration (Fig. 7). In
this experiment, we kept the same source frequency and the same
position of the inner electrode for all the tested array lengths. As for
the dipole arrangement, the seismoelectric signals s3./(#) acquired
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Figure 8. Influence of the number of electrodes involved in the recording array. (a) Sketch of the recording configuration. (b) Vertical acceleration recorded
at 50 mm. (c) Seismoelectric measurements for the different arrays (left) and corresponding normalized observed (plain line) and predictions (dashed lines)
spectra for two-electrode, three-electrode and five-electrode arrays, with an array length L = 30 mm.

using the three-electrode arrangement were compared with the ver-
tical seismic acceleration spectrum ii.(w) acquired nearby the inner
electrode. Unlike the two-electrode results, there is no clear sig-
nal decoupling appearing in the time domain when L is increasing,
but we rather observe complex time responses with interferences.
For small L (lower than 15 mm), the acquisition configuration acts
as a low-pass filter. Then, various lobes appear when L increases.
Again, the comparison of observations and analytical predictions is
successful for all array lengths.

4.2 Influence of electrode number

As suggested by the analytical filter functions, the number of elec-
trodes involved in the recording should strongly impact the wave-
forms. By keeping the same source frequency of 200 kHz, the same
apparent velocity of 1850 ms™' (a = 0°) and the same electrode
array length L of 30 mm, we analysed the influence of the number of
the electrodes on seismoelectric signals (Fig. 8). The seismic accel-
erations (a) were obtained by placing a measurement point nearby
the first electrode (50 mm) for each electrode configuration.

The seismoelectric waveforms no longer mimic the seismic ac-
celeration waveforms, because the array length is much larger than

the seismic wavelength. These seismolectric time waveforms s;.(¢)
are different depending on the number of electrodes involved in
the acquisition. In the frequency domain, the seismoelectric signals
spectra S;,/(w) strongly differ according to the configuration. They
are consistent with the theoretical predictions deduced from the an-
alytical filter response with the presence of multiples lobes. Using
this array length, the five-electrode arrangement acts as a low-pass
filter: at 200 kHz, the seismoelectric response is maximum with
the two-electrode configuration and almost cancelled with the five-
electrode configuration. This figure shows that the multielectrode
configuration is useful to attenuate the P-direct coseismic signature
at a given frequency for a given apparent velocity and array length.
Thus, in order to enhance or attenuate some arrivals in a seismoelec-
tric acquisition, the electrode arrangement should be considered as
a natural tool for amplification/attenuation of certain arrivals.

4.3 Influence of apparent velocity

The analytical filter response indicates that the seismoelectric sig-
nals are also affected by the apparent velocity of the seismoelec-
tric wave when reaching the electrode arrangement. This property
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Figure 9. (a) Vertical acceleration recorded at 50 mm for two experiments performed with different apparent seismic velocities of 2460 ms~! (left) and 1850
ms~! (right). (b) Normalized seismoelectric observed (plain lines) and predicted (dashed lines) spectra for the different arrays and the two apparent velocities.

The array length L was 10 mm.

Table 3. Computed velocities of the different waves involved in the PSVTM
mode at 200 kHz.

Computed velocity Material 1 Material 2
Fast P-wave velocity Vpg (ms™') 1856 3004
Slow P-wave velocity Vps (ms~!) 421 673
S-wave velocity Vs (ms~!) 548 1743
EM-wave velocity Vey (ms™!) 3.43 x 10° 4.85 % 10°

may have a strong impact in seismoelectric exploration as the ap-
parent velocities are hugely different according to the nature of
the seismoelectric signals : coseismic waves (seismic velocity) or
depth-generated EM disturbances at an interface (EM velocity).

In order to experimentally assess the sensitivity of seismoelec-
tric signals to different apparent velocities, we adapted the source-
receiver configuration, by rotating the line of receivers by a certain
angle « (Fig. 1). Using an angle of o« >~ 40°, we have notably realized
an acquisition with an apparent velocity measured around ~2460
ms~! for a source frequency of 200 kHz, whereas is was measured
around 1850 ms~! when @ = 0°. Among all the available traces,
analysis of the seismoelectric responses of the two-, three- and five-
electrode configurations for this apparent velocity are presented for
an offset of 77.5 mm in the time and frequency domains (Fig. 9).
These results can be directly compared with identical acquisitions
performed with no angle, that is, an apparent velocity of 1850 ms™!
(Fig. 9).

These figures show that the seismoelectric responses exhibit a
large sensitivity to the apparent velocity, both in time and frequency
domains and that this sensitivity differs according to the electrode
arrangement. Larger changes are observed for the two-electrode
and five-electrode arrays, whose frequency patterns dramatically
change according to velocity, with the presence of two lobes in the

low velocity case. Again, theoretical predictions of the seismoelec-
tric responses match remarkably well the observed seismoelectric
responses, for the two studied velocities and for all electrode ar-
rangements.

This experimental sensitivity study has confirmed that the seis-
moelectric waveforms and their spectral contents were primarily
sensitive to the electrode array properties: number of electrodes,
electrode array length and apparent velocities of the incoming
waves. It also showed that the changes observed in the spectral
domain can be well reproduced by a filter that describes this ef-
fect assuming time delays. We propose now to numerically confirm
these features but also to simulate the expected effects of the filter
on seismoelectric signals generated in non-homogeneous materials,
and particularly on depth-EM disturbances created at interfaces.

5 ELECTRICAL POTENTIAL
NUMERICAL INVESTIGATIONS

Numerical investigations were performed at the laboratory scale
using a code that allows us to generate synthetic seismograms, elec-
trograms and magnetograms for a variety of mechanical and EM
point sources in layered saturated poro-elastic media (Garambois &
Dietrich 2002). Here, full waveform computations have been per-
formed considering a mechanical source and electrical receivers in
order to i) confront coseismic laboratory data with full waveform
synthetic data in a homogeneous material and ii) to numerically
study the novel recording approach on depth-generated seismoelec-
tric signals in an heterogeneous material. For these purposes, we
have modified the code, originally designed to compute electrical
fields, by computing the absolute electric potentials, as described in
Dietrich et al. (2018).
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Figure 10. Sketches of the computations performed in a homogeneous layer (a) with receivers spaced on a grid and (b) in a heterogeneous layer, with receivers

spread along a 2-D line.

(a) Offset (mm)
50 60 70 80

.5 002 0.04 0.6 _ 0.08

(b) Offset (mm)
0 50 60 7.0 8|O
[ |
60
oozl | L L1 A |
82
— L —
0.041= =>4 | 002 004 006 008
q <& <
0.064-- 1111
0084111 AU U O O U A O A O O O O

Figure 11. Comparisons between laboratory data (black) and numerical simulations (red) for the P-direct waves arrival propagating in material 1 with an angle
a >~ 40° . (a) Vertical seismic acceleration. Seismoelectric data are displayed for two-electrode (b), three-electrode (c) and five-electrode (d) arrangements.

The insets zoom at two acquisition offsets : 60 and 82 mm.

5.1 Homogeneous material: comparison with laboratory
data

The first simulations were performed in a homogeneous half-space
using a horizontal point force source F,. We notably computed
vertical seismic displacements u.(f), the inline electric fields E.(¢),
the absolute electrical potentials v(f) and consequently the electric
potential difference s,,/(7) for different electrode arrangements. To
mimic laboratory data, we used a zero-phase Ricker wavelet with a
dominant frequency of 175 kHz.

The properties of the homogeneous medium (material 1) as well
as the corresponding velocities of the propagating waves are dis-
played in Tables 2 and 3, respectively. They were chosen to repro-
duce as much as possible the material properties experimentally
studied.

The simulations were performed in the PSVTM mode, which
couples the propagation of fast P-waves, slow P-waves, shear S-
waves polarized in the vertical plane of propagation and EM waves
with a transverse polarization of the magnetic field (7M) (Dietrich

et al. 2018). The horizontal point force F, was placed at a depth of

(z; = 0.1 mm) and receivers were placed on a 20 x 20 grid in the
x—y plane at a depth of z, = 0.11 mm (Fig. 10). This grid enables us
to compute seismic and seismoelectric data with oblique receivers,
in order to reproduce the experimental study performed using an
angle « for the receiver line. This grid was placed 50 mm apart
from the source. The numerical data were computed with a 10 MHz
sampling rate on a 0.124 ms time window.

The results of the numerical simulations are displayed in Fig. 11,
the seismic acceleration ii, (7) and the seismoelectric responses s;.;(¢)
for two-, three- and five-electrode configurations (red curves) are
displayed. These results are directly compared in the time domain
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Figure 12. Spectral amplitudes versus offset of the acceleration (a) and seismoelectric synthetic data obtained using the two-electrode (b), three-electrode (c)
and five-electrode (d) configurations. The black curves show the experimental spectra obtained for two traces located at 60 and 76 mm.
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Figure 13. Numerical (red curve) and laboratory (black curve) normalized seismoelectric data acquired for an inner electrode located at 50 mm from the
200 kHz source. The two-electrode (a) and three-electrode (b) configurations are compared for various array lengths L. Numerical computations were made
considering homogeneous material 1.
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Figure 14. Numerical computations of longitudinal seismic acceleration ii,(7) (a), vertical seismic acceleration ii.(¢) (b), seismoelectric field Ey(¢)(c) and
absolute electrical potential v(7) (d) generated by a vertical point source in a two-layer model.
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Figure 15. (a) Sketch of the two depth-generated seismoelectric disturbances. (b) Superimposition of the seismoelectric field (black) and the voltage difference
(red) obtained for different array lengths. (c) Superimposition of the seismoelectric field (black) and the signal s3.; obtained for different array lengths. The
inner electrode was located at an offset of —84 mm. The P-wave wavelength equals approximately 9.1 mm.

with laboratory data after tapering and normalization (blue curves).
Overall, the synthetic and experimental data are remarkably consis-
tent, for both the seismic and the seismoelectric data, whatever the
electrode configuration used. The variations of spectral amplitudes
of seismic and seismoelectric synthetic responses versus offset are
displayed in Fig. 12. The mean frequency of seismic spectral accel-
erations is around 250 kHz, while seismoelectric spectral amplitudes

are totally different for the two- and five- electrode configurations
characterized by one main lobe and one side lobe. Their spectra di-
verge from the spectrum of the three-electrode configuration which
only exhibits one main lobe, shifted toward 200 kHz and with a
lower extend than seismic acceleration. They are consistent with
laboratory data represented in black curves in Fig. 12 for two off-
sets (60 and 76 mm).
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Figure 16. Amplitude ratio of interface response to coseismic electrical ar-
rival according to array length for various array arrangements. The incoming
seismic waves has a wavelength A >~ 9.1mm.

Additional numerical simulations have been performed to study
the influence of the array length on seismoelectric waveforms, which
was experimentally studied (Fig. 6) for two- and three-electrode
configurations. Fig. 13 shows the superimposition of laboratory
data (blue line) with numerical data (red line) for the two-electrode
(a) and three-electrode (b) configurations and L ranging from 5 mm
to 30 mm. Although the waveforms do not exactly match, the com-
parison shows consistent results notably exhibiting two arrivals that
separate clearly when L is increasing for the two-electrode config-
uration. In addition, the main features describing the complexity of
the waveforms with increasing L for the three-electrode configura-
tion are well described by the numerical approach, although minor
phase shifts can be observed.

This comparison between experimental and numerical ap-
proaches indicates that the absolute electrical potential approach
developed by Dietrich et al. (2018) in the original numerical code
of Garambois & Dietrich (2002) reproduces fairly laboratory data
and particularly the filtering effect due to the electrode arrange-
ment. For this reason, it appears interesting to extend the study to
non-homogeneous materials in order to predict the influence of the
electrode configuration on seismoelectric signals generated at deep
interfaces, in laboratory conditions.

5.2 Implications in the presence of an interface

Full waveform computations of the seismoelectric response consid-
ering different electrode arrangements have been performed with
a simple two-layer model by considering a vertical point force F,
and by including the free surface effects. The model used in this
study is a 70 mm thick layer composed of material-1 overlying
an half-space composed of harder material-2 (Tables 2 and 3). All
traces were computed over a duration of 1 ms with 4096 samples,
which corresponds to a Nyquist frequency of 2048 kHz. The source
time function is a zero-phase Ricker wavelet having a dominant
frequency of 200 kHz. The seismic source is located at a depth z; =
1.1 mm, while the 401 receivers are located at a depth z, =0.1 mm,
between —100 and 100 mm along the x-axis (Fig. 10).

Fig. 14 shows the seismograms (a and b), the electric field (c)
and the absolute electrical potential (d) computed for the two-layer
model. Several different arrivals appear on the seismograms: di-
rect P (1) and S waves (2), reflection PP at the interface (3) and
Rayleigh waves (4). On the inline electric field section E.(¢), the
signature of Biot-slow waves (7) are present at low offsets in the

diffuse regime (low frequency event located only nearby the source)
and also in the propagative regime resulting from a conversion from
S to Biot slow wave at the free surface (8). These identifications
were possible thanks to the flexibility of the code to compute only
partial solutions of wave conversions at any interface. Despite hav-
ing multiplied the seismic to EM reflection coefficient by a factor
of 10 at the interface, no clear EM disturbances can be observed
on the E, section. This is the main difference with the electrical
potential section, which clearly shows a large EM-disturbance ar-
riving at 0.038 ms (5), which corresponds to the time taken by the
seismic wave to reach the interface at depth 70 mm. We can even
observe a multiple of this event at 0.115 ms (6) corresponding to
a multiple P-wave reflection reaching the interface after 210 mm
propagation. This example illustrates well how depth-generated EM
waves are strongly attenuated when an electric field is recorded and
how they are clearly observed when absolute electrical potentials
are measured.

The relative amplitudes of the different arrivals according to
electrode arrangement and to various electrode array lengths are
displayed in Fig. 15. They are shown for an inner electrode e,
located at 84 mm from the source. Considering depth-generated
EM disturbances (5), there is a huge relative amplitude difference
according to the electrode arrangement: it is strongly attenuated with
the two-electrode arrangement while amplitude is almost maximum
when three- and five-electrode are used. This relative amplitude
difference decreases when L increases. Variations of the electric
signals associated with the coseismic P-wave reflected events (P
and PP) are relatively weak whatever the number of electrodes or
the array length used.

To better quantify this crucial observation, we computed the
amplitude ratio between interface response signals and coseismic P—
P reflected electric signals for the different array arrangements and
various array lengths by measuring their maximal values (Fig. 16).
The effect of multiplying the EM interface response by a factor of
10 has been removed from the analysis so that the ratios presented
here are the real one. It shows huge ratio differences depending
on the type of electrode array and also on the array length. This
numerical experiment clearly indicates that the use of a dipolar
configuration is not suited to record depth-generated EM wave as
it will favour the recording of coseismic seismoelectric signals. On
the contrary, more complex three- and five-electrode configurations
with low L (of the order of the coseismic signals wavelengths)
should be used, in order to increase the relative amplitude of the
EM disturbances. This original result should improve the detection
of these depth-generated EM disturbances and consequently could
revive seismoelectric exploration.

6 CONCLUSIONS

In this study, we have experimentally investigated at the laboratory
scale the potential and benefits of using arrays of electrodes to record
seismoelectric data. We have confirmed both experimentally and
numerically that the electric signals can be described using a filter
theory, as proposed by Dietrich et al. (2018). The seismoelectric
recorded waveforms are strongly influenced by this filter which
is strongly sensitive to the number of electrodes, to the spacing
between these electrodes and to the apparent seismic wave velocity.
This filtering effect has a strong influence in the seismoelectric
spectral pattern and should consequently be taken into account when
analysing quantitatively coseismic signals.
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By extending these results, we can conclude that the choice of
the electrode configuration, which can be analytically predicted,
can be used as a spatial filter able to attenuate noise and coseismic
electric signals in order to facilitate detection of depth-generated
seismoelectric signals, in a given frequency range. In particular, we
have demonstrated that the dipolar acquisition classically used in
seismoelectric observations is particularly unfavourable to detect
seismoelectric signals originating from an interface, that is, with
large apparent velocities. For this purpose, more complex config-
urations involving three to five electrodes with adapted spacings
should be used. This observation might explain the difficulty in
recording interesting seismoelectric signals generated at interfaces
and thus suggest news acquisition strategies to revive seismoelec-
tric imaging, which has been proved to be particularly sensitive
to fluid’s or chemistry contrasts compared to seismic reflection
method.
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