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S U M M A R Y 

Seismo-electromagnetic phenomena, electrokinetic in nature, take place whenever a seismic 
wave propagates in fluid-bearing media, its energy depending mainly on the electrical prop- 
erties of the fluid and the hydraulic properties of the porous medium. They result from a 
conversion of mechanical into electromagnetic (EM) energy due to the transient ionic inter- 
actions occurring at the pore scale. Two of these phenomena are usually studied: the electric 
field accompanying seismic waves, and the EM field that travels independently, generated at 
discontinuities of physicochemical properties in the porous medium. Although the first event 
is sensitive to physical parameters of the surrounding medium, the second catches information 

about interfaces in the subsurface, with the resolution of seismic methods, making it very at- 
tractive to near surface exploration. In this context, we propose a new experimental setup where 
both phenomena can be simultaneously studied. At first, we use a porous medium composed 

of homogeneous water-saturated sand and study the characteristics of the coseismic electric 
field. Afterwards, a thin layer of Vosges sandstone is inserted into the sand, which allows the 
study of the EM waves generated at the two closely spaced sand-sandstone interfaces. We 
record the seismic displacement field at the upper surface of the sand volume using a laser 
vibrometer, and use stainless steel electrodes buried in the sand to acquire individual electric 
potentials rather than electric fields, seeking to favour the measurement of the EM interface- 
generated signals. With the help of direct numerical simulations, we compare experimental 
measurements and theoretical predictions, based on a well established set of seismoelectric 
governing equations. In both types of experiments, this comparison shows very good agree- 
ments between experimental and numerical waveforms, thus confirming the rele v ant theory. 
The electric potential data also show that the EM signals generated at interfaces are clearly 

recorded at distances of about 10 seismic P wavelengths away from the interface. By contrast, 
the same events are barely noticeable near the inserted layer when measured using classical 
electric dipolar arrays. 

Key words: Electromagnetic theory; Numerical modelling; Hydrogeophysics; Wave propa- 
gation. 
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1  I N T RO D U C T I O N  

Research on seismoelectric (SE) and its reciprocal electroseismic 
(ES) phenomena, electrokinetic in nature, dates back to the 1930s 
(Thompson 1936 ). Ho wever , dedicated laboratory studies only be- 
gan around 1960 (see Parkhomenko 1971 ). Attempts to establish the 
governing equations of such phenomena were first made by Frenkel 
( 1944 ), based on Ivanov’s field observations (Ivanov 1939 , 1940 ) 
and later by Neev & Yeatts ( 1989 ). Nonetheless, it was Pride ( 1994 ), 
complemented by Pride & Haartsen ( 1996 ) and Haartsen & Pride 
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he pore-fluid to flow inside the pores or fractures. Microscopically
i.e. for grain size dimensions), it is the time-varying interaction
etween charges adsorbed on the surface of the grains and the ions
oving with the pore fluid that governs all electrokinetic effects.
his class of EM signals can be induced by global scale displace-
ent, at a constant rate, of the fluids inside the rocks (streaming

otential) or by the propagation of seismic waves (seismoelectro-
agnetic phenomena; Jouniaux & Bordes 2012 ). In the latter case,
hich is the focus of this work, a frequency-dependent coefficient is
sed to describe the coupling between seismic and EM wavefields.
wo formulations of the frequency-dependent coupling coefficient
re often mentioned in the literature: that of Packard ( 1953 ), con-
eptualized for a medium made of capillary tubes and that of Pride
 1994 ), discussed hereinafter (see Reppert et al. 2001 for a com-
arison). More recently, Jougnot & Solazzi ( 2021 ) describes an
pscaling procedure, adapted from Jougnot et al. ( 2012 ), used to
ormulate the frequency-dependent coupling coefficient as a func-
ion of salinity when the porous media is approximated by a bundle
f capillaries. The proposed model is then successfully compared
o that of Packard ( 1953 ) and that of Revil & Mahardika ( 2013 ).
hi et al. ( 2018 ) and Thanh et al. ( 2021 ) have also studied the
requenc y-dependenc y of the coupling coefficient for capillaries,
ith both proposing original formulations: the first one focusing on

he normalized radius of the pore (the ratio between the pore radius
nd the Debye length) and the latter on the pore size distribution. 

Following Pride’s electrokinetic theory, research has been mainly
irected towards two effects of seismic-to-EM wave conversion. For
 propagating compressional seismic wave, the first effect is a co-
eismic electric field whose support is strictly bound to that of
he mechanical wave (Pride & Haartsen 1996 ). The second effect
tems from to the discontinuities of the medium’s electrical and/or
echanical properties across interfaces, and results in an EM dis-

urbance (EM-disturbance) that propagates at a much higher speed
han the generating seismic wave (Haartsen & Pride 1997 ). Both
ffects have been studied experimentally at the laboratory scale (see
hu et al. 1994 , 2008 ; Bordes et al. 2008 ; Schakel et al. 2011a ).
dditionally, Pride & Garambois ( 2002 ) demonstrated that Biot

low waves play a significant role on the generation of EM signals
t geological interfaces. They have quantitati vel y established that
ccurate modelling of this signal requires the utilization of the com-
lete set of Biot’s equations, including the proper consideration of
iot slow waves, in addition to P and S waves. 
Numerical simulations of the seismoelectromagnetic response

sing Pride’s formulation were first published by Haartsen & Pride
 1994 ) for stratified porous media, with further details given in
aartsen ( 1995 ) and Haartsen & Pride ( 1997 ). These authors

dapted the global matrix method (Chin et al. 1984 ) to solve
he electrokinetic governing equations for point sources in lay-
red porous media. They w ere follow ed by Garambois ( 1999 ) and
arambois & Dietrich ( 2002 ) who introduced a slightl y dif ferent
ethodolo gy b y extending the generalized reflection and trans-
ission matrix method (Kennett & Kerry 1979 ) to compute the
E and ES point-source responses. Ren et al. ( 2010 ) and Grobbe
t al. ( 2016 ) also developed numerical techniques to simulate the
-D propagation of SE wavefields in layered media. Complemen-
aril y, purel y numerical methods for solving partial differential
quations were used by Haines & Pride ( 2006 ) (finite-difference
ethod), Zyserman et al. ( 2010 ) (finite-element method), Morency

t al. ( 2021 ) (spectral-element method) and Meyer ( 2021 ) (discon-
inuous Galerkin method), to tackle the problem of simulating the
E phenomena in complex 2-D or 3-D media. 
h  
Experimental studies of the coseismic wavefield, in the kilohertz
ange, have mainly been focused on the influence of physical prop-
rties on the coseismic electric field amplitude. Thus, Zhu et al.
 2000 ) investigated the effect of the electrical conductivity of the
aturating fluid, Bordes et al. ( 2015 ) concentrated on the saturation
ate and Holzhauer et al. ( 2017 ) analysed the results of varying
oth conductivity and saturation. Laboratory experiments devoted
o the observation of interfacial SE responses were first reported
y Zhu & Toks öz ( 1996 ). In their work, EM wa ves w ere produced
y a compressional seismic wave crossing an interface separating a
uid-saturated lucite sandstone block and a man-made sandy porous
edium. Until now, most of the experimental work performed ei-

her used a water-filled fracture borehole model, illuminated with a
rosshole acquisition geometry (Zhu & Toks öz 2003a , b , 2005 ), a
and-based model whose layers differ mainly in terms of saturating
uids (Chen & Mu 2005 ; Block & Harris 2006 ; Liu et al. 2008 )
r a rock sample (real or synthetic) immersed in a water tank (Zhu
t al. 2008 , 2016 ; Charara et al. 2009 ; Schakel et al. 2011a , b , 2012 ;
meulders et al. 2014 ; Peng et al. 2016 , 2017 , 2018 , 2019 ) in which

he seismoelectromagnetic phenomena are generated at a fluid-rock
nterface. 

In this work, we perform a quantitative study of the SE phe-
omena based on the above mentioned electrokinetic theory (Pride
994 ; Pride & Haartsen 1996 ), with a particular interest in the EM
aves created at interfaces between geological materials. For that
 e ha ve implemented a new laboratory set-up, designed to ease the

omparisons between experimental measurements and numerical
odelling results, enabling the simultaneous recording of the co-

eismic and the interface responses. We use the computer code of
arambois & Dietrich ( 2002 ) for the numerical simulations, with

ts extensions to compute the electric potentials (Dietrich et al.
018 ) and further adaptations to account for the source–receiver
eometry and characteristics of our experiments. We first consider
 homogeneous medium to investigate the limitations of the elec-
rokinetic theory and the modelling code when the latter are used to
redict the experimental data. Subsequently, we insert a thin layer
n our sandbox to study the interface-generated EM signals, since
hin layers can act as natural amplifiers for these signals (Pride &
arambois 2005 ; Grobbe & Slob 2016 ). At last, we compare the

xperimental data with numerical simulations in both cases: the one
ith a homogeneous medium and the one in which a thin layer is
resent. 

 T H E O R E T I C A L  B A S I S  

he formulation proposed in Pride ( 1994 ) and Pride & Haart-
en ( 1996 ) regarding seismoelectromagnetic effects taking place
n fluid-saturated porous media will be used in this study. It as-
umes that pores are filled with an electrically conducting solution,
hich results in the electrokinetic coupling between seismic and
M fields. At the microscopic level (i.e. for grain size dimensions),
E phenomena are produced by the time-varying interactions be-

ween charges adsorbed on the surface of the grains and the ions
oving in the pore fluid. 
In their implementation of the theory, Pride & Haartsen ( 1996 )

resent solutions for point-sources and plane waves in homogeneous
sotropic whole spaces, inferring the existence of four wave types in
he so-called PSVTM wave system: two longitudinal seismic waves
slow- and fast- P ), a transverse seismic wave (shear or S ) and a
ransv erse EM wav e. The y also deriv e the boundary conditions that
old at the interface between two distinct porous media. Using their
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Table 1. Physical parameters adopted for the sand and sandstone materials used in the SE experiments and numerical simulations. 

Name, symbol, units Sand Sandstone References 
Sand Sandstone 

Porosity ( φ)[ ] a 0.4 0.24 Barri ère et al. ( 2012 ) Measured 
Saturation ( S w )[ ] a 1 - 
DC permeability ( k 0 ) [m 

2 ] 1 × 10 −11 7 × 10 −15 Barri ère et al. ( 2012 ) Lorne et al. ( 1999 ) 
Bulk (solid) modulus ( K s ) [Pa] 3.6 × 10 10 3.6 × 10 10 b 

Shear (solid) modulus ( G s ) [Pa] 4.4 × 10 10 4.4 × 10 10 b 

Bulk (fluid) modulus ( K f ) [Pa] 2.5 × 10 9 2.5 × 10 9 b 

Bulk (frame) modulus ( K fr ) [Pa] 2.38 × 10 7 3.41 × 10 8 Pride ( 2005 ) Seismic velocities 
Shear (frame) modulus ( G fr ) [Pa] 1.43 × 10 7 2.10 × 10 8 Pride ( 2005 ) 
P -wav e v elocity ( v P ) [m s −1 ] 1780 2200 From the first breaks 
EM-wav e v elocity ( v EM 

) [m s −1 ] 5.4 × 10 7 8.5 × 10 7 Pride & Haartsen ( 1996 ) 
S -wav e v elocity ( v S ) [m s −1 ] 90.4 336.8 Pride & Haartsen ( 1996 ) 
Fluid viscosity ( η) [Pa ·s] 0.001 b 

Solid density ( ρs ) [kg m 

−3 ] 2650 2120 b Measured 
Fluid density ( ρf ) [kg m 

−3 ] 1000 b 

Fluid conductivity ( σ f ) [mS m 

−1 ] 1.2–1.8 Measured 
Molarity ( C 0 ) [mmol l −1 ] 0.128–0.195 Pride ( 1994 ): C 0 = σ f /( e 2 ( b Na + b Cl ) N A ) 
Surface conductivity ( σ n ) [mS m 

−1 ] 0.083 2 Revil & Glover ( 1998 ) Lorne et al. ( 1999 ) 
Temperature ( T ) [K] 288.35 Measured 
Fluid permittivity ( κ f ) [ ] a 80 b 

Solid permittivity ( κs ) [ ] a 4 b 

Tortuosity ( α∞ 

) [ ] a 1.65 3 Holzhauer ( 2015 ) Lorne et al. ( 1999 ) 
Pore geometry number (m) [ ] a 6 Pride ( 1994 ) Haartsen & Pride ( 1997 ) 
Zeta potential ( ζ ) [mV] 6.79–12.91 -12 Guichet et al. ( 2003 ) : 

ζ = 

−0 . 0146 ̇ln ( σf ) − 0 . 0854 

Lorne et al. ( 1999 ) 

Electrokinetic coefficient ( C ek ) [ μV Pa −1 ] 2.18–5.78 0.113–0.218 Guichet et al. ( 2003 ) 
Constants 

Avogadro’s number ( N A ) [mol −1 ] 6.02 × 10 23 - 
Elementary charge ( e ) [ C ] 1.60 × 10 −19 - 
Ionic mobility ( b l = Na = Cl ) [m (sN) −1 ] 3 × 10 11 Approximation, after Pride ( 1994 ), for typical inorganic 

ion 
Vacuum permittivity ( ε0 ) [F m 

−1 ] 8.85 × 10 −12 - 
Vacuum permeability ( μ0 ) [H m 

−1 ] 4 π × 10 −7 - 
Boltzman constant ( k b ) [J K 

−1 ] 1.38 × 10 −23 - 

Rele v ant constants are also included in the list. 
a Refers to dimensionless properties. 
b Refers to standard values. 
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definition of frequency-dependent phase slowness ( s ξ ) for each ξ
wa ve type, w e can calculate the real phase velocity v ξ and the 
intrinsic attenuation αξ (Biot 1956a , b ) with: 

v ξ= P,S, EM 

= 1 / Re { s ξ= P,S, EM 

} , (1a) 

αξ= P,S, EM 

= ω Im { s ξ= P,S, EM 

} ; (1b) 

where ω is the pulsation, related to the frequency f through ω = 2 π f . 
In what follows, after computing v ξ and αξ with these equations, 
the values found will be compared with those obtained from the 
experimental data. ξ is equal to P for fast-compressional waves, 
S for transverse (shear) seismic waves and EM for transverse EM 

waves. 
The parameters which are rele v ant to the quantitati ve anal ysis of 

SE phenomena in this study are listed in Table 1 . 

3  E X P E R I M E N TA L  S E T U P  

The experiment takes place in a parallel epipedal box filled with 
sand as shown in Fig. 1 . A piezoelectric transducer (PZT), which 
acts as the seismic source, is placed against the 24.7 (length) ×
11.5 (height) × 11 (width) cm plastic box filled with water-saturated 
sand. The walls of this box are 5.2 mm thick, except the one against 
which the PZT is placed, which has a thickness of 2.5 mm. A 

comb of electrodes is inserted in the sand to measure the electric 
potentials (noted V hereafter), with the help of a reference electrode 
positioned in an auxiliary plastic container also filled with sand, 
but free of all seismic disturbances created by the active source. 
A laser vibrometer (Bodet et al. 2010 ; Shen et al. 2022 ) measures 
the vertical seismic displacement u y with the laser beam pointing 
towards the top of the sand (see Devi et al. 2018 , for a similar 
configuration). In the experiments designed to measure the EM 

interface response, a water saturated sandstone layer is inserted 
vertically in the sand, approximately in the middle of the box, as 
shown in Fig. 1 . 

In our experiments, when choosing the orientation of the Carte- 
sian coordinate system, we sought to closely reproduce field situ- 
ations while also accounting for the operational constraints of the 
laboratory equipment. Therefore, since the sandstone layer is verti- 
cally inserted in the sandbox, the z -axis (depth in field surv e ys) was 
chosen to be perpendicular to the slab, that is, along the horizon- 
tal axis parallel to the largest dimension of the sandbox, as shown 
in Fig. 1 . The x -axis is parallel to the second horizontal direction, 
and the y -axis follows the vertical direction, pointing downwards. 
Finally, the origin O of the Cartesian system corresponds to a point 
on the top of the sand as indicated in Fig. 1 . 
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Figure 1. Picture of the experimental set-up, highlighting the main electronic components of the acquisition system connected to the sandbox, and detailing 
the coordinate system used. 

3

B  

d  

m  

e  

T  

a  

i  

a  

m  

m  

a

3

T  

a  

o  

μ  

2
 

b  

T  

1  

p  

m  

S
 

i  

t  

p  

a  

G  

t  

A

3

T  

e
9  

p  

w  

m  

s  

d  

0  

s  

fl  

t  

t  

C  

d  

t  

m  

t  

d
 

o  

D  

(  

c  

(

3

A  

a  

w  

b  

s  

(

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/3/2992/7321588 by guest on 18 January 2024
.1 The porous media 

oth porous media, sand and sandstone, are kept saturated with
istilled water whose fluid conductivity ranges between 1.2 and 1.8
S m 

−1 . The fluid conductivity was measured before and after each
xperiment to confirm that the values remained within this range.
o ensure full saturation, a vacuum chamber is used to pump the
ir out of the pores during 2.5 hr. In our protocol, the experiment
s set in place and left to stabilize while, at the same time, the
mplitudes of seismic and electric signals are monitored during test
easurements. The actual experiment begins when two successive
easurements show that amplitudes are stable (after a period of

bout 2 hr). 

.1.1 Sand 

he main material used in the experiments is a homogeneous
nd well-sorted sand from Southwest France, mainly composed
f quartz ( > 98 per cent) and whose mean grain diameter is 250
m (e.g. Barri ère et al. 2012 ; Bordes et al. 2015 ; Holzhauer et al.
017 ). 

Concerning the mechanical properties of the sand, the drained
ulk K fr and shear G fr moduli (see Table 1 ) are not measured.
hey are estimated using the modified Walton’s model (Walton
987 ), presented in Pride ( 2005 ), and adjusted so that the velocities
redicted with the moduli correspond to the direct P -wave velocities
easured from first break (FB) picking in the experimental data (see
ections 5 and 6 ). 
Regarding the electric properties, Guichet et al. ( 2003 ) stud-

ed a sand whose properties are similar to the one used here,
herefore the zeta-potential ζ was calculated following their em-
irical law as, indicated in Table 1 . Additionally, to account for
 non-negligible surface conductivity (see values in Table 1 ),
uichet’s equation (Guichet et al. 2003 , 2006 ) for the elec-

rokinetic coupling coefficient C ek is adopted (see eq. A4 in
ppendix A ). 
.1.2 Sandstone layer 

he thin layer inserted in the sand is a Vosges sandstone (East-
rn France) with dimensions: 0.74 (thickness) × 5.7 (height) ×
.3 (width) cm. In order to estimate the density of this rock, sam-
les from the same material but with different sizes were used. Their
eight was determined using a precision balance, their volume was
easured with the fluid displacement method, and from that a den-

ity of 2120 kg m 

−3 was estimated for the rock, with a standard
eviation of 161.7 kg m 

−3 . Using the same rock samples, a value of
.24 was estimated for the porosity via the imbibition method, con-
idering distilled water, with a standard deviation of 2.4 × 10 −2 . The
uid conductivity of the sample used in the experiments was main-

ained constant and equal to that of the fluid saturating the sand
hrough periodic monitoring and adjustment with distilled water.
omplementarily, the frame moduli were estimated from the model
iscussed in Pride ( 2005 ) for consolidated media, and adjusted so
hat the direct P -wave velocities predicted for the sand (estimated as

entioned in the previous section) and for the sandstone layer lead
o traveltimes that correspond to the FBs picked in the experimental
ata. 

The sample used here has a fair amount of feldspar, mica, clay, and
xides. It is similar to the Adamswiller sandstone sample studied in
avid et al. ( 1994 ) and Lorne et al. ( 1999 ). Per meability, tor tuosity

derived from the definition of formation factor, F = α∞ 

/ φ), surface
onductivity, and zeta potential are finally taken from Lorne et al.
 1999 ) (see Table 1 ). 

.2 Seismic source 

 PZT model Olympus V1012 whose effective diameter is 3.8 cm
nd nominal frequency is 250 kHz, is used as a source of seismic
aves in the experimental setup. It is positioned outside the plastic
ox containing the sand such that its upper end coincides with the
and surface (see Fig. 1 ) and with the origin of the Cartesian system
 x , y , z ) used in this work. 

art/ggad409_f1.eps
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Figure 2. Source signature of the PZT measured in the centre of its surface using a laser vibrometer. (a) Source wavelet of the seismic displacement 
perpendicular to the surface of the PZT. (b) Amplitude spectrum of the source wavelet. 
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The source signal is generated as a 250 kHz half-sine burst, with 
an amplitude of 8 V, using a RIGOL DG4102 waveform generator, 
sent to an amplifier (Falcon Systems WMA 300) and then to the 
PZT (see Fig. 2 ). Using a laser vibrometer, we have verified the 
spatial homogeneity of the PZT signature on its entire surface. It is 
clear from the time-series and the amplitude spectrum in Fig. 2 that 
the early part of the source wavelet has a 180 kHz peak frequency, 
a half-sine shape, and is followed by a series of lower amplitude 
oscillations that last until about 65 μs. 

3.3 Seismic measurements description 

A laser vibrometry system was used to measure the particle dis- 
placements of the sand. It consists of a OFV-505 head sensor that 
detects particle movement and a OFV-5000 controller which anal- 
yses and transmits the recorded displacement using a DD-300 de- 
coder. The system bandwidth is [0.3 kHz–24 MHz], and the upper 
bound for the absolute displacement is 75 nm. 

In the experiment, measurements are carried out on the surface 
of the sand in such a way that the displacement component u y is 
orthogonal to the axis of the seismic source ( y -direction in Fig. 1 ). To 
increase the signal-to-noise ratio, a 4 mm 

2 piece of retro-reflective 
film was placed at each measuring point on top of the sand. The 
w ater-le vel w as kept constant and equal or slightl y lower than the 
sand-level in the box to make sure the displacement detected is 
as close as possible to the sand grain displacement, assuming that 
the reflective paper has no influence on the measurements at our 
working frequencies (Hasanian & Lissenden 2017 ; Shen 2020 ). 

During experiments, the laser vibrometry measurements are per- 
formed following a central line along the box’s length ( z -axis in 
Fig. 1 ), covering the ranges z = [1–10.75] cm and z = [13–
22.75] cm, with a 0.125 cm spacing between points, resulting in 
159 source–recei ver of fsets. Finall y, each seismic trace is stacked 
3000 times and recorded during 10 ms. 

3.4 SE measurements description 

In SE studies, the measurements of the electric field are usually ob- 
tained from potential differences 
 V using dipolar arrays of elec- 
trodes (Garambois & Dietrich 2001 ; Bordes 2005 ; Dupuis 2008 ; 
Holzhauer et al. 2017 ). Ho wever , Dietrich et al. ( 2018 ) and Devi 
et al. ( 2018 ) questioned this choice of arrays when the goal is to 
record EM waves generated at interfaces, because electric dipoles 
strongly attenuate signals whose arri v al times are practically syn- 
chronous at all electrodes. Alternati vel y, they proposed configura- 
tions using an odd number of electrodes because such configura- 
tions make it possible to estimate the electric potential V , which they 
consider as the ideal choice to measure the interface response. Mea- 
suring electric potentials implies that a reference electrode is used, 
which is often impracticable in field surv e ys due to noise issues 
(Devi et al. 2018 ). Conversely, SE laboratory studies that intend to 
detect the EM interfacial signal generally adopt a reference elec- 
trode which is either taken as the common-ground (Zhu et al. 1999 ; 
Smeulders et al. 2014 ; Zhu et al. 2016 ; Peng et al. 2017 ), as a point 
inside the experimental setup (Chen & Mu 2005 ; Zhu & Toks öz 
2005 ; Devi et al. 2018 ), or as an adapted/modified common-ground 
(Block & Harris 2006 ). 

The measurement of SE potentials V exp are performed with an 
electrode comb made of 32 stainless steel electrodes with an inter- 
electrode distance of 0.25 cm. Each electrode has a diameter of 1.1 
± 0.2 mm and a length of 10.8 cm, 5.7 ± 0.2 cm buried in the 
sand. A total of 80 measurements are carried out, 40 in each side 
of the box, since the sandstone layer is placed around the middle 
of the box (see Fig. 1 ). The electric measuring points cover exactly 
the same ranges in the z -direction than the seismic measurements 
performed with the laser. Because the comb has only 32 electrodes, 
it was moved to get eight additional measurements on each side of 
the box. 

The precise measurement of the potential V exp at each electrode 
uses the reference electrode inserted in the second container filled 
with the same sand as the one in the main plastic box (pink con- 
tainer in the bottom-right part of Fig. 1 ). A copper wire connected 
to a 10 M � resistance connects the two plastic containers, to ensure 
that the potential in the reference container stays close to zero at 
all times. Each electrode in the comb is connected to a preamplifier 
(model SR560) in differential mode with the reference electrode, 
and a [0.3 kHz–1 MHz] band-pass filter is applied. Finally, a study 
carried out by Martins–Gomes ( 2022 ) confirmed that the 100 M �

input impedance of the preamplifier is high enough to ensure our 
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easurements are consistent, in terms of amplitude, with the abso-
ute potential voltages mainly due to the electrokinetic phenomena
aking place inside the sandbox. 

 N U M E R I C A L  M O D E L L I N G  T O O L  

umerical solutions of Pride’s equations (eqs B1 in Appendix B )
ave been implemented by various research groups using differ-
nt numerical techniques. Here, our numerical simulations of the
aboratory measurements are carried out with the numerical code
e veloped b y Garambois & Dietrich ( 2002 ), which is capable of
omputing the mechanical and EM fields, as well as their coupling,
ue to a point source exciting a homogeneous poro-elastic layered
edium. It also allows a straightforward modification of the reflec-

ion and transmission coefficients, which is a convenient property
o enhance small amplitude, hard to detect events, such as the EM
nterface response. 

.1 Extension of the existing numerical code 

o be consistent with the geometry of the experiment, the E z compo-
ent of the electric field is needed for our comparisons. Because this
omponent was not considered in the original code of Garambois
 Dietrich ( 2002 ), the calculation of E z is detailed in Appendix B

nd was implemented in the numerical simulation code. 
Additionally, since the electric potentials V exp are measured in the

xperiments, this quantity was also calculated with the procedure
eveloped in Dietrich et al. ( 2018 ). In this approach, the electric
eld E has no transverse component for sources that are axially
ymmetric (explosion, or point forces oriented perpendicularly to
he layering), implying that the solution for V can be derived from
he cylindrical radial component of the electric field using a double
ntegral. Thus, in cylindrical coordinates: 

V ( ρ, z, t) = 

1 

2 π

∫ ∞ 

−∞ 

e −iωt dω 

∫ ∞ 

0 

ˆ E ρ( ω, k , z) J 0 ( k ρ)d k , (2) 

here J 0 is the zeroth order Bessel function, ˆ E ρ is the radial com-
onent of the electric field in the Fourier–Hankel domain, k is the
orizontal wavenumber, and ρ is the radial distance from the z -axis.

.2 Particularities of the numerical modelling of the 
xperiments 

.2.1 Numerical modelling of the PZT source 

he signal measured in the centre of the PZT surface, using the
aser vibrometer, is used as the input seismic source in the numer-
cal simulations of the experiments. Since the surface area of the
ZT source is relati vel y large compared to the dimensions of the ex-
erimental setup, the seismic source is discretized and modelled as
 group of N sources synchronous e xplosiv e point sources, distributed
long the line defined by the coordinates x = 0, z = 0 and y ∈
0, 3.8] cm. It corresponds to a y -oriented linear distribution of
oint sources equally spaced along the PZT diameter. Following a
omparative study between the numerical results output by a point
ource at x = 0, z = 0 and y = 1.9 cm, a y -oriented line of sources,
wo perpendicular source lines ( x and y -oriented) and a 2-D dis-
ribution of sources along the whole PZT surface, we have found
hat the y -oriented linear distribution provided the best compromise
etween an accurate solution and computational cost for the range
f offsets we explore when comparing numerical simulations and
xperimental data. 

It follows that, for a point on top of the sand, the numerically
omputed vertical displacement u y −num 

, accounting for contribu-
ions from all sources, will be obtained from a summation of the
isplacements generated by each individual source u y −n , weighted
y the number sources: 

 y−num 

( x = 0 , y = 0 , z, t) = 

N sources ∑ 

n = 1 
u y−n ( x = 0 , y = 0 , z, t) δy, (3) 

ith δy = l PZT / N sources the spatial discretization step, and l PZT =
.8 cm the diameter of the PZT. After a numerical parametric study
n the influence of the value of N sources on the total displacement
 y −num 

(Martins-Gomes 2022 ), N sources = 80 was deemed appropri-
te, thus the value for δy used in eq. ( 3 ) was 0.475 × 10 −3 m, which
orresponds approximately to λ/20, where λ is the P wavelength
alculated for peak frequencies around 180 kHz in the sand. 

.2.2 Numerical modelling of the experimental data r ecor ded by 
longated electrodes buried in the sand 

nother correction is required to correctly evaluate the electric
otential using the computer code because the experimental mea-
urements involve relati vel y long electrodes that do not satisfy the
oint receiver assumption, which is intrinsic to the simulation pro-
ram. Therefore, recalling that the length of the buried part of the
lectrode is l elec = 5.7 cm (see Section 3.4 ), the ef fecti ve v alues of
he potential V num 

, at a specified z -position, must be estimated by in-
egrating the electric potential along the buried part of the electrode
t that location, that is 

V num 

( x = 0 , z, t) = 

∫ l elec 

0 
V num 

( x = 0 , y, z, t) dy. (4) 

To formulate a discrete version of eq. ( 4 ), each electrode is dis-
retized using N elec = 120 points. This criterion was chosen to
nsure that δy , the spatial sampling step of the electrodes, is equal
o the discretization used to represent the PZT source (see eq. 3 ).
inally, the discrete form of eq. ( 4 ), accounting for the N s ources = 80
eismic sources is: 

V num 

( x = 0 , z, t) = 

N elec ∑ 

p= 1 

N sources ∑ 

n = 1 
V n,p ( x = 0 , z, t)( δy) 2 , (5) 

here V n , p is the electric potential signal computed at a given point
 of an electrode, and generated by an elementary source n in the
ZT discretization. 

 S E I S M O E L E C T R I C S  I N  A  

O M O G E N O U S  M E D I U M  

.1 Experimental data 

ig. 3 displays the y -oriented displacement traces u y −exp and the
lectrograms of potential V exp , measured during the experiment per-
ormed with the homogeneous saturated sand model, after low-pass
ltering using a 1 MHz cut-off frequency. The gap between offsets
0.75 and 13 cm was intentionally planned to anticipate the inser-
ion of a sandstone layer (Section 6 ). Concerning the displacement
races (Fig. 3 a), the dominant direct compressional P wave is clearly
bserved with its linear trend of arri v al times (dashed red line); it is
ollowed by reflected P waves, coming from all sides of the sandbox



2998 V. Martins-Gomes et al . 

Figure 3. Experimental seismoelectric response of the homogeneous sand model, as a function of time and source–receiver offset. (a) Measured particle 
displacement traces u y −exp . (b) Measured electric potential V exp . The front and back walls of the sandbox are shown for convenience. The direct wave emitted 
by the seismic source and its coseismic signature are indicated by the red dashed lines. Some of their reflections in the sandbox are indicated by dashed blue 
lines. 
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Figure 4. Amplitude versus source–recei ver of fset distributions of the experimental seismoelectric response obtained with the homogeneous sand model. (a) 
Representation of the maxima and minima of the measured particle displacement u y −exp . (b) Same for the recorded electric potential V exp . The plotted values 
are associated with the first arri v als of the two wavefields. The dashed curves superimposed on the experimental data (stars) are mathematical representations 
of the amplitude decay as a function of offset (see text). (c) Peak frequency f peak of the first arri v al of the seismic displacement u y −exp as a function of offset, 
calculated from the time delay separating the minimum and maximum amplitudes (orange circles), and from the amplitude spectrum (black circles). (d) Same 
for the recorded electric potential V exp . 
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nd from the sand-air interface, which are highlighted by the blue
ashed lines. Except for the P wave reflected on the back wall (op-
osite to the PZT source), all other reflected P waves are difficult to
nterpret as to their exact origin. 

In the electric measurements (Fig. 3 b), the event near t = 0 is EM
oise inherent to PZT sources, and the synchronous events around
.05 and 0.12 ms are artefacts due to the presence of the electrode
omb. One can easily notice the coseismic waves travelling in the
and with the same velocity v P as the seismic P wave. The first-
reak (FB) of the direct coseismic event and its reflections on the
ack of the box are indicated by the blue dashed lines in Fig. 3 (b). 

The P -wave velocity of the medium v p was estimated to be about
782 m s −1 from the linear regression of the FBs picked on the
lectric potential data. The FBs of both u y −exp and V exp data sets
n Fig. 3 were then consistently adjusted so that their values match
 xactly the v p v elocity estimated for the sand. This correction will
e very pertinent when comparing experimental and numerical data,
o ensure that the simulated waveforms match the arri v al times of
heir experimental counterparts. 

All discrepancies observed between the seismic and electric re-
ponses, notably the absence of reflected waves in Fig. 3 (b), are
xplained by the polarization of the various arrivals and the dif-
erence in acquisition geometry and receiver size. The coseismic
ignature of the direct P wave is essentially propagating along the
 -axis, therefore the inline electrode array will favour its detection.
y contrast, the reflections coming from the laterals and bottom
f the sandbox reach the electrode array under oblique incidence,
ut more importantly, the reflections from the side walls tend to
ancel each other due to the symmetry of the electrode array, po-
itioned in the middle of the sandbox ( x � 0) and oriented along
he z -axis. Additionally, while the seismic measurements record the
 -oriented mechanical disturbances in a considerably small region,
ith respect to the dimensions of the experiment, the electrode,
ue to its size, measures the electric potential averaged throughout
ts length. This averaging will attenuate small amplitude and short
eriod events that exist as localized disturbances inside the sandbox
nd, therefore, only reach a small region of the electrode. 

In order to compare the amplitude decay of the recorded SE sig-
als as a function of source–receiver offset with the predictions of
ride’s theory, the first minima and maxima of u y −exp and V exp were
elected and displayed versus offsets in Figs 4 (a) and (b). Subse-
uently, to extract information about the geometrical spreading and
he intrinsic attenuation of the direct P waves, and its correspond-
ng coseismic arri v al, the Gauss–Ne wton algorithm w as used to fit
unctions of the form u 0 e −αr · r −g and V 0 e −αr · r −g to the data in
igs 4 (a) and (b), respecti vel y. In these expressions, r is the radial
ource–receiver distance at the top of the sand (distance r between
 and the z -offset of each measurement point) and αP is the intrin-

ic attenuation of the P wave, as predicted from Biot’s theory for
he range of frequencies studied and the parameters displayed in
able 1 . The parameters estimated by the curve fitting are u 0 and
 0 , which represent the amplitudes, and g , corresponding to the ge-
metrical spreading coefficient. To be consistent with the frequency
ange [150–300] kHz of the experimental seismic data, the curve
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fit considered three theoretical predictions for αP (calculated with 
eq. 1b ), corresponding to the frequencies 150, 225 and 300 kHz, 
respecti vel y: 0.060, 0.075 and 0.089 m 

−1 . In Fig. 4 (a) the difference 
between the three curves is so small that only that corresponding to 
225 kHz is shown. 

For the geometrical spreading, assuming a pure 3-D seismic wave 
propagation in the far-field, g = 1, whereas for a 2-D propagation, 
g = 0.5, and for a 1-D propagation, g = 0 (Aki & Richards 2002 , 
chap. 4). In Fig. 4 (a), the curve fitting of the experimental maxima 
and minima estimated g � 1, which suggests a 3-D wave propa- 
gation. Conv ersely, the curv e fitting of V exp in Fig. 4 (b) estimated 
values close to zero for the geometrical spreading coefficient. This 
means that the recorded coseismic signal has a near 1-D propaga- 
tion, likely due to the use of a long electrode positioned at the centre 
of the box combined with the large surface of the PZT source. Note 
that such conditions favour the measurement of coseismic waves 
associated with z -oriented seismic wavefields, since they have more 
energy than their x and y counterparts. 

Focusing now on the frequency content of the recorded seismic 
signals, we present in Figs 4 (c) and (d) the evolution of the peak 
frequency of the first arri v als ( f peak ) with increasing offset. In black, 
f peak was estimated from the magnitude spectra obtained with a fast 
Fourier transform (FFT) computed in a 0.011 ms window starting 
with the FB. In orange, f peak was computed supposing that the first 
arri v al has a sinusoidal shape passing through the first through and 
peak, and therefore, its frequency is the inverse of the maximum- 
to-minimum time lag multiplied by two (i.e. the lag corresponds to 
the half-period). 

No matter how f peak is calculated, for u y −exp , its value increases 
with offset, which is an uncommon behaviour that is attributed to 
interferences of the P wavefields emerging from all the surface 
elements of the PZT source, as discussed in Fig. S2. Indeed, the 
summation of the various source contributions is more likely to 
destroy the high frequency components of the signal at short dis- 
tances from the source because the seismic path difference is more 
pronounced at near offsets than at far offsets. 

At last, Fig. 4 (d) shows the peak frequency of the electric po- 
tential data. One can note that the f peak estimated with the minima- 
maxima methodology, orange dots in Fig. 4 (d), displays an almost 
constant trend, with values varying mainly in the range [200, 230] 
kHz. Moreover, the f peak values estimated with a FFT (black dots) 
increase at offsets lower than about 8 cm and afterwards they reach 
a plateau, with values around 180 kHz. This increase in frequency 
is probably due to wave interferences at offsets smaller than 8 cm, 
and to the influence of the EM radiation intrinsic to the PZT source. 
Finally, the use of a long electrode as a receiver can possibly ex- 
plain that the f peak values do not vary much for offsets greater 
than 8 cm. 

5.2 Comparison between experiments and theory 

The results of the numerical simulation of the experiments will now 

be presented for the homogeneous sand medium. Both amplitudes 
and waveforms of the displacement and electric potential wavefields 
obtained experimentally are compared with synthetic traces based 
on Pride’s theory for the input parameters listed in Table 1 , and fluid 
conductivity σ f = 1.31 mS m 

−1 , measured right after the measure- 
ments. All numerical calculations account for the actual size of the 
seismic source and the length of the electrodes buried in the sand. 

Figs 5 (a) and (b) display comparisons of the experimental and 
simulated seismograms ( u y ) and electrograms ( V ), respecti vel y. Four 
specific traces were chosen to emphasize the overall good agreement 
between real and synthetic waveforms. 

The seismic displacement section in Fig. 5 (a) shows that the simu- 
lated traces correctly reproduce the first arri v als of the experimental 
records in terms of waveform and frequency content. Ho wever , be- 
cause none of the sandbox’s walls are considered in the modelling, 
the reflections noticed in Fig. 3 (b) are not seen in the simulations. 
Regarding the V electrograms in Fig. 5 (b), they also show a good 
match between the numerical and experimental first arri v als, pro- 
vided a 0.44 correction factor is applied to the amplitudes. 

Fig. 6 presents the minimum and maximum amplitudes of the 
first arri v als, obtained from experiments and from simulations, for 
the displacement field u y and for the electric potential V . Fig. 6 (a), 
for u y , shows a fair correspondance between numerical and exper- 
imental data, and, as in Fig. 4 (a), only offsets larger than 8.5 cm 

are considered. Fig. 6 (b), for V , shows a good agreement between 
experimental and synthetic traces at offsets larger than 8 cm, when 
near-field effects and/or interferences due to the extended source are 
less significant. It is important to note, ho wever , that the amplitudes 
of the simulated wa vefields w ere scaled to obtain a good match with 
the experimental seismic data, which led to slightly over-amplified 
V num 

fields. For that reason, the amplitudes of V num 

were multiplied 
by a factor of 0.44 in Fig. 6 (b) to adjust them with the amplitudes 
of V exp . 

Regarding the need for a 0.44 factor to correct the amplitudes of 
the synthetic data, Block & Harris ( 2006 ) and Schakel et al. ( 2011a ) 
have noticed that for the same range of fluid conductivities used 
here, there is a discrepancy between Pride’s theory and experimental 
measurements which they attribute to surface conductivity effects 
not accounted for in the SE coupling. In here, even though we have 
introduced the surface conductivity through the C ek formulation of 
Guichet et al. ( 2003 ), the choice of the surface conductivity values 
in Table 1 may not correspond to the actual values of the media, or 
this formulation of C ek may not be adapted to our case, probably 
due to the range of fluid conductivities we consider. 

In summary, the comparison of experimental data with their nu- 
merical simulations is generally a difficult task given all the con- 
straints related to each of the two approaches. Nevertheless, and 
except for the limitations mentioned above, the overall good agree- 
ment observed for (the early part of) the time-series obtained exper- 
imentally and numerically in a homogeneous sand model reinforces 
Pride’s electrokinetic theory. Our quantitati ve anal ysis goes beyond 
the qualitative results of Devi et al. ( 2018 ) and may pave the way 
for yet-to-be developed inversion algorithms. 

6  S E I S M O E L E C T R I C S  I N  A  L AY E R E D  

M E D I U M  

To study the SE signals generated at an interface between two porous 
media, a layered medium was designed by inserting a 0.74-cm-thick 
sandstone layer in the middle of the sandbox, around z = 11.88 cm. 
Table 1 lists the physical properties of the sandstone; since the P- 
wav e v elocity was e xperimentally estimated as v P = 2200 m s −1 , 
the layer is thinner than the P-wavelength ( λ) in the sand medium, 
which ranges between 0.6 and 1.2 cm for the range of frequencies 
considered (150–300 kHz). Both seismic and electric data were 
acquired with the geometry displayed in Fig. 1 . The first-breaks 
were again time-adjusted in the seismic and electric sections to 
match the theoretical arri v al times calculated from the velocities 
experimentally estimated for sand and sandstone. Moreover, data 
were low-pass filtered using a cut-off frequency of 1 MHz. 
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Figure 5. Comparison between experimental (black) and numerical (orange) seismograms and electrograms for the homogeneous sand model. (a) Seismic 
displacement traces u y −exp and u y −num 

. (b) Electric potential traces V exp and V num 

. The V num 

time-series were scaled by a factor of 0.44 to adjust them to the 
V exp traces obtained experimentally. The 4 panels displayed in (a) and (b) are close-up views of the first arrivals at the offsets specified in each panel. 
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.1 Experimental data 

xperimental measurements of the displacement u y −exp and of the
lectric potential V exp are displayed in Figs 7 (a) and (b), respecti vel y.
s expected, in both cases the main events are similar to the ones
bserved in the homogeneous case (Fig. 3 ), with the notable addition
f the P -wave reflection on the sandstone layer (highlighted with the
agenta line in Fig. 7 a). Fur ther more, on the electrog ram section,
e can observe two ne w arri v als generated b y the presence of a
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Figure 6. Amplitude versus offset distributions of the experimentally measured (black asterisks) and numerically computed (red circles) seismoelectric time- 
series obtained with the homogeneous sand model. (a) Representation of the maxima and minima of the seismic particle displacements u y −exp and u y −num 

. (b) 
Same for the electric potentials V exp and V num 

. The V num 

time-series were scaled by a factor of 0.44. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/3/2992/7321588 by guest on 18 January 2024
sandstone layer: the coseismic event created by the P -wave reflection 
on the layer (magenta) and the EM-wave (green line) emerging 
from the interface with near-infinite apparent velocity along the 
z -axis. Fig. S2(a) displays an enlargement of the EM interfacial 
wa ve betw een offsets 13 and 17.75 cm, to highlight the regularity 
of its decay. In addition, Fig. S2(b) shows the similarity between 
the peak-frequencies of the interface response and of the direct 
coseismic wave (Fig. 4 d). 

In Fig. 8 (a), the maximum and minimum amplitudes of the first 
coseismic arri v al are compared with those of the homogeneous 
sand experiment, shown in Fig. 4 (b). There is a good agreement 
for the traces located at near offsets, before the sandstone layer, 
but it appears that the amplitudes of the traces located beyond the 
sandstone layer are somewhat smaller, most likely because of a loss 
of energy due to the reflections and attenuation in the sandstone 
layer. 

Fig. 8 (b) displays the absolute maximum amplitude versus off- 
sets of the EM sandstone interface response V exp −EM 

. The absolute 
maxima were deemed more appropriate in this representation be- 
cause of the amplitude jitter of the EM interface response caused 
by strong interference with coseismic events close to the sandstone 
layer (the most affected traces are represented by cyan-coloured di- 
amond markers in Fig. 8 b). The most striking feature of the V exp −EM 

amplitudes in Fig. 8 (b) is the polarity change of the EM wave on 
either side of the sandstone layer. This is a known feature of EM 

interface responses, that has been reported in all numerical simula- 
tions (e.g. Garambois & Dietrich 2002 ; Haines & Pride 2006 ) and 
in most experiments (Dupuis et al. 2009 ; Schakel et al. 2011b ; Peng 
et al. 2017 ; Liu et al. 2018 ). 

Another important characteristic of the data in Fig. 8 (b) is the 
decay rate of the V exp −EM 

amplitudes vs offset: it is clearly different 
on each side of the sandstone layer. As in the homogeneous case, we 
superimposed the Gauss-Newton curve fits based on the intrinsic 
attenuation of the EM wave αEM 

= −0.00029 m 

−1 (for a 225 kHz 
frequency), as predicted by Pride’s theory (eq. 1b ) for the sand 
parameters listed in Table 1 . The curves fitted to the data in Fig. 8 (b) 
show a slower decay, with a r −0.6 dependence, for the EM wave decay 
on the source side of the sandstone layer, and a r −1.1 dependence 
beyond the sandstone layer. This difference in decay rate can also be 
noticed in Fig. 7 (b) and it may, again, be explained by constructive 
and destructi ve w ave interferences. Indeed, for offsets between the 
source and the sandstone layer, the backscattered V exp −EM 

traces are 
contaminated by the tail of the coseismic event, whereas beyond the 
sandstone layer, the forward-scattered EM wave is the first arrival, 
therefore free from any perturbation. 

6.2 Numerical modelling 

As in the homogeneous case, we calculated the theoretical SE re- 
sponse of the medium considered, this time with a sandstone layer. 
The physical parameters used are, as before, those given in Table 1 
and the fluid conductivity considered is the same one used in the 
homo geneous case, namel y σ f = 1.31 mS m 

−1 . Because the differ- 
ence between both experiments is mainly due to the EM interface 
response, we will focus our attention on the analysis of electric 
potentials and electric fields. 

The electric potential electrograms obtained from the experiment 
V exp and from the simulation V num 

are superimposed in Fig. 9 (a), 
where V num 

was multiplied by the same 0.44 amplitude correction 
factor used in the homogeneous case. As for the coseismic wave- 
fields, the waveform of the numerically modelled EM interfacial 
response agrees well with the measurements. In general, it can be 
observed in Fig. 9 (a) that the polarity, the decay rate, and the ampli- 
tudes of the V exp −EM 

event are fully consistent with the correspond- 
ing numerical simulations beyond the location of the sandstone slab, 
where the EM wave is not strongly affected by coseismic waves, 
except for traces measured near the interface. 

An alternative option to study the interface response, experimen- 
tall y and numericall y, is to anal yse the vector electric field E . In 
our laboratory experiments, E z can be obtained from the difference 
of the electric potential measured at two neighbouring electrodes. 
Accordingly, Fig. 9 (b) displays the complete electrograms of the 
experimental and simulated E z . From the trace superposition, it 
becomes evident that, again, there is a good agreement between ex- 
periments and simulations, for both the coseismic field and the EM 

interface response even if the latter is barely visible on the E z traces, 
in particular those measured in the laboratory which are strongly 
corrupted by noise. 

Indeed, the most important information contained in the E z elec- 
trogram of Fig. 9 (b) is that the amplitudes of the interface response, 
relative to the coseismic signals, are significantly smaller when 
compared with the electric potential records. This was an expected 
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Figure 7. Experimental seismoelectric response of the model with a sandstone layer in the middle of the sandbox, as a function of time and source–receiver 
offset. (a) Measured particle displacement traces u y −exp . (b) Measured electric potential V exp . The front and back walls of the sandbox and the sandstone 
layer are shown for convenience. The direct wave emitted by the seismic source and its coseismic signature are indicated by red dashed lines. Some of their 
reflections in the sandbox are indicated by red dash-dotted lines. The main reflections generated by the sandstone layer are indicated with the dashed magenta 
lines. In (b), the EM event created by the presence of the sandstone layer is highlighted by the dashed green line. 
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(a) (b)

Figure 8. Amplitude versus offset distributions of the seismoelectric potential. (a) Representation of the maxima and minima of the coseismic signature 
of the direct P-wave obtained experimentally in the homogeneous sand model (empty circles) and in the sand-sandstone layered model (filled circles). (b) 
Representation of the absolute maxima of the EM interfacial wave generated by the sandstone lay er, w hen recorded experimentally (b lack stars) or when 
computed numerically (empty green circles). The dashed red lines are curve fits based on the theoretical EM amplitude decay predicted by Pride’s theory: for 
offsets smaller than 11 cm, the curve equation is 0.28 e −0.00029 · r · r −0.6 while for offsets larger than 12 cm, the curve equation is −0.39 e −0.00029 · r · r −1.1 . The 
points nearest to the layer, highlighted with cyan diamonds, were not taken into account in the curve fit. 
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result, since the electric field is calculated as a difference of the 
electric potentials at two adjacent traces, a procedure that strongly 
impacts any signal arriving simultaneously at all electrodes with ap- 
proximately the same amplitudes, as already noticed by Devi et al. 
( 2018 ). The electric potential traces of Fig. 9 (a) show that the EM 

response can be followed visually over a distance of about 10 cm 

from the sandstone layer on the far side of the source. On the other 
hand, the EM response can only be followed up to 1–2 cm from 

the interface when looking at the electric field records in Fig. 9 (b). 
Eventuall y, these observ ations highlight the fact that electric poten- 
tial measurements are far superior to recordings when it comes to 
study the interface response, as formally demonstrated by Dietrich 
et al. ( 2018 ). 

Fur ther more, var ying the salinity (molarity) of the fluids satu- 
rating the sand and sandstone in the numerical simulations, within 
the range given in Table 1 , did not lead to significant changes, even 
though it has been shown that the interface response is very sensitive 
to salinity contrasts (Garambois & Dietrich 2002 ). 

6.3 Interpreting the interface response 

Seeking to understand both the physical phenomena involved in the 
generation of EM-waves at the sand-sandstone interface, and the 
physical factors controlling their amplitude decay as a function of 
distance from the interface, we ran additional numerical tests, with 
the same layered medium as in the previous simulation, but using, 
for simplicity, a single seismic point source placed at the origin of the 
coordinate system. Point receivers measuring the displacement u num 

and the electric potential V num 

are distributed in the x –z plane, in the 
z range [1 to 23] cm and the x range [ −8 to 8] cm. In this particular 
simulation, all P-to-EM conversions were amplified 1000 times 
(i.e. the respective reflection and transmission coefficients were 
artificially increased) in order to favour the interface response over 
the coseismic signals, so that they become the most prominent 
events in the electrograms. 

At the dominant frequency of the seismic source, the wavelength 
of the EM interface response is about three orders of magnitude 
larger than the dimensions of the sandbox model considered. There- 
fore, the PZT source and the electrodes may be considered as point 
source and point receivers with no loss of generality. This remark 
is important for the validity of the following simulations. 

In Fig. 10 , we display four snapshots of these simulations. The 
four columns displayed for each selected time show, from left to 
right: the displacement u z −num 

, the vertical electric field E z −num 

, the 
electric potential V num 

, and the electric potential e v aluated along the 
yellow x = 0 line in the middle of the model. We will focus on what 
happens inside the sandstone layer and at its boundaries with the 
sand, which are represented with the two horizontal green lines at 
z -offsets 11.88 and 12.62 cm. 

The four time values associated with the snapshots in Fig. 10 
were carefully chosen to image the passage of the P wave front 
through the sandstone slab. The first one (67.97 μs) corresponds to 
the arri v al of the first trough of the P w avelet at the sand-sandstone 
interface, at offset 11.88 cm. The second one (70.01 μs) is when the 
main peak reaches that interface. Likewise, the third (71.42 μs) and 
fourth (73.4 μs) times are respecti vel y associated with the arri v als 
of the main trough and peak of the P wavelet at the sandstone-sand 
boundary, at offset 12.62 cm. 

Regarding u z −num 

in the first column of Fig. 10 , we observe 
that the perfectly spherical P wave front originating from the point 
source undergoes only minor changes when crossing the sand- 
sandstone interface, since the P-wav e v elocities in the saturated 
sand and sandstone are relati vel y close (1780 m s −1 , 2200 m s −1 ). 
As in the previous simulations, the source time function mimics 
the waveform of the PZT source depicted in Fig. 2 , with its rather 
long duration and secondary wiggles. The full complexity of the 
source’s signature can be observed in the u z −num 

and E z −num 

snap- 
shots of Fig. 10 . 

A remarkable feature seen in Fig. 10 , at time 67.97 μs, is that 
an electric charge separation occurs across the interface as soon as 
the P wave reaches the sandstone (Pride & Haartsen 1996 ). This 
leads to a discontinuity in the z -profile of the electric potential. 
This charge imbalance can be readily noticed in the second , third , 
and fourth columns of Fig. 10 , and manifests itself as a dipole-like 
source. Moreov er, the e xistence of a positive lobe and a ne gativ e 
lobe in V num 

, as well as two ne gativ e lobes in E z −num 

, indicates that 
the charge separation takes place preferentially along the z -axis. In 
the second snapshot (70.01 μs), the second lobe and main peak 
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Figure 9. Comparisons of electrograms obtained experimentally (black) and numerically (orange) for the sandstone layer model. (a) Electric potential section. 
(b) z -component of the electric field. As for the homogeneous sand model, the time-series obtained by numerical simulations were scaled by a factor of 0.44 to 
obtain a good match with the experimental traces. The 4 panels displayed in (a) and (b) are close-up views of the interface response at the offsets specified in 
each panel. 
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f the P wave touches the sand-sandstone interface, with opposite
ign and larger amplitude, and generates a new dipole-like charge
eparation, sign-reversed with respect to the previous one. These
wo successi vel y generated dipoles are respecti vel y responsible for
he first and second lobes of the EM wave, as seen in the V num 

time-
eries of Fig. 11 , calculated with virtual point-receivers at positions
i ven b y the magenta triangles in Fig. 10 . The other two time snap-
hots of Fig. 10 correspond to the times when the two main lobes
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Figure 10. Snapshots of the seismic particle displacement u z −num 

, electric field E z −num 

, and electric potential V num 

(from left to right) computed for a seismic 
point source at four successive propagation times. The curves on the rightmost column are profiles of the electric potential calculated along the dotted yellow 

line in the V num 

panels. The location of the sandstone layer is given the green lines. The white lines in the E z −num 

and V num 

panels are iso-value curves. The 
two magenta triangles in the V num 

snapshots indicate the position of virtual receivers whose records are shown in Fig. 11 . 
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Figure 11. Electric potential time-series V num 

at source–receiver offsets 10.5 and 14 cm indicated by the magenta triangles in Fig. 10 . (a) Trace computed on 
the side near the source. (b) Trace computed on the side far from the source. The symbols superimposed on the two curves mark the four times selected for the 
snapshots in Fig. 10 . 

Figure 12. Snapshots of the seismic particle displacement u z −num 

, electric field E z −num 

and electric potential V num 

(from left to right) at time t = 67 . 97 μs. 
The simulation results presented account for the actual size of the PZT seismic source exciting the layered sand-sandstone model. The location of the sandstone 
layer is indicated by the green lines. The white lines in the E z −num 

and V num 

panels are iso-value curves. 
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f the direct P wave hit the sandstone-sand (second) interface, also
reating a charge separation at that discontinuity, and consequently,
M w aves. These w aves interact with the former EM-signals gen-
rated almost simultaneously at the first interface, because of the
elati vel y long time duration of the source w avelet. These EM w ave
nterferences dictate the shape of the electric potential signals dis-
lay ed in F ig. 11 w hich end with the excitation of the mechanical
 aves, once the w av es hav e completely crossed the sandstone layer.
ventually, because the thickness of the layer (0.74 cm) is compa-

able or smaller to the wavelengths ( λ � 0 . 6 to 1 . 2 cm), in both the
xperimental and numerical cases, it is difficult to distinguish the
ndi vidual EM w aves associated with each interface in the traces
hown in Fig. 11 . The first two lobes can be assigned to the first
oundary, but the late arri v als are interfering EM waves generated
t both interfaces. 

In order to understand the effect of an extended seismic source (as
pposed to a point source) on the global pattern of the EM interface
esponse, we repeated the previous simulations (Fig. 10 ) by using
ve seismic point sources, equally spaced along the y -axis along

he PZT diameter l PZT , for a better analogy with the experiments.
ig. 12 shows a single snapshot of this simulation at 67.97 μs, that
an be compared to the first row in Fig. 10 . We observe that the
xtended seismic source generates a P wave front characterized by
lightly lower frequencies than those of the point source because of
he implied summation of contributions. We also observe a spatially
ider dipolar pattern in V num 

due to the enlarged first Fresnel Zone
adius (Thompson 1936 ). 

 C O N C LU S I O N  

n experimental setup was proposed as a laboratory analogy to
E field experiments, allowing in particular to measure both the
oseismic and the interface responses simultaneously. The experi-
ental measurements were confronted with numerical simulations

ased on the electrokinetic theory of Pride ( 1994 ) by using the ma-
erial properties, the data acquisition geometry, and the source time
unction of the experimental setup. The comparisons showed that
he measured and simulated time-series have very consistent am-
litudes, onl y dif fering b y a factor of about 0.44 when comparing
he electric time-series, while in terms of wav eforms the y agree
atisfactorily. The same conclusions can be drawn when a thin layer
s present, with an almost perfect match between waveforms. In the
uture, to further improve the results of the simulations, and con-
equently our understanding of Pride’s theory, the electrokinetic
oupling coefficient should be estimated for the whole range of
requencies w e ha ve considered here, using a methodology simi-
ar to Zhu & Nafi Toks öz ( 2013 ). Additionally, because the thin
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sandstone layer contains a small percentage of clay, adapting the 
current numerical code to account for the surface conductivity of 
clay minerals or working with an electrokinetic theory adapted to 
the sandstone we use, may be a way to obtain numerical simulations 
that are more compatible with the experimental data, in terms of the 
physical phenomena happening in the interface between solid and 
liquid phases. 

Both the experimental and the numerical data confirm that mea- 
suring electric potentials is more suited than recording electric fields 
(i.e. using dipolar arrays) for the detection and interpretation of EM 

waves generated at interfaces, as suggested by the analytical devel- 
opments and numerical simulations of Dietrich et al. ( 2018 ) and 
Devi et al. ( 2018 ). As an alternative to the multi-electrode config- 
uration proposed in Dietrich et al. ( 2018 ), the transposition to field 
surv e ys of our sandbox electrode assembly would need very long 
shielded cables to position the reference electrode very far from the 
measuring electrodes. Failing that, the EM noise picked up by the 
electrodes would probably not completely cancel out. Another op- 
tion would be to properly shield the reference electrode to prevent 
the interfacial EM wave from reaching it. 

Finally, we noticed that in our electric potential records, the am- 
plitude of the interface response has decreased by almost 90 per cent 
at a distance of 10 P wavelengths from the interface. Therefore, in 
a hypothetical scaled up field surv e y, involving similar sand and 
sandstone formations with both source and receivers located at the 
surface, and using a f peak = 50 Hz seismic source ( λ � 36 m) the 
EM wave generated at a depth of 360 m would appear as a very 
w eak signal. How ever, since contrasts in fluid conductivity have a 
significant impact on the amplitudes of the EM interface response 
(Garambois & Dietrich 2002 ), and were not tested in our experi- 
ments, we expect that in a real situation, at least the first tens of 
metres could be reasonably investigated by the SE method. This 
must be confirmed with future field surv e ys that use the electric 
potential rather than the electric field to properly capture the EM 

interface responses generated at depth. 
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A P P E N D I X  A :  C O E F F I C I E N T S  

C O N T RO L L I N G  T H E  C O U P L I N G  

B E T W E E N  M E C H A N I C A L  A N D  

E L E C T RO M A G N E T I C  D I S T U R B A N C E S  

In Pride’s theory (Pride 1994 ), all frequency-dependant coupling 
between Biot’s and Maxwell’s equations is controlled by the 
frequency-dependant coupling coefficient L ( ω): 

L ( ω) = L 0 

[ 
1 − i 

ω 

ω t 

m 

4 

(
1 − 2 

˜ d 

� 

)2 (
1 − i 3 / 2 ˜ d 

√ 

ωρf 

η

)2 
] −1 / 2 

, (A1) 

with ˜ d taken here as the Debye length, according to eqs (29) and 
(210) of Pride ( 1994 ), which is a measure of the diffuse double 
layer thickness. � is usually defined as the pore radius, and ω t is 
the transitional angular frequency and refers to the transition from 

viscous (low-frequency) to inertial (high-frequency) flow: 

ω t = 

φ

α∞ 

k 0 

η

ρf 
. (A2) 

At last, L 0 is the low-frequency coupling coefficient defined as: 

L 0 = − φ

α∞ 

ε0 κf ζ

η

(
1 − 2 

˜ d 

� 

)
⇔ − φ

α∞ 

C ek σf 

(
1 − 2 

˜ d 

� 

)
, (A3) 

where C ek refers to the electrokinetic coupling obtained from 

streaming potential measurements. 
In order to be consistent with the medium used in the experiments 

(Section 3.1.1 ) the following relation for C ek , that considers surface 
conductivity ( σ n ), will be used in eq. ( A3 ) (Guichet et al. 2003 , 
2006 ): 

C ek = 

ε0 κf ζ

ησf 

1 

1 + m c ( 
α∞ 

φ
− 1) σn 

σf 

. (A4) 

Parameter m c is the cementation exponent (see Archie 1942 ) which 
here is defined as m c = ( log ( φ) − lo g ( α∞ 

))/ lo g ( φ), using the defi-
nition of formation factor. 

To illustrate how L ( ω) behaves for both sand and sandstone, 
Fig. A1 displays the variation of | L ( ω) | as a function of frequency. 
To calculate both curves, we have used the values in Table 1 . 

A P P E N D I X  B :  D E R I V I N G  E  z  

In what follows, we present the details on how to obtain E z , the 
z -component of the electric field. The deri v ations presented below 

are necessary because the original computer code of Garambois & 

Dietrich ( 2002 ) was restricted to the computation of u x , u y , u z , E x ,
E y , and H y . We star t with the gover ning equations of Pride ( 1994 ),
classified according to the physical phenomena they represent. 

Mechanical equations (Biot) read: 

∇ · τ = −ω 

2 ( ρu + ρf w ) + F , (B1a) 

τ = ( K G 

∇ · u + C∇ · w ) I 

+ G f r ( ∇ u + ∇ u 

T − 2 

3 
∇ · u I ) , 

(B1b) 

− P = C∇ · u + M∇ · w ; (B1c) 

Maxwell’s equations write: 

∇ × E = iω B − M , (B1d) 

∇ × H = −iω D + J + C , (B1e) 

D = εE , (B1f) 

B = μH ; (B1g) 

Transport equations are: 

J = σ ( ω ) E + L ( ω )( −∇ P + ω 

2 ρf u + f ) , (B1h) 
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(b)(a)

Figure A1. Variation of the coupling coefficient L ( ω) as a function of frequency computed for sand and sandstone, the dashed blue vertical line indicates the 
transitional frequency in Hertz. 
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− iω w = L ( ω ) E + 

k( ω) 
η

( −∇ P + ω 

2 ρf u + f ) . (B1i) 

In the equations above, τ is the stress tensor (acting on both fluid
nd solid phases), u the solid particle displacement, w the relative
uid-to-solid displacement ( w = φ( u fluid − u )), I the identity matrix,
 the electric field, J the current density, D the dielectric displace-
ent field, B the magnetic-flux density, H the magnetic field, P

he pressure, and M , C , f and F are source terms corresponding,
especti vel y, to: magnetic-current, current-density, body force den-
ity acting on fluid and body force density acting on both phases.
( ω ), k ( ω ) and L ( ω ) are the frequency-dependent coefficients of

he transport equations derived in Pride ( 1994 ) and correspond,
especti vel y, to: the total conductivity of the porous medium, the
ynamic permeability, and the coupling coefficient which controls
ll seismic-to-electromagnetic (and vice versa) energy conversion. ε
s the electric permittivity of the porous medium, as defined in Pride
 1994 ), and μ the magnetic permeability, which for all purposes is
onsidered equal to that of the vacuum μ0 . 

To deduce E z from the governing equations above, the relations
roposed in Hudson ( 1969 ) are employed to simplify the cylindrical
epresentation ( ρ, θ , z ) of the wavefields’ horizontal components.
or the present case, the relations used are the following: 

 V = ρ−1 ( ∂ ρ( ρE ρ) + ∂ θ E θ ) , (B2a) 

 H = ρ−1 ( ∂ ρ( ρH θ ) − ∂ θ H ρ) , (B2b) 

 H = ρ−1 ( ∂ ρ( ρM θ ) − ∂ θ M ρ) , (B2c) 

 

2 ϕ = ρ−1 ( ∂ ( ρϕ ) + ∂ ϕ ); (B2d) 
1 ρ ρ θ θ

C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License ( h
permits unrestricted reuse, distribution, and reproduction in any medium, provided
here ϕ can represent for any vector field. 
The first step to find E z consists in isolating the z -components of

he cylindrical representation of eq. ( B1e ): 

 ρ−1 ∂ θ H z − ∂ z H θ ) ρ + ( ∂ z H ρ − ∂ ρH ρ) θ + ρ−1 ( ∂ ρρH θ − ∂ ρH ρ) 

z = −iωεE + J + C 

∴ ρ−1 ( ∂ ρρH θ − ∂ θ H ρ) = −iωεE z + J z + C z

(B3
ur ther more, the algebraic manipulation of the transport eqs ( B1h
nd B1i ) leads to: 

 z = E z ( σ − L 

2 η

k( ω) 
) − iω w z 

η

k( ω ) 
L , (B4) 

hich can be sustituted in eqs ( B3) together with ( B2b) to find E z : 

H H = −iωεE z ( ε + i 
σ

ω 

− i L 

2 η

ω k( ω ) 
) − iω L 

η

k( ω ) 
w z + C z 

= −iω ̃ εE z − ω 

2 ˜ ρL w z + C z . 

(B5) 

ow, to be consistent with what is computed in the code, a discrete
ourier–Hankel (HF) transform is applied (see Haartsen & Pride
997 ; Kennett 2009 ), and the definition ˆ H 2 = 

ˆ H H / i k , where k rep-
esents the horizontal wavenumber, is used to ensure all wavefields
ave the same dimensionality. At last, eq. ( B5) becomes: 

ˆ 
 z = − k 

ω ̃ ε
ˆ H 2 + 

iω ̃  ρL 

˜ ε
ˆ w z − i 

ω ̃ ε
ˆ C z . (B6) 

inally, because in this work only seismoelectric phenomena are
onsidered, both C and M can be disregarded. 
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