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1 and F. I. Zyserman 

1 

1 CONICET, Facultad de Ciencias Astron ́omicas y Geof ́ısicas, Universidad Nacional de La Plata, La Plata, 1900 , Argentina. 
E-mail: fbucher@fcaglp.unlp.edu.ar 
2 CONICET, Instituto de Investigaciones Geol ́ogicas y Paleobiol ́ogicas, Universidad Nacional de R ́ıo Negro, R ́ıo Negro, R 8332 , Argentina 

Accepted 2023 October 19. Received 2023 July 31; in original form 2023 March 17 

S U M M A R Y 

In this paper, we address the study of the seismoelectric response of an elastic medium in 

contact with a poroelastic half-space. In particular, we advance in the understanding of the 
generation mechanism of the interface response (IR) and the e v anescent electromagnetic 
(EM) fields occurring at the contact between both media, by proposing a seismoelectric 
phenomenological model (SPM). Essentially, the model consists of a sequence of electric 
dipoles that are acti v ated successi vel y, simulating the seismic-to-EM energy conversion taking 

place with the arri v al of a seismic wave at the interface separating the media. We obtained 

SPM responses for different scenarios and acquisition configurations and compared them 

with responses computed using a code based on the finite-elements method, which solves the 
seismoelectric equations in the compressional P and vertical shear SV waves coupled with the 
transverse-magnetic (TM) fields (PSVTM) mode. The SPM successfully represents not only 

the e v anescent w ave but also the IR within the elastic medium. In particular, we show that the 
SPM is able to faithfully reproduce the relative amplitudes of both events and their radiation 

patterns with a minimum computational cost. In this way, it provides a novel insight in the 
study of the physical phenomenon behind the seismoelectric conversions. 
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1  I N T RO D U C T I O N  

Due to the existence of the so-called electric double layer (EDL) in 
the grain boundaries of fluid-saturated porous media, an electroki- 
netic phenomenon takes place when a relative motion between the 
solid matrix and the pore fluid occurs. A seismic wave propagating 
through this type of media induces a streaming electric current, 
which acts as a source of electromagnetic (EM) fields. One of these 
is the coseismic field, which is spatially supported by the seismic 
wave and, in turn, travels at a seismic velocity. This field, together 
with the interface response (IR) generated when the seismic wave 
arrives at an interface between two media with different electrical 
and/or mechanical properties, are both the main and most studied 
seismoelectric conversions (Grobbe et al. 2020 ). They differ in their 
propagation velocity, since the IR propagates with the EM velocity 
of the medium. Another difference lies in the spatial support, since 
the IR propagates through the whole space with a ‘dipole-like’ be- 
haviour (Garambois & Dietrich 2002 ; Warden et al. 2013 ). Given 
that it is triggered by an asymmetry in the charge separation pro- 
duced by a seismic wave (Butler et al. 2018 ; Grobbe et al. 2020 ), 
the IR contains information about the subsurface heterogeneities 
(Thompson & Gist 1993 ; Haines & Pride 2006 ; Warden et al. 2013 ; 
Zyserman et al. 2015 , 2017 ; Munch & Zyserman 2016 ; Gao et al. 
62 
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2017b ; Monachesi et al. 2018a , b ). There are several scenarios of 
geophysical interest involving non-porous solid media and porous 
media partially or fully saturated by an electrolyte. Examples are 
glacial systems, where the upper ice body is modelled as an elas- 
tic medium and the rock substrate as a poroelastic medium. In 
this case, the seismoelectric method provides information about the 
subglacial pore fluid (Kulessa et al. 2006 ; Monachesi et al. 2018a ). 
Other application scenarios include hydrocarbon reservoirs and hy- 
drological reserv oirs, w here the reserv oir rocks can be modelled as 
poroelastic media and the basement and seal rock as elastic media 
(Zhang et al. 2019 ). 

In addition to these two types of conversions, a third type called 
e v anescent w ave has been theoreticall y and experimentall y stud- 
ied (Liu et al. 2008 ; Ren et al. 2016a , b , 2018 ; Dzieran et al. 
2020 ). This EM field is generated at porous/porous, solid/porous, 
and fluid/porous interfaces (Hu & Wang 2000 ; Hu & Liu 2002 ; Ren 
et al. 2016b ; Gao et al. 2017b ; Wang et al. 2020 ). Its amplitude 
decays rapidly with the normal distance from the interface where 
it is originated and consequently can only be detected at short dis- 
tances from it (Ren et al. 2016a ). In fact, it is difficult to visualize 
such signals in porous media where coseismic fields dominate in 
amplitude. On the other hand, within non-porous media, there is no 
electrokinetic coupling between mechanical and EM energies, so 
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o coseismic fields are present. Therefore, e v anescent w aves can
e easily identified in the electric field records and their amplitudes
re the strongest at short distances from the interface. Fur ther more,
en et al. ( 2016b ) showed the sensibility of the e v anescent w aves to
ore fluid viscosity and salinity v ariations. These EM w aves, also
eferred as quasi-coseismic fields, were observed as coherent noise
n field seismoelectric surv e ys (Butler 1996 ; Dupuis et al. 2007 ;
utler et al. 2018 ). Conceptually, they are described as similar to

he fringing field outside the edges of a parallel plate capacitor (But-
er et al. 2018 ). Ho wever , the generation mechanism of evanescent
aves is still a matter of current research. 
There are several works that simulate the seismoelectric response

f different media using numerical methods (Haartsen & Pride
997 ; Haines & Pride 2006 ; Hu et al. 2007 ; Zyserman et al. 2010 ;
ao et al. 2019 ; Zhang et al. 2019 ; Rosas-Carbajal et al. 2020 ).
nderstanding the generation mechanism of the different types of

onversions based on the results of such algorithms, could often
e a difficult task. Moreover, numerical methods frequently have
he disadvantage of being computationally e xpensiv e. Howev er, as
e prove in this paper, the main characteristics of the seismoelec-

ric conversions in an elastic/poroelastic interface can be fairly well
odelled by means of a simple phenomenological approach with a
inimum computational cost. 
Several geophysical studies employ a phenomenological perspec-

ive (Mavko et al. 2009 ; Warden et al. 2013 ). Generally speaking,
 phenomenological approach is a scientific model that represents
he global behaviour of a system without considering each compo-
ent contributions in a formal way (Chisari et al. 2018 ). In other
ords, it is not the result of solving the governing equations of

he considered phenomenon; instead, it is based on a more or less
imple physical model that captures the pre v ailing ef fects of the
tudied phenomenon. Despite its simplicity, it provides a fast way
o faithfully represent a phenomenon that normally requires a major
ffort to be studied from the theory. Widely known examples of
uch models are the ones derived by the linear viscoelastic theory
f rock physics, where the mechanical behaviour of rocks is mod-
lled with different configurations of springs and viscous dampers
Burgers 1935 ; Backus & Mulcahy 1976 ). Other examples can be
ound in Rasolofosaon ( 2009 ), where different effects in rocks as
ispersion, anisotropy, and nonlinearity are represented through a
nified model; and in Yan & Vernik ( 2021 ), who addressed the
tudy of transversely isotropic medium using phenomenological
elations between different stiffness coefficients. In the seismoelec-
ric/electroseismic study field, having a simple model to represent
he physical response of heterogeneous systems provides consider-
ble advantages for both modelling (e.g. Monachesi et al. 2018a ,
 ; Thompson et al. 2023 ) and inversion (e.g. Guan et al. 2013 ;
acchioli-Grande et al. 2020 ). Principally, as it is shown in this
ork, it provides a different perspective to understand the physi-
al phenomenon under study. Also, it gives a way to visualize the
ignals that should be recorded with receivers located at different
ositions and thus, acquisition arrays can be designed in a more
f ficient w ay. This contributes to the study of geophysical scenar-
os such as glacial systems, hydrocarbon reservoirs, and confined
quifers, among others. 

We build the phenomenological approach presented in this pa-
er based in previous works, where the amplitude distribution of
he IR generated at a horizontal interface is represented by that of
n oscillating vertical dipole centered at the interface, and located
ight below the seismic source (Thompson & Gist 1993 ; Pride &
aartsen 1996 ; Garambois & Dietrich 2002 ; Warden et al. 2012 ;
meulders et al. 2014 ; Grobbe et al. 2020 ). Here, we assume that
very point on the interface intersected by the wave front radiates as
 dipole oriented according to the angle of incidence at that point,
uring the time the wave front crosses the interface. The formula-
ion of this approach is mathematically similar to the one used to
odel seismic reflections derived from Kirchhoff theory (Hilter-
an 1975 ). We validate our proposal by comparing the response of

he phenomenological model with that of an already known finite-
lement-based code that computes the seismoelectric response in
ifferent scenarios (Zyserman et al. 2010 , 2012 , 2022 ), as it is
etailed in the following section. 

 T H E  S E I S M O E L E C T R I C  

H E N O M E N O L O G I C A L  M O D E L  

onsider a dielectric medium � (Figs 1 b and d) where we aim to
ompute the EM response of the seismoelectric phenomenological
odel (SPM). Simultaneously, consider a perfectly elastic medium

E overlying a poroelastic one �P (Figs 1 a and c). Due to the
eployment of a seismic source in �E , seismic and seismically
nduced EM responses are triggered in �E ∪ �P . Our objective is to
pproximate the EM signals in �E through the SPM. This model
ssumes that EM fields are generated in � by sources acting at times
nd positions where the seismic wave front intersects the interface
 EP in �E ∪ �P . In particular, we assume that each contributing
M field in � is produced by an electric dipole oriented according

o the angle of incidence of the wave front on the interface � EP 

Fig. 1 ). The time lapse during which each dipole is active is equal
o the time the wave front takes to cross the interface through such
oint. Therefore, every point in the interface will start to radiate
n � at different times coincident with the arri v al times of the
eismic wave front to � EP . As a result, the total modelled EM
esponse (i.e. the SPM response) will be the linear superposition in
pace and time of each dipolar field. Note that, following Pride’s
 1994 ) theory, no seismic-to-EM energy conversion is produced in
he elastic medium due to the absence of fluid, before any wave
ront arrives at the interface. Therefore, no coseismic fields are
onsidered in our approach. As mentioned in the Introduction, the
deas on which this model is based were moti v ated b y dif ferent
orks characterizing the radiation pattern of the IR as an oscillating
ertical electric dipole. In some of these studies, it is shown that
he area that contributes to the IR generation is the first Fresnel
one at the respective interface. Following this description and as
n extension, this phenomenological approach proposes that every
oint (and not only those that constitute the first Fresnel zone) of
he interface excited by the seismic wave, will radiate as dipoles.

e will show that the results obtained with our SPM not only verify
arambois’ descriptions for the IR (Garambois & Dietrich 2002 ),
ut also can explain the nature of the e v anescent w aves. 

To further explain our model, let us now suppose that a seismic
ave front with a given time signature arrives at the interface of the
eterogeneous medium �E ∪ �P at time t 0 and position P 

1 
0 (Fig. 1 a).

t these very moment and position, the first dipole is acti v ated in
he homogeneous medium � with a vertical orientation (Fig 1 b).
ater, at a time t 0 + d t , the seismic wave front impinges in another
ositions P 

j 
0 and P 

k 
0 of the interface (Fig. 1 c), symmetrically lo-

ated with respect to P 

1 
0 . In the same way, another two dipoles are

cti v ated at that moment and positions, with an orientation given by
he incidence angle of the wave front at such positions, and with a
ower amplitude than that of the first dipole due to the geometrical
preading of the wave front (Fig. 1 d). Likewise, contiguous pairs of
ipoles are acti v ated successi vel y in � simulating the EM response
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Figure 1. The EM response of the interface between �E and �P in (a) and (c) is modelled with a set of contiguous vertical electric dipoles in a homogeneous 
medium � in (b) and (d) that are acti v ated successi vel y at the times and positions in which the seismic wave intersects the interface. In (a) and (b), t = t 0 
represents the first arri v al time and consequently it is the activation time of the first dipole in P 1 0 . Later, at t = t 0 + d t (in (c) and (d)) the wave arrives at two 

points P j 0 and P k 0 of the interface, thus at this moment two dipoles symmetrically located with respect to P 1 0 are simultaneously activated. 

 

Figure 2. Representation of the 2-D heterogeneous model, composed by an 
elastic layer �E over a poroelastic half-space �P . A Cartesian coordinate 
system was adopted, with the x -axis located at the interface and the z -axis 
pointing upwards with the origin in the interface. The star represents the 
source and the green box the region were the snapshots are taken. 
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generated by seismic-to-EM conversions at the interface in the het- 
erogeneous medium. The time interval during which each dipole is 
active coincides with the passage of the seismic wave through the 
corresponding point of the interface. 

In order to build the analytical expression for the proposed model 
we consider , follo wing Garambois & Dietrich ( 2002 ), the electric 
field generated by a static electric dipole; note that in the present 
approach we restrict ourselves to a 2-D geometry. So, we compute 
the electric field E d created by two infinitely long wires (transverse 
to the x–z plane) with linear charge density + M 0 and −M 0 (hereafter 
referred to as dipoles): 

E d = 

M 0 

2 πε0 

[
ˆ r 1 
r 1 

− ˆ r 2 
r 2 

]
. (1) 

Here r 1 and r 2 are the vectors pointing from the respective charged 
lines to the point of the plane P = ( x , z ) where E d is computed, and 
ε0 is the vacuum electric permittivity. In addition, for each dipole i 
we must include an acti v ation time τ i and a temporal dependence. 

If we consider a finite distribution of N dipoles centred at positions 
P 

i 
0 = ( x i 0 , z 

i 
0 ) acti v ated at dif ferent times τ i , ∀ i = 1, . . . , N and with

charge density M 

i 
0 , then the total electric field is: 

E ( P , t) = 

N ∑ 

i= 1 
E d ( P , P 

i 
0 , t, τ

i , M 

i 
0 ) . (2) 

In eq. ( 2 ), we consider that the dipoles have the same orientation 
as the incident seismic wave. Fur ther more, for successive times 
corresponding to a seismic wave hitting the interface, assuming 
that the latter can be parametrized as z( x i 0 ) , the acti v ation time 
τ i depends only on the offset x i 0 , that is, τ i = τ ( x i 0 ) . In order to 
include the geometrical spreading effect of the cylindrical seismic 
wa ve front, w e assume that M 

i 
0 deca ys with the distance to the 

source r i according to M 

i 
0 = M 0 / 

√ 

r i (Wang et al. 2000 ). Note 

that r i = 

√ 

[ x s − x i 0 ] 
2 + [ z s − z 0 ( x i 0 )] 

2 , where ( x s , z s ) is the source 

location. Note, then, x i 0 is the only remaining free variable in eq. ( 2 ) 
that is modified for each dipole. If we consider a horizontal infinite 
line of vertical 2-D dipoles along the x –z plane, w e ha ve that the 
total electric field is: 

E ( P , t) = 

∫ +∞ 

−∞ 

E d ( P , t, x 0 )dx 0 . (3) 

Let us assume that F( t) represents the temporal signature of the 
dipoles. For a compressional point source located at zero offset (ac- 
cording to the coordinate system adopted in Fig. 2 ) and a horizontal 
interface, the acti v ation time τ and the offset are related by 

τ = 

√ 

t 2 0 + ( x 0 /v) 2 , (4) 

where t 0 = H / v , H is the vertical distance between the source and 
the interface and v is the seismic compressional velocity of the 
medium �E . Note that through eq. ( 4 ) τ is related with the so-called 
‘wa ve front sw eep velocity’ indicating the rate at which the wave 
front intersects the interface (Hilterman 1975 ). Associated with this 
source, the first dipole is acti v ated at zero offset and time t 0 , and the 
remaining dipoles are acti v ated successi vel y in pairs symmetrically 
with respect to the zero of fset. Consequentl y, the acti v ation time 
increases with the offset. In summary, the analytical expression for 
the SPM is given by: 

E 

tot ( P , t) = 

∫ ∞ 

−∞ 

E d ( P , x 0 ) F( t − τ ( x 0 ))dx 0 . (5) 
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Table 1. Physical properties of the poroelastic half-space. 

Solid grain bulk modulus K s , [GPa] 36 Fluid bulk modulus K f , [GPa] 2.2 
Solid grain shear modulus G s , [GPa] 45 Fluid viscosity η, [Pa ·s] 0.001 
Solid grain density ρs , [kg m 

−1 ] 2600 Fluid density ρf , [kg m 

−1 ] 1000 
Compressional wave velocity V P , 
[m s −1 ] 

1837 Fluid salinity C 0 , [mol L 

−1 ] 0.002 

Shear wave velocity V S , [m s −1 ] 600 Porosity φ 0.25 

Figure 3. Seismic (upper panels) and electric (bottom panels) field snapshots for the elastic/poroelastic system, in both horizontal (left) and vertical (right) 
components and in the subdomain [50 m, 150 m] × [ −50 m, 50 m], calculated with the PSVTM code. The displacement fields show the direct P d , reflected P r , 
and transmitted P r compressional waves, as well as the reflected S r and transmitted S t shear waves. The observable electric field signals are evanescent waves 
on both sides of the interface (EV 1 and EV 2 ) and coseismic compressional CP t and shear CS t fields on the poroelastic side. 
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s a remarkable feature, the SPM can be constructed taking into
ccount just the compressional velocity of the upper elastic layer
nd the vertical distance between the source and the interface. This
eans that it does not depend on the underlying poroelastic physical

roperties (we will expand this in Section 4). In the next section, we
resent and detail the seismoelectric response obtained with the
SVTM (compressional P and vertical shear SV waves coupled
ith the transverse-magnetic) code, and their comparison with the
ne obtained with the SPM. 

 R E S U LT S  

his section is divided into two parts. First, we show and analyse
esults obtained with the PSVTM code, with special emphasis on
he radiation pattern of the electric fields as a function of the distance
o the interface. After that, we validate the results of the proposed
PM computed with eq. ( 5 ) by comparing them with the former.
or this, we consider three geological scenarios: the first one (model
), consists of a perfectly elastic horizontal layer �E overlying a
oroelastic half-space �P ; the second one (model B) comprises
 horizontal porous layer positioned between two elastic layers.
he upper elastic layer has a finite thickness, while the lower layer
xtends into a semi-space. The third model (model C) is similar to
odel A with the difference that the interface between both media

s a curved line. 

.1 Seismoelectric PSVTM response 

he mentioned code solves the decoupled 2-D Pride’s equa-
ions governing the seismoelectric phenomenon through numerical
lgorithms based on a finite-elements procedure (Zyserman et al.
020 ). In this code, solutions to both Biot’s equations and Maxwell’s
quations (with seismically induced sources) are approximated by
eans of mixed finite elements, employing a naturally parallelizable

omain decomposition technique. Note that the numerical approach
or the seismic component of the algorithm can straightforw ardl y
eal with the elastic/poroelastic case, just by considering a neg-
igible porosity for the elastic region; this approach has also been

art/ggad418_f3.eps
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Figure 4. Seismoelectric response calculated with the PSVTM code: x and z electric field components recorded on three receiver lines located at z = 100, 
50 and 5 m of the interface. A clear horizontal event centered at approximately t = 0.06 s is observed for the upper receiver line, associated with the IR. 
A hyperbolic event associated with the evanescent wave with apex at the same time is observed at the lower receiver line. For the middle receiver line, the 
amplitudes of both events are approximately of the same order. 

Figure 5. Representation of model A: physical scenario and acquisition geometry for the (a) PSVTM simulations and (b) for the SPM. The heterogeneous 
medium is composed by an elastic layer �E over a poroelastic half-space �P were the source, represented with the red star, is located at zero offset and z = 

50 m. In the homogeneous medium �, the dipoles are centred in the x -axis. In both scenarios, three receiver lines are located at z = 5, 25 and 75 m (black 
triangles). 
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Figure 6. Results for model A: comparison between the SPM gathers (first and third columns) and the PSVTM gathers (second and fourth columns) for E x 

(left-hand panels) and E z (right-hand panels), for different receivers line distance to the interface: z = 5 m (upper panels), 25 m (middle panels) and 75 m 

(bottom panels). The central frequency of the source is 120 Hz. Ag ain, the g athers show the two signals corresponding to the IR and the e v anescent w ave. With 
decreasing receivers line distance to the interface, both the SPM and the PSVTM gathers show the amplitude of the IR increasing relative to the evanescent 
wave amplitude. 
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mployed by other authors (Corredor et al. 2014 ; Zhang et al. 2019 ).
or the initial simulations, we consider the physical scenario and
cquisition geometry of Fig. 2 . This model consists of a 300 m thick
lastic layer overlying a water-saturated poroelastic half-space. The
 -axis is directed upwards and has its origin at the interface. The
roperties of the poroelastic medium are listed in Table 1 , while the
lastic medium has a density of 2600 kg m 

−3 and a compressional
av e v elocity of 2735 m s −1 . We consider a compressional seismic
oint source within �E , located at z s = 150 m and zero offset, with
 time signature given by a Ricker wavelet: 

( t) = [1 − 2 π 2 f 2 0 ( t − t d ) 
2 ] e −π2 f 2 0 ( t−t d ) 

2 
, (6) 

ith a central frequency f 0 = 120 Hz and a time delay t d = f −1 
0 . 

Snapshots of the seismic fields and the induced electric fields
n both vertical and horizontal components are shown in Fig. 3 ,
orresponding to the region [50 m, 150 m] × [ − 50 m, 50 m],
hich contains a portion of the interface. All snapshots are taken

t the same time. On the seismic panels, within �E , the direct P
 ave arri ving at the interface, the reflected P wave and the reflected

onv erted S wav e can be observ ed; while within �P , the transmitted
 and S wav es are present. Re garding the electric field snapshots, we
an clearly observe the coseismic signals accompanying the seismic
aves transmitted to the poroelastic medium. The coseismic signal

nduced by the transmitted S wave is appreciable only in the vertical
omponent. We recall that �E has a higher seismic velocity than

P , thus no critically or post-critically refracted waves are present
n the seismic field snapshots, nor coseismic signals accompanying
hese in the electric field snapshots. It can also be noted that, as
xpected, within �E coseismic signals induced by seismic waves are
ot present since no electrokinetic coupling exists in this medium.
nstead, we can observe an electric signal in the elastic medium
ccompan ying the arri v al of the seismic P wave at the interface.
his signal has the characteristic of being strong in the vicinity of

he interface, attenuating rapidly with the distance. For this reason,
nd according to the characterization carried out in previous works
Ren et al. 2016a ; Dzieran et al. 2020 ), we interpret this signal as
he e v anescent w ave. 

A different visualization of the results is depicted in Fig. 4 . The
orizontal and vertical electric field components were recorded by
hree horizontal receiver lines, located within the elastic medium at
 = 5, 50 and 100 m, with offsets ranging between x = −150 and
50 m. In these gathers we observe two clear signals whose relative
mplitudes change depending on the distance to the interface of
he corresponding receiver line. In the records of the top line ( z =
00 m), we observe a clear event that arrives simultaneously at all
he receivers. We interpret this horizontal event as the IR produced
t the interface � EP , since the time at which this signal is centred
oincides with the time at which the seismic wave first arrives at the
nterface. On the other hand, in the records of the bottom receiver
ine located at z = 5 m, we can see a hyperbolic event which we
nterpret as the e v anescent w ave. This signal is synchronous to the
uccessi ve arri v al times of the direct seismic P wave at � EP . Finally,
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Figure 7. Results for model A: comparison between the SPM and the PSVTM for the maximum values of | E x | and | E z | for each individual trace and for offsets 
between −300 and 300 m. The upper panels corresponds to the receiver line located at z = 75 m, the middle panels to z = 25 m and the bottom panels to z = 

5 m. The central frequency of the source is 120 Hz. 
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the receivers corresponding to the middle line ( z = 50 m) show 

both events with approximately the same amplitude. We note that 
the IR signal is centred at a time approximately coincident with 
that of the e v anescent w av e ape x. This is what we e xpected to see,
since both are generated from the moment the seismic wave arrives 
at � EP . We conclude this analysis mentioning that the behaviour 
of the seismoelectric response obtained with the PSVTM code is 
consistent with that already published by Ren et al. ( 2016a , 2018 ). 

3.2 Comparison between SPM and PSVTM code 
responses 

In order to e v aluate the capabilities of the SPM, we perform several 
comparisons between its response and the one obtained with the 2- 
D PSVTM code. We compute the SPM response in a homogeneous 
medium � (Fig. 5 b) from eq. ( 5 ). The integral was numerically 
approximated by means of a quadrature rule using a spatial sampling 

 x 0 equal to 1 m. Our tests indicate that smaller samplings does not 
produce appreciable changes to the global response. For the source 
time signature, we choose the deri v ati ve of a Ricker wavelet: 

F( t − τ ) = −2 π 2 f 2 0 ( t − τ )[3 − 2 π 2 f 2 0 ( t − τ ) 2 ] e −π2 f 2 0 ( t−τ ) 2 , (7) 

where τ has the dependence on the offset given by eq. ( 4 ) and f 0 is 
set to 120 Hz. Meanwhile, for the PSVTM simulations, we maintain 
the physical scenario �E ∪ �P presented in Fig. 2 (defined as model 
A) and the source time signature, only changing the source distance 
to the interface to z = 50 m (Fig. 5 a). 

We record the electric fields in three receiver lines, located at z = 

5, 25 and 75 m with offsets ranging between x = −300 and 300 m 

(see Fig. 5 ). Note that for the scenario of the SPM, the value of 

art/ggad418_f7.eps


Seismoelectric model for solid/porous media 69 

Figure 8. Results for model A: comparison between the SPM gathers (first and third columns) and the PSVTM gathers (second and fourth columns) for E x 

(left-hand panels) and E z (right-hand panels), for different source central frequencies: f = 60 Hz (top panels), f = 90 Hz (middle panels) and f = 120 Hz 
(bottom panels). The receivers line is located at z = 50 m. All the gathers show an horizontal signal centred at 0.06 s approximately and zero offset (IR), and a 
second hyperbolic arri v al with an apex centred in the same position (e v anescent w av e). With increasing frequenc y and offset, both SPM and PSVTM gathers 
show the e v anescent w ave amplitude decrease. 
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he z coordinate represents the normal distance between the dipoles
nd the receiver line. On the other hand, we also notice that for
isualization purposes the results are normalized so that in each
ather the maximum amplitude of both approaches coincide. In
ig. 6 , we observe that the captured radiation patterns for the three
eceiver lines display the same characteristics for both responses.
s detailed pre viousl y for the PSVTM case, the SPM response also

onsists of a horizontal event far from z = 0, a hyperbolic event near z
 0 and the co-existence of the two at an intermediate height. This is

o say that near the dipoles the superposition of the dipolar EM fields
esults in a radiation pattern displaying a hyperbolic geometry, so
t is naturally identifiable as the evanescent wav e. Conv ersely, away
rom the dipoles the superposition yields a horizontal pattern which
an naturally be identified as the IR. In summary, all the mentioned
haracteristics of the seismoelectric response obtained with the SPM
re coincident with the ones computed with the PSVTM code. This
omparison shows an excellent agreement between the radiation
atterns of both approaches. 

In Fig. 7, we show the maximum absolute values of the elec-
ric field components (max { | E x | } and max { | E z | } ), for the three
eceiver lines set in model A. In this figure, the amplitude curves
or both vertical and horizontal electric field components yielded
y both approaches are compared for each receiver line. As ex-
ected, for the panels corresponding to the receiver line located at
 = 75 m (upper panel), the amplitude curves present a dipolar be-
aviour, consistent with the IR characteristics. On the other hand, the
mplitudes corresponding to the receiver lines located at z = 25 and
 m (middle and bottom panels of Fig. 7 ) exhibit more complex
atterns. Again, the similarities between the SPM and PSVTM
urves are remarkab le. F rom the top panels, we observe the SPM
esults slightly stretched in the offset direction with respect to the
SVTM ones. In the middle panels, this stretching is negligible
nd the main differences are in the amplitudes of the computa-
ions, especially at ±40 m offset for the vertical component. Fi-
ally, from the bottom panels, we observe again a small stretching
ut inverted with respect to the top panels: the PSVTM is elon-
ated in the offset direction. We deem that the differences between
oth results are due to the fact that the SPM does not take into
ccount the properties of the poroelastic medium, nor the inductive
ffects. 

Fig. 8 shows comparisons between electric field records where
ifferent central source frequencies for the time signatures for the
ipolar fields in the SPM and for the seismic wave front in the
SVTM code are considered. We set f 0 = 60, 90 and 120 Hz which
re within the range of shallow seismoelectric surv e ys (10 Hz–
 kHz, Haines & Pride 2006 ; Bordes et al. 2015 ; Gao et al. 2017a ;
uan et al. 2017 ). The receiver lines are located at z = 50 m in �

nd �E , respecti vel y. On the one hand, in the PSVTM code results
e note that the e v anescent w ave becomes stronger than the IR as

 0 decreases. This amplitude increase is consistent with the descrip-
ions provided by Ren et al. ( 2018 ). On the other hand, the SPM
uccessfully captures this behaviour; for a given central frequency
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Figure 9. Results for model A: comparison between individual traces for E x (left-hand column) and E z (right-hand column) of the PSVTM (solid curves) and 
the SPM (dotted curves) at a source central frequency of 60 Hz (top panels), 90 Hz (middle panels) and 120 Hz (bottom panels). The receiver distance to the 
interface is 50 m and the offset is 150 m in all cases. 
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of the source, the IR is produced onl y b y the dipoles located near 
the zero-offset (Garambois & Dietrich 2002 ) and thus, the individ- 
ual dipolar fields interfere in a constructive way . Conversely , the 
e v anescent w aves are created b y the dipoles located at higher off- 
sets, so the differences in the activation times between successive 
dipoles increases due to the geometry of the wave front, which re- 
sults in a less constructive interference of these dipolar fields. This 
explains the higher amplitudes exhibited by the IR with respect to 
the e v anescent w aves and why this amplitude dif ference increases 
for higher central frequencies of the source. 

Fig. 9 shows comparisons between individual traces of the two 
components of the electric field extracted from the gathers for both 
approaches presented in Fig. 8 . They correspond to the receivers 
located at x = 150 m in �E and �. To study the amplitude ratio 
between the e v anescent w ave and the IR signal, it is necessary to 
consider far offsets such as the former arrives at later times than 
the latter so that they can be observed separately in a single tem- 
poral electric field record. Also, we must consider an intermediate 
height of the receiver line, in order to capture both conversions 
with detectable amplitude. As can be observed for the frequencies 
considered, the SPM response represents fairly well the amplitude 
ratio between the IR (first arri v al in the traces) and the e v anescent 
w ave (second arri v al) obtained with the PSVTM code. The traces 
corresponding to the lower frequency (60 Hz) show the e v anescent 
wave as the strongest event; for the traces corresponding to 90 Hz, 
both events presents a similar amplitude, and for 120 Hz, the IR 

exhibit a higher amplitude than the e v anescent w ave. Again, this 
verifies the hypothesis that for lower source central frequencies, 
the e v anescent w ave has a higher relati ve amplitude due to higher 
constructive interference. 

In order to test the flexibility of the SPM, we perform a sensibility 
anal ysis b y modifying in the PSVTM code the porosity and fluid 
salinity (which in turn modifies the medium conductivity) of the 
poroelastic half-space, considering a source central frequency of 
120 Hz. Figs 10 and 11 show the same type of comparison as Fig. 9 
(i.e. overlapped individual records of receivers located at x = 150 m 

and z = 50 m). As mentioned before, no modifications need to be 
applied to the SPM, since it is not dependent on the poroelastic 
properties. Again, it can be observed that the SPM approximately 
preserv es the relativ e amplitudes between the IR and the e v anescent 
signals. In other words, this result seems to indicate that there is only 
one physical process taking place at the interface and originating 
both signals. Obviously, the absolute amplitudes are dependent on 
these properties, since, for example, a null porosity results in a 
non-e xistent seismoelectric response. Howev er, as can be seen from 

these results, the radiation pattern remains approximately the same 
for different values of the parameters. 

The analysis performed in this section involving the results of 
Figs 7–11 displays the ability of the SPM to capture the complete 
seismoelectric response, which has the same characteristics as those 
outlined in previous works by employing numerical simulations 
(Ren et al. 2016a , b , 2018 ; Dzieran et al. 2019 ). 

We now consider model B, where we set the thickness of the 
poroelastic layer equal to 30 m and the seismic source at z = 50 m, 
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Figure 10. Results for model A: comparison between individual traces for E x (left-hand column) and E z (right-hand column) of the PSVTM (solid curves) 
and the SPM (dotted curves) for porosities of 0.2 (top panels), 0.25 (middle panels) and 0.3 (bottom panels). The receiver distance to the interface is 50 m and 
the offset is 150 m in all cases. The central frequency considered is 120 Hz. 
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ee Fig. 12 . When applying the SPM for this geometry, we con-
ider two different dipole lines located at the top and bottom of
he poroelastic layer, respecti vel y. The first dipole in the topmost
ine is acti v ated when the direct P wave hits the topmost interface,
nd like in the previous model, the adjacent dipoles are activated
equentially. The first dipole in the bottom line is activated at the
oment in which the transmitted P wave hits the top boundary of

he elastic semi-space; the adjacent dipoles are likewise sequentially
cti v ated. Note that here both the elastic and poroelastic seismic ve-
ocities must be considered for the acti v ation times of the first and
econd dipole lines, respecti vel y. Finall y, the first line of dipoles is
gain acti v ated when the upw ard travelling reflected seismic w ave
mpinges in the topmost interface. We are not considering any other
eflections due to the time length of the considered traces. Fig. 13
hows a comparison between the SPM and the PSVTM responses
or two receivers lines located at z = 75 m (upper panels) and z =
5 m (bottom panels). In the records of the first line, we observe
hree horizontal events centred approximately at t = 0.02, 0.04 and
.06 s which we interpret as the IRs generated at the interfaces,
orresponding to the seismic wave impinging in the top, bottom
nd again top boundaries of the poroelastic layer, respecti vel y. In
he records of the second receivers line (bottom panels), we also ob-
erve the respective e v anescent w aves accompan ying each IR and
s expected, the first one is the strongest. The second e v anescent
a ve is w eaker than the others due to the seismic energy loss in the

econd elastic half-space. Fig. 14 shows individual traces of these
athers corresponding to 30 m offset. Again we observe that the
PM captures fairly well the waveforms and relative amplitudes
f the electric signals, indicating its capability to handle also lay-
red subsurface geometries with a fairly small amount of added
omplexity. 

Finally, we consider model C (Fig. 15 ), which is identical to model
 but with a conv e x curv ed interface. This geometry is present in

ectonic e xtensional re gimes involving detachment faults. In this
ase, the dipole orientation changes for every point on the inter-
ace. In addition, the acti v ation times of each dipole will respond
o the arri v al time of the seismic w ave at this interface, which is
i ven b y: 

= 

√ 

( z s − z) 2 + x 2 0 

v 
, (8) 

here z is the interface vertical coordinate, which was fixed to
 = −35 m at zero offset and z s is set to 70 m. Results of the
omputations of the PSVTM code and the SPM for this scenario
an be seen in Fig. 16 . This figure shows records from two receiver
ines located at z = 25 m (upper panels) and z = 5 m (lower panels),
ith offsets ranging between −150 and 150 m for both components.

n both lines, the IR can be observed as a horizontal event centred
pproximately at t = 0.045 s and the evanescent wave, with their
haracteristic hyperbolic behaviour. As we observe, the amplitudes
f the latter are higher for ne gativ e offsets than for positive offsets.
his is what we expected since this region is closer to the interface
ompared to the region of positive offsets. Comparing with the
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Figure 11. Results for model A: comparison between individual traces for E x (left-hand column) and E z (right-hand column) of the PSVTM (solid curves) 
and the SPM (dotted curves), for fluid salinities of 10 −4 mol L 

−1 (top panels), 10 −3 mol L 

−1 (middle panels) and 10 −2 mol L 

−1 (bottom panels). The receiver 
distance to the interface is 50 m and the offset is 150 m in all cases. The central frequency considered is 120 Hz. 

Figure 12. Representation of model B, composed by a 30 m thick poroe- 
lastic horizontal layer �P set between two elastic half-spaces �E . The first 
interface is located at z = 0 ant the second at z = −30 m. The source and 
receiver locations are the same of those considered in model A. 
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results of the PSVTM code, it is interesting to note how the SPM 

represents the amplitude patterns of the electric fields. Fig. 17 shows 
individual traces of the records in Fig. 16 in horizontal and vertical 
components, corresponding to a −30 m offset. Again we highlight 
the fact that the SPM reproduces the amplitude ratio and waveforms 
of the electric signals. In this wa y, w e prove the SPM applicability 
to non-horizontal interfaces. 
4  D I S C U S S I O N  

When formulating the SPM, we introduced several simplifying as- 
sumptions that should be discussed. We start by mentioning that 
the absolute amplitudes of the seismoelectric conv ersions hav e not 
yet been described. Although it would be expected that these am- 
plitudes depend on the contrast in mechanical and EM properties 
between both media, this should be validated through the compu- 
tation of the corresponding reflection and transmission coefficients 
for an incident seismic wave at the interface. This means to analyti- 
cally solve the EM/mechanical equations given by Pride ( 1994 ) in a 
coupled elastic/poroelastic medium, a task that is beyond the scope 
of this paper. These reasons probably explain the main differences 
between the models, and trigger questions that moti v ate forthcom- 
ing studies. In this wa y, w e propose to study the seismoelectric 
conversions and validity of the SPM taking place at interfaces in- 
volved in other physical scenarios. For example, we are interested 
in the acoustic/poroelastic case with non-horizontal and irregular 
interfaces, which has several geophysical applications. 

Regarding the considered 2-D geometry, we argue that an exten- 
sion to 3-D could be straightforw ardl y considered. A compressional 
seismic point source will create a spherical wave front that can be 
treated in the same way as the cylindrical wave front in a 2-D ge- 
ometry. In this case, expressions for the electric field created by two 
point charges of different sign or by the well-known expression for 
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Figure 13. Results for model B: comparison between the SPM gathers (first and third columns) and the PSVTM gathers (second and fourth columns) for E x 

(left-hand panels) and E z (right-hand panels), for different receivers line distance to the interface: z = 5 m (upper panels), 25 m (middle panels) and 75 m 

(bottom panels). The central frequency of the source is 120 Hz. Ag ain, the g athers show the two signals corresponding to the IR and the e v anescent w ave. With 
decreasing receivers line distance to the interface, both the SPM and the PSVTM gathers show the amplitude of the IR increasing relative to the evanescent 
wave amplitude. 

Figure 14. Results for model B: comparison between individual traces for E z of the PSVTM (solid curves) and the SPM (dotted curves) at a source central 
frequency of 120 Hz. The receiver distance to the interface is 25 m (upper panel) and 5 m (bottom panel) and the offset is −90 m in both cases. 
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he point electric dipole could be employed instead of eq. ( 1 ) at each

oint of a spreading circumference: 

 

tot ( P , t) = 

∫ 
S 

E d ( P , r 0 ) F( t, r 0 )dS, (9) 

here E d is the expression for the 3-D electric field generated by
wo point charges q and −q at positions r 1 and r 2 : 

E d = 

q 

4 πε0 

(
ˆ r 1 

r 2 1 

− ˆ r 2 
r 2 2 

)
, (10) 

 is the area representing the intersection between the 3-D wave front
nd the interface. Meanwhile, r 0 contains the dependence between
he location of the dipoles and their respective activation times. We
rgue that the results for the 3-D case will be qualitati vel y equi v alent
o the presented above, which could be validated using codes that
imulate the seismoelectric response of layered 3-D media to point
eismic sources like the ones given in Garambois & Dietrich ( 2002 ),
arden et al. ( 2013 ) and Zheng et al. ( 2021 ). 
Despite of the simplifying assumptions, the proposed phe-

omenological model provides important information about the
eneration mechanism of IR and e v anescent w aves, suggesting
hat both conversions are physically equivalent. This is to say, both
re generated by the same charge-separation mechanism, being the
ain difference that the IR is produced only by the dipoles located

ear the zero-offset (Garambois & Dietrich 2002 ) and the e v anes-
ent w aves b y the dipoles located at higher offsets, resulting in the
bserv ed relativ e amplitudes. Concerning the e v anescent w a ves, w e
ighlight the fact that the linear superposition of EM field generated
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Figure 15. Representation of model C, composed by an elastic layer �E 

over a poroelastic half-space �P . The interface has a conv e x geometry and 
a depth of z =−30 m for zero offset. The source and receiver locations are 
the same of those considered in model B. 
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by the electric dipoles results in a signal with a seismic-like propa- 
gation velocity, as is the case of the coseismic signals in poroelastic 
media. Although at the considered frequencies, the inductive contri- 
bution is rather small, the fact that it is not taken into account in the 
SPM could play a part in the differences observed between its results 
and those of the PSVTM. This is to say, the SPM only takes into 
account the electric fields generated by the charge-accumulation 
mechanism, ignoring the electric fields that may be generated by 
magnetic field temporal variations, which are present in the seis- 
moelectric phenomenon (Haines & Pride 2006 ), and are taken into 
account in the PSVTM code. 

Another interesting matter is the choice of the deri v ati ve of the 
seismic source as the time signature of the dipole fields. Our tests 
indicate that this choice captures the relative amplitudes and wave- 
forms of the seismoelectric conversions more accurately than other 
time signatures such as that of the wave front itself. In the PSVTM 

code simulations of the elastic/poroelastic model, we observed that 
the fluid relative-to-solid displacement field below the interface has 
a time signature similar to the electric field over the interface. We 
assume, therefore, that the charge accumulation giving rise to the 
latter follows the same temporal behaviour and direction as the 
former. Both times signatures are similar to the time deri v ati ve of 
the wavelet source (i.e. the derivative of the Ricker wavelet in our 
tests). This can be seen in F ig. 18 , w here we show both the vertical 
component of the electric field recorded at z = 100 m (over the 
interface between the elastic and poroelastic media) and the verti- 
cal fluid relative to solid displacement at z = −10 m (below the 
interface), and the wavelet source deri v ati ve. Additionall y, although 
for the sake of conciseness we do not show it here, we observe in 
our PSVTM code tests that the solid particle velocity exhibits this 
same temporal signature, which is consistent with Grobbe et al. 
( 2020 ). 

Regarding the dipoles orientation, this direction approximates the 
one of the wave-induced pressure gradient, which in turn induces 
relative fluid motion below the interface. This was qualitatively 
described in Butler et al. ( 2018 ), where it is proposed that the P 

wave crossing the interface at oblique angles induces the charge- 
separation which generates the quasi-coseismic fields. As we ob- 
serve, this is a good appro ximation, w hich av oids the introduction 
of poroelastic medium properties into the SPM. The dipoles reori- 
entation improves the results of the SPM, especially for the case of 
non-horizontal interfaces, as model C. 

We know that when dealing with perfectly elastic media, there is 
no reason to consider the modelling of EM fields due to the non- 
existence of electrokinetic coupling. Ho wever , this may still be valid 
when considering porous media with poor pore interconnection, that 
is, those with inef fecti v e porosity or v er y low per meability. Wave 
propagation in these media can be modelled by replacing them with 
ef fecti ve elastic ones. If we consider such media in contact with 
other ones that do present electrokinetic coupling, the SPM could 
be useful. An example would be a reservoir rock in contact with a 
seal layer with inef fecti ve porosity (Zhang et al. 2019 ). 

Finally, it is worth to stress that although the SPM relies on 
several simplifying assumptions, it is able to successfully explain 
the relative amplitudes of the numerically modelled seismoelec- 
tric responses in various hypothetical scenarios. As it was con- 
ceived, both IR and evanescent wave responses arise as a conse- 
quence of the same physical phenomenon. Their differences are 
merely owed to the geometrical disposition and activation time of 
the dipoles, which govern the way the superposition of their radia- 
tion patterns occurs. Maybe the first step towards an improvement 
of the present model could be to gain a better understanding of 
the seismic-to-EM energy conversion taking place at the interface. 
As mentioned before, this task can be addressed by computing the 
reflection and transmission coefficients, which in turn could pro- 
vide expressions for the absolute amplitude of the radiation pattern 
of the dipoles. Another matter of forthcoming studies is to extend 
the proposed model to 3-D geometries and general irregular in- 
terfaces, which has several geophysical applications. This would 
also provide considerable advantages regarding computational 
costs. 

5  C O N C LU S I O N S  

In this work, we developed a phenomenological model to represent 
the 2-D seismoelectric response of an elastic medium over a sat- 
urated poroelastic medium. This model is constructed by a series 
of electric dipoles that are acti v ated successi vel y, simultaneousl y 
with the arri v al of a seismic wave at the interface that separates 
the media. We tested the performance of the phenomenological 
model by comparing its results with those of a code that solves 
Pride’s PSVTM equations for three models with different geome- 
tries. In these comparisons, we observe the ability of the SPM to 
represent both the IR and the e v anescent w ave generated at the elas- 
tic/poroelastic contact, that is, the complete seismoelectric response 
in the elastic medium. In addition, the amplitude ratio between the 
modelled seismoelectric conversions was also faithfully reproduced 
by the SPM. We highlight the independence of the SPM on the phys- 
ical properties of the lower poroelastic medium. Instead, the SPM 

only depends on the parameters that compose the seismic source 
and the elastic medium. In particular , we sho w that the e v anescent 
wa ve deca ys in amplitude with increasing source central frequency 
(and vice versa), due to the destructive interference phenomenon. 
In summary, the amplitude ratio between the seismoelectric con- 
versions of a medium that does not have electrokinetic coupling (as 
in the elastic case) in contact with another medium that does (as in 
the poroelastic case), mainly depends on the seismic velocity of the 
first medium, the geometry of both the wave front and the interface, 
and the time signature of the mechanical source. Additionally, the 
SPM demonstrates that the superposition of EM fields propagating 
at EM velocities can result in signals with much lower velocities, 
such as seismic signals. 

From the analysis of these comparisons, we can conclude that the 
SPM is a significant tool for understanding the generation mech- 
anism of seismoelectric conversions. On the other hand, it also 
provides a fast way to compute this response, allowing to study its 
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Figure 16. Results for model C: comparison between the SPM gathers (first and third columns) and the PSVTM gathers (second and fourth columns) for E x 

(left-hand panels) and E z (right-hand panels), for different receivers line distance to the interface: z = 25 m (upper panels) and 5 m (bottom panels). The central 
frequency of the source is 120 Hz. Ag ain, the g athers show the two signals corresponding to the IR and the e v anescent w ave, both being stronger for ne gativ e 
offsets than for positive offsets. With decreasing receivers line distance to the interface, both the SPM and the PSVTM gathers show the amplitude of the IR 

increasing relative to the evanescent wave amplitude. 

Figure 17. Results for model C: comparison between individual traces for E z of the PSVTM (solid curves) and the SPM (dotted curves) at a source central 
frequency of 120 Hz. The receiver distance to the interface is 25 m (upper panel) and 5 m (bottom panel) and the offset is −90 m in both cases. 

Figure 18. Left: individual traces of the vertical fluid relative to solid displacement (red curve) recorded in the poroelastic medium at 10 m of the interface, 
and the vertical electric field (blue curve) recorded in the elastic medium at z = 100 m. We observe that both time signatures are similar. Right: wavelet source 
deri v ati ve. 
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behaviour with the different properties of the physical scenario un- 
der study . Finally , this characteristic is also very useful when design- 
ing efficient acquisition geometries for the study of the subsurface. 
In summary, we prove in this paper that the main characteristics 
of the seismoelectric conversions at an elastic/poroelastic interface 
can be fairly well modelled by means of a simple phenomenological 
approach with a minimum computational cost. 
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