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Seismoelectric waves in a borehole excited by
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The conversion of energy between seismic and electromagnetic wave fields has been described by Pride’s coupled
equations in porous media. In this paper, the seismoelectric field excited by the explosive point source located at the
outside of the borehole is studied. The scattering fields inside and outside a borehole are analyzed and deduced under the
boundary conditions at the interface between fluid and porous media. The influences of the distance of the point source,
multipole components of the eccentric explosive source, and the receiving position along the axis of vertical borehole, on
the converted waves inside the borehole are all investigated. When the distance from the acoustic source to the axis of a
borehole is far enough, the longitudinal and coseismic longitudinal wave packets dominate the acoustic and electric field,
respectively. The three components of both electric field and magnetic field can be detected, and the radial electric field is
mainly excited and converted by the dipole component. Owing to the existence of borehole, the electric fields and magnetic
fields in the borehole are azimuthal. The distance from the point where the maximum amplitude of the axial components of
electric field is recorded, to the origin of coordinate indicates the horizontal distance from the explosive source to the axis
of vertical borehole.
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1. Introduction

Grain surfaces in contact with an electrolyte adsorb a
chemically bound surface charge that is balanced by mobile
counter ions in a thin fluid layer surrounding the grains. The
ensemble of bound and mobile charge layers is referred to as
the electric double layer.[1] Thus, a seismic wave that travels
through a porous medium induces the pore fluid motion. The
fluid motion with respect to the charge bound to the grain sur-
face transports the mobile counter ions in the double layer and
generates an electric wave current on the scale of the wave-
length. In brief, the seismoelectric effect is the coupling be-
tween the elastic wave fields and the electromagnetic fields in
the range of seismic frequencies.

For a fluid-saturated porous medium, we can distinguish
two kinds of seismoelectric effects. (1) Inside a homo-
geneous porous medium, a coseismic electric field is cou-
pled to a seismic wave and therefore propagates with seis-
mic wave velocity.[2] The coseismic magnetic fields associ-
ated with a Stoneley wave[3] and a shear wave have been
measured.[4,5] (2) At an interface between two distinct porous
media, a seismic wave induces a radiating electromagnetic
(EM) wave that can be received synchronously at multi-
locations.[2,6] These effects have been verified experimentally

in the laboratory[7–10] and in the field.[11–17]

Seismoelectric imaging can combine the high-spatial-
resolution seismic data with the sensitivities of electrical
method to fluid content, connectivity, and composition. Seis-
moelectric investigations have been made to image the sub-
surface, and also to locate potential oil and gas reservoirs.[18]

Especially the method of acoustoelectric well logging in
porous media has been proposed to detect deep target for-
mation. There have been many numerical simulations[19–23]

and experiments[3,7,8,24–27] on the seismoelectric effect that
the acoustic source located inside a borehole, especially the
non-axisymmetric acousto-electric field excited by an eccen-
tric acoustic source in the borehole, was considered by Cui et
al.[23] In the above case, the incident field was the only acous-
tic wave field excited by an acoustic source located in the bore-
hole. In order to survey cross borehole, several well-known
experiments were performed by Zhu and Toksöz,[9] and Araji
et al.[28] proposed a cross-hole imaging approach (for obtain-
ing compact volumetric current source distributions) based on
seismoelectric conversions.[28] In such a case, the seismoelec-
tric coupling effect between the incident acoustic wave field
and the shooting borehole needs to be considered. Moreover,
Gao and Hu[29] studied the properties of seismoelectromag-
netic waves radiated by a double couple in the porous for-
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mation, and they also[30] investigated the surface electromag-
netic wavefields generated by a finite fault. To the best of
our knowledge, an insightful understanding of acoustoelec-
tric field characteristics which are excited and converted by
the acoustic source outside the borehole, is lacking at present.
In the present paper, we will focus on the non-axisymmetric
acoustic-electric field excited by an eccentric acoustic source
outside of the borehole. We theoretically formulate and nu-
merically simulate the seismoelectric field in a fluid-filled
borehole. The full waveforms of acoustic waves and electro-
magnetic waves propagating in the borehole are simulated and
investigated.

2. Model and theory
2.1. Physical model

Physical model is shown in Fig. 1, a point source is lo-
cated at (r0, θ 0, 0) outside the borehole in a cylindrical coor-
dinate system, and the z axis is coincident with the axis of ver-
tical borehole. Here, r0 is the distance from the point source
to the axis of coordinate, θ 0 is the inclined angle, i.e., the off-
x-axis angle of the source. The receiving devices are located
at position (rre, θ , z) inside the borehole, with rre being the
distance from the receivers to the z axis, and θ being the angle
of the receivers relative to the x axis.
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Fig. 1. Physical model.

2.2. Seismoelectric waves in the saturated porous medium

According to Pride’s theory, in the absence of the applied
force and electric current sources, we may write the equations
for the coupled electromagnetic and acoustic fields in fluid sat-
urated porous medium as follows:

∇×𝐸 = iω𝐵, (1a)

∇×𝐻 = iω𝐷+𝐽 , (1b)

∇ ·𝜏 =−ω
2(ρ𝑢+ρf𝑤), (1c)

𝐽 = σ(ω)𝐸+L(ω)(−∇p+ω
2
ρf𝑢), (1d)

−iω𝑤 = L𝐸+(−∇p+ω
2
ρf𝑢)κ(ω)/η , (1e)

𝜏 = (H−2G)(∇ ·𝑢)𝐼+C(∇ ·𝑤)𝐼+G(∇𝑢+∇𝑢T), (1f)

−p=C∇ ·𝑢+M∇ ·𝑤, (1g)

𝐵 = µ𝐻, (1h)

𝐷 = ε𝐸. (1i)

These governing equations are the Biot equations for
porous medium acoustics along with the Maxwell equations
for the electric and magnetic fields 𝐸 and 𝐻 . Here, 𝜏 is the
bulk stress in the porous medium, p is the pressure in the pore
fluid, 𝑢 is the displacement in the solid, and 𝑤 is the relative
fluid–solid motion. The symbol ρ denotes the bulk density
of the porous medium. The fourth and fifth equations are in
the form of Darcy law and Ohm’s law, through which acoustic
and electromagnetic fields are coupled. Here, 𝐽 is the electric-
current density; −iω𝑤 is the Darcy filtration velocity; H, C,
M, and G are four moduli of isotropic porous medium; ε is
the permittivity of porous medium; σ (ω) is the frequency-
dependent electrical conductivity of the medium; κ(ω) is the
dynamic permeability; η is the fluid dynamic viscosity coef-
ficient; L(ω) is the frequency-dependent electrokinetic cou-
pling coefficient. The expressions for σ (ω), k(ω), and L(ω)
are given in Refs. [1], [2], and [6].

We decompose basic vector fields 𝑢, 𝑤, and 𝐸 into their
compressional, vertically and horizontally polarized shear
components, and further express them in terms of scalar po-
tential functions which can be found in Ref. [22].

𝑢(r) =
(
∑∇ϕ j

)
j=pf,ps +

(
∑∇× (χ jez)

)
j=sh,te

+
(
∑∇×∇× (Γjez)

)
j=sv,tm , (2a)

𝑤(r) =
(
∑a j∇ϕj

)
j=pf,ps +

(
∑a j∇× (χ jez)

)
j=sh,te

+
(
∑a j∇×∇× (Γjez)

)
j=sv,tm , (2b)

𝐸(r) =
(
∑β j∇ϕ j

)
j=pf,ps +

(
∑β j∇× (χ jez)

)
j=sh,te

+
(
∑β j∇×∇× (Γjez)

)
j=sv,tm , (2c)

where ϕ j is the compressional wave potential; ez is the unit
vector in thez direction; χ j is the horizontal polarized shear
potential; Γ j is vertically polarized shear wave potential. The
expressions for α j and β j ( j = pf, ps, sh, te, sv, tm) are given
in Ref. [2].

The overall seismoelectric fields outside the borehole
should include the incident field produced by the acoustic
source and the reflection field induced by the boundary in
borehole wall.

2.2.1. Incident field in fluid-saturated porous medium

An explosive source is assumed to be located at the point
(r0, θ 0, 0), and it will radiate spherical wave with velocity
Vpf in the infinite porous formation. Using the cylinder inte-
gral and Bessel function addition theorem, the displacement
potential of a explosive point source in the frequency-axial-
wavenumber domain can be expressed as

φ
(d)(r,θ ,kz,ω) = −Q

F(ω)

2π

∞

∑
n=0

εnKn(ηpfr0)
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× In(ηpfr)cosn(θ −θ0), (3)

where F(ω) is the Fourier transform of the acoustic source
function f (t); Q is the volume constant (for convenience, we
set Q = 1 m3); εn is Neumann’s factor (εn = 1 for n = 0;
εn = 2 for n 6= 0); ηpf is the radial wavenumber and η2

pf =

k2−ω2/V 2
pf; In and Kn denote the nth-order modified Bessel

function of first kind and that of second kind, respectively.
It should be noted that for the convenience of discussion,

we set θ 0 = 0 in the following content. Combining Eqs. (3),
(1g), and (2), we can obtain the pore fluid pressure, the dis-
placement of the solid 𝑢(d), the relative velocity of fluid-solid
motion 𝑤(d), and the accompanied electric field 𝐸(d). How-
ever, the accompanied magnetic field 𝐻(d) = 1/(iωµ)×𝐸 =

0.

2.2.2. Reflection field in fluid-saturated porous
medium

Outside the borehole, for the radiation conditions, the so-
lutions of the reflection field are given by

ϕ
(r)
n (r,θ ,z) =

∫ +∞

−∞

∞

∑
n=0

∑
j=pf,ps

A j
nKn(η jr)cosnθ e ikzz dkz, (4a)

χ
(r)
n (r,θ ,z) =

∫ +∞

−∞

∞

∑
n=0

∑
j=sh,te

A j
nKn(η jr)sinnθ e ikzz dkz, (4b)

Γ
(r)

n (r,θ ,z) =
∫ +∞

−∞

∞

∑
n=0

∑
j=sv,tm

A j
nKn(η jr)cosnθ e ikzz dkz. (4c)

According to Eqs. (2) and (4), the basic vector fields 𝑢, 𝑤, and
𝐸 can be obtained. Applying them to Eq. (1), all other quan-
tities such as stress tensor, pore fluid pressure, and magnetic
vector can also be deduced. The detailed expressions of these
formulations can be found in Ref. [22].

So far, outside the borehole, the total fields including the
incident field and reflect field can be induced.

2.3. Acoustic and electromagnetic fields inside the bore-
hole

The acoustic pressure and the electromagnetic field inside
the borehole are uncoupled.

2.3.1. Acoustic pressure inside the borehole

The displacement potential of borehole fluid can be writ-
ten as[22]

Φ(r,θ ,z) =
1

2π

∫ +∞

−∞

∞

∑
n=0

Am
n (kz,ω)In(ηfr)cosnθ e ikzz dkz, (5)

where Am
n is the transmission coefficient. The radial compo-

nent of the displacement field ur(r,θ ,z) and borehole fluid
pressure p(r,θ ,z) are obtained using ur = ∂Φ/∂ r and p =

ω2ρfΦ .

2.3.2. Electromagnetic field inside the borehole

When the electromagnetic field is relevant to angle, a
separation variable approach is needed to deal with the com-
ponents of the electric field on the radial non-homogeneous
second-order partial differential equations. For convenience,
we take the longitudinal component of electromagnetic field
as auxiliary condition function, i.e.,

Ez(r,θ ,z) =
1

2π

∫ +∞

−∞

∞

∑
n=0

Ae
nIn(ηer)cosnθ e ikzz dkz,

Hz(r,θ ,z) =
1

2π

∫ +∞

−∞

∞

∑
n=1

Ah
nIn(ηer)sinnθ e ikzz dkz,

(6)

where η2
e = k2

z − k2
e , k2

e = ω2µeεb, and εb = εf + iσf/ω , with
µe being the magnetic permeability. Substituting Eq. (6) into
Maxwell’s equation, transverse field components are obtained,
and detailed expressions of those formulations could be found
in Ref. [22].

2.4. Boundary condition

The boundary conditions of seismoelectric waves for a
cylindrical interface at the position r = a between a fluid and
a fluid-saturated formation are (ur)II +(wr)II = (Ur)I, (pf)II = (p)I, (τrr)II = (−p)I,

(τrz)II = 0, (τrθ )II = 0, (Eθ )II = (Eθ )I,
(Ez)II = (Ez)I, (Hθ )II = (Hθ )I, (Hz)II = (Hz)I,

(7)

where subscripits I and II correspond to fluid of borehole and
porous formation. The boundary equation may be written in
the form of

M9×9A9×1 = B9×1, (8)

where

𝐴9×1 =
{

Am
n ,A

pf
n ,A

ps
n ,Ash

n ,Ate
n ,A

sv
n ,Atm

n ,Ae
n,A

h
n

}T
,

𝐵9×1 = {b1,b2,b3,b4,b5,b6,b7,0,0}T ,

and 𝐵9×1 corresponds to the radiation field of acoustic source
in fluid-saturated porous medium. The expressions are given
by

b1 = {(1+α j)Θ j[(n/r)In(η jr)+η jIn+1(η jr)]} j=pf,

b2 = {k2
j (−Mα j−C)[Θ jIn(η jr)]} j=pf,

b2 = {Θ j{[−[H−2G+Cα j]k2
j +2G[(n2−n)/r2 +η

2
j ]]

× In(η jr)−2G(η j/r)In+1(η jr)}} j=pf,

b4 = {− ikz2Θ j[(n/r)In(η jr)+η jIn+1(η jr)]} j=pf,

b5 = {−Θ j[(2n(n−1)/r2)In(η jr)

+(2n/r)η jIn+1(η jr)]} j=pf,

b6 = {−Θ jβ j(n/r)In(η jr)} j=pf,

b7 = {Θ j iβ jkzIn(η jr)} j=pf,

where Θ j = [εn/(2π)Kn(η jr0)cosnθ ] j=pf.
The complex matrices M9×9 can be found in Ref. [22].
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3. Numerical results
In the space–time domain, the acoustic wave field and the

electromagnetic field can be generally expressed as

F(r,θ ,z, t) =
1

2π

∫ +∞

−∞

Ξ(r,θ ,z,ω)F(ω)e−iωt dω, (9)

where Ξ can be p, Ez, Er, Eθ , Hz, Hr, Hθ , etc.
The parameters in this paper are defined as: solid bulk

modulus Ks = 3.57× 1010 Pa; frame bulk modulus Kb =

1.439× 1010 Pa; G = 1.399× 1010 Pa; fluid bulk modulus
Kf = 0.225×1010 Pa; fluid viscosity η = 0.001 Pa·s; tortuos-
ity α∞ = 3; porosity ψ = 0.21; permeability κ = 3×10−13 m2;
salinity Cf = 0.01 mol/L.

This study focuses on the acoustoelectric fields excited
by the explosive point source located in the saturated porous
medium. Especially for the condition that the centre frequency
( f0) is low and the distance (r0) from the acoustic source to
the axis of vertical borehole is far, it is easy to obtain valid
data. It may be helpful in explaining cross-seismic data and
has a potential significance in the actual oil exploration. In ad-
dition, microseisms are common in rocks ranging from tight
sandstones and gas shales to carbonates and even volcanic,
and at depths ranging from tens of meters to more than four
thousand meters.[31] Data in the literature show that, typically,
microseisms associated with a cross borehole have dominant
frequencies extending from 200 Hz to approximately 1 kHz.

The condition of microseismic monitoring is also consid-
ered. In the first section, we discussed the effect of r0 in the
case of f0 = 1 kHz.

When the distance changes gradually from r0 = 0.11 m
to r0 = 1 m, the received acoustic wave field and electric field
are shown in Fig. 2. Figure 2(a) shows that when r0 = 0.11 m,
we can find the distinct longitudinal wave packets, Stoneley
wave packets, etc. In Fig. 2(b), the coseismic longitudinal
wave packets, the coseismic Stoneley wave packets can also
be found. With r0 increasing, Stoneley wave packets, coseis-
mic Stoneley wave packets, and so on all become less obvi-
ous. Especially when r0 = 1 m, only the longitudinal wave
packets and coseismic longitudinal wave packets can be ob-
served in Figs. 2(a) and 2(b), respectively. One of the possi-
ble reasons for explaining the above phenomenon is that with
r0 increasing, the coupling effect between acoustic wave and
borehole weakens. Therefore, the acoustic and electric fields
we received are mainly determined by the incident longitudi-
nal wave. That is to say, the reflection field is very weak. The
above results also confirm that the seismoelectric conversion
is induced on the fluid-saturated porous medium side of the
borehole, not on the borehole fluid side.[9]

At the same time, in order to testify the validity of numer-
ical full-waveform simulation method, we compare the results
obtained in this paper with that using quasi-steady method pro-
posed by Hu. Moreover, we find that there are no differences
between the results from the two methods. For convenience,

we will only show the results derived from the coupled method
in this paper.
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Fig. 2. Waveforms of (a) acoustic wave field and (b) electric field Ez with
different values of r0 f0 = 1000 Hz, rre = 0.01 m, z = 15 m, and θ = 0.

Then, we pay our attention to obtain multipole acous-
toelectric field in condition that r0 is large and f0 is low.
The adopted parameters are: r0 = 50 m, f0 = 100 Hz, and
rre = 0.01 m. Now the coupling effect between the incident
waves and borehole is weak. If we do not consider the bore-
hole, we only receive acoustic pressure p, the displacements uz

and ur, and the electrical fields Ez and Er. However, duo to the
existence of borehole, magnetic field Hθ can also be received
inside the borehole. We can also use the magnetic informa-
tion in the inverse problem as new magnetic sensors can be
used in boreholes. The magnetic field is easier to invert than
the electrical field as the magnetic permeability is constant and
the electrical conductivity is not constant.[29]

Because the eccentric explosive source can be repre-
sented as superposition of multipole acoustic source. For one
thing, we distinguish the monopole, dipole, quadrupole, and
hexapole from multipole sources. Here we set z = 50 m. Fig-
ure 3 shows that the received multipole acoustoelectric field
in the borehole fluid is excited by the point source outside the
borehole. Comparing the acoustic wave field with the electric
field, if the acoustic pressure is 103 Pa, we can record the elec-
tric field on the order of 10−4 V. In Figs. 3(a)–3(d), we only
observe the longitudinal wave packets obviously. The longi-
tudinal waves are mainly excited and converted by monopole
component, as shown in Figs. 3(a), 3(b), and 3(d). However,
figure 3(c) shows that the longitudinal wave packets are mainly
excited and converted by the dipole component in the electric
field Er.
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Fig. 3. An investigation for distinguishing (a) acoustic wave field p, (b) electric field Ez, (c) electric field Er , and (d) magnetic field
Hθ at f0 = 100 Hz, rre = 0.01 m, z = 50 m, and θ = 0.
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Fig. 4. The full wave (a) acoustic wave field and (b) electric field ob-
tained by multichannel measurement. The number of channel is 38, and
the other parameters are the same as those in Fig. 3.

Furthermore, we consider the influence of the receiving
position along the axis of vertical borehole by multichannel
receivers. Figure 4 shows the full wave contrast diagram of
acoustoelectric field obtained by multichannel measurement.
With the increase in the distance (z) from receivers to the ori-
gin of coordinate, the amplitude of longitudinal wave packets
always attenuates in the acoustic pressure field p. However,

in electric field Ez, the amplitude of longitudinal wave packets
first increases, and then decreases. Figure 5 clearly depicts the
position of the maximum acoustoelectric field.

The displacement potential function of a spherical wave
can be described as ϕ = Qe ikR/R. Therefore, in the cylindri-
cal coordinate system, the axial component of displacement
outside the borehole can be written as

|uz|=
Qz
R2

√(
k2 +

1
R2

)
= Q

√
z2

(z2 + r2)2
ω2

V 2
pf
+

z2

(z2 + r2)3 .

When r = z, one can obtain the maximum values of uz and
Ez because the electric field Ez is accompanied by uz in the
porous formation outside the borehole according to Eq. (2). It
should be noted that the electric field Ez is continuous at bore-
hole wall, and uz is not. Therefore, inside the borehole, at this
moment, Ez also reaches a maximum value, and uz does not.
Just as shown in Fig. 5, when z = 50 m, the amplitude of the
longitudinal wave reaches its maximum value in the electric
field Ez (Fig. 5(a)). However, in Fig. 5(b) the maximum value
of the displacement uz is located at z = 35 m. Therefore, if we
obtain the location of the maximum Ez at the borehole axis, we
will be able to determine the distance from the acoustic source
to the borehole axis.

If we estimate the position of acoustic source, we could
use the electric field Er or the displacement ur. Figure 5 shows
that the amplitudes of the electric field Er and displacement
ur all monotonically decrease and their maximum amplitudes
occur in z = 0 plane where the receiver is just located. When
z = 0, we obtain the maximum amplitudes of electric field Er
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with different values of incident angle θ as shown in Fig. 6. It
is easy to find that the electric field Er is axisymmetric and the
acoustic source is just located at the axis of symmetry.
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Fig. 5. The maximum amplitudes of (a) the acoustic wave field p and
the displacement u, and (b) electric field E, obtained by multichannel
measurement. The parameters are the same as those in Fig. 3.
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Fig. 6. Maximum amplitudes of electric field Er with different values
of θ when z = 0. The other parameters are the same as that in Fig. 3.

4. Conclusions
In this paper, we consider the acoustic and electric fields

excited by the explosive point source outside of the borehole
surrounded by the saturated porous medium based on Pride’s
theory. We present theoretical expressions for wave fields and
analyze numerical results of the acoustic and electric fields
based on both the coupled method and quasi-steady method.
The algorithms in this paper to simulate seismoelectric wave
propagation prove to be valid and efficient. Due to the exis-
tence of borehole, the electric fields and magnetic fields in the

borehole are azimuthal. Inside the borehole, the three compo-
nents of either electric field or magnetic field can be detected,
and the radial electric field is mainly excited and converted by
the dipole component. The magnetic field is easier to invert
than the electrical field as the magnetic permeability is con-
stant and the electrical conductivity is not constant. When the
distance from the acoustic source to the axis of a borehole is
large, the longitudinal and coseismic longitudinal wave pack-
ets dominate the acoustic and electric field, respectively. Ac-
cording to the location of the maximum axial component of
electric field which is continuous at borehole wall, we will be
able to determine the distance from the acoustic source to the
borehole axis. The results of this paper may be significant for
the seismoelectric effect to be used in microseisms and cross-
hole measurements.
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