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Abstract
thogonality and completeness before applying the Luco-Apsel-Chen (LAC) generalized reflection and transmission coefficients

Chen’s technique of computing synthetic seismograms, which decomposes every vector with a set of basis of or-

method, is confirmed to be efficient in dealing with elastic waves in multi-layered media and accurate in any frequency range. In
this article, we extend Chen’s technique to the computation of coupled seismic and electromagnetic (EM) waves in layered porous
media. Expanding the involved mechanical and electromagnetic fields by a set of scalar and vector wave-function basis, we obtain
the fundamental equations which are subsequently solved by using a recently developed version of the LAC generalized reflection
and transmission coefficients method. Our approach and corresponding program is validated by reciprocity tests. We also show a
numerical example of a two-layer model with an explosion source. The P-to-EM conversion waves radiated from the interface
may have potential application.
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1 Introduction

Blau and Statham (1936) and Thompson (1936)
were the first to report experimental results on the seis-
moelectric phenomenon, which means the variation of
Earth resistivity with elastic deformation, called the
I-effect. Ivanov (1939) discovered another seismoelec-
tric phenomenon, called the E-effect, by measuring
electric fields generated by seismic waves without ap-
plying any external voltage to the ground. In order to
explain the above phenomena, Frenkel (1944) used the
concept of electric double layer to develop a complete
set of equations describing the electrokinetic effect in
isotropic porous media. Later, Biot (1962) derived the
theory of elastic waves’ propagation in porous media.

Martner and Sparks (1959) reported a systematic
study of electroseismic coupling using explosive sources
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placed at different depths. Their results were the first to
show conversions of seismic to electromagnetic (EM)
energy at depth, measured at the Earth’s surface with
antennas. Thompson and Gist (1993) conducted field
experiments, demonstrating that seismic waves can in-
duce EM disturbances in water-saturated near-surface
sediments in the Earth, and that the induced EM distur-
bances can be recorded at the Earth’s surface. Recent
field tests by Thompson et al (2007) showed the possi-
bility of detecting hydrocarbon reservoirs at depths even
up to 1000 m using EM-to-seismic conversion. Besides
field experiments, there are also some laboratory ex-
perimental studies on seismoelectric effects. Zhu et al
(2000) experimentally confirmed that the coupling be-
tween the seismic wave and EM field in the kilohertz
range is electrokinetic in nature. Zhu and Toksoz (1999,
2003) performed laboratory experiments in borehole
models with fractures to investigate seismoelectric con-
versions and confirmed EM radiation at the fractures.
Pride (1994) derived a set of macroscopic equa-
tions governing the coupled seismic and EM waves in
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fluid-saturated porous media. The properties of the cou-
pled seismic and EM field in a fluid-saturated porous
medium were discussed (Pride and Haartsen, 1996).
There are two kinds of coupling: SHTE and PSVTM. In
the SHTE case, SH waves generate electrical currents in
the SH particle motion plane that couple to the
EM-wavefield components with transverse electric (TE)
polarization. In the PSVTM case, the PSV waves gener-
ate electrical currents in the PSV particle motion plane
coupling to the EM-wavefield components with trans-
verse magnetic (TM) polarization. Based on the gov-
erning equations, Haartsen and Pride (1997) and
Garambois and Dietrich (2002) introduced a numerical
technique modeling the coupled seismic and EM wave
propagation in a fluid-saturated stratified porous me-
dium. Haartsen and Pride (1997) used the so-called
global matrix method whereas Garambois and Dietrich
(2002) proposed an extension of the generalized reflec-
tion and transmission coefficients method (abbreviated
as generalized R/T coefficients method in the following
context), which was originally developed by Kennett
(1983). For well logging exploration case, some ana-
lytical and numerical methods were performed to de-
scribe the electroacoustic waves in borehole in porous
media (Hu et al, 2003, 2007). The above algorithms
were implemented in the frequency domain. There are
also a few numerical simulations in the time domain,
e.g., Han and Wang (2001) provided a finite element
algorithm of modeling the seismo-electromagnetic field
induced by SH waves, Haines and Pride (2006) pre-
sented a finite difference algorithm of modeling seis-
moelectric phenomena and provided a 2D implementa-
tion of this algorithm. Guan and Hu (2008) provided a
finite-difference time-domain algorithm modeling the
electroseismic logging in fluid-saturated porous media.

As mentioned above, the model of Pride (1994) has
been widely adopted to investigate the coupling of seis-
mic and EM waves in porous media. However, it should
be also mentioned that Revil and Linde (2006) devel-
oped recently a new and alternative theory of the elec-
trokinetic behavior of consolidated rocks at low fre-
quencies. While this theory was first developed to study
the electrokinetic properties of clay-rocks (Revil et al,
2003; Revil and Leroy, 2004), this model also works
well for high porosity reservoir rocks, soils, and packs
of glass beads (Boleve et al, 2007a, b).

Chen (1993) has developed the generalized R/T

coefficients method, which was originally introduced by
Luco and Apsel (1983), to the study of computing nor-
mal modes for multilayered half-space. This developed
method was adopted by Park (1996) and referred as
LAC R/T scheme in the study of Martin and Thomson
(1997) who compared this scheme with Kennett R/T
scheme (Kennett, 1983) and affirmed the priority of
LAC R/T scheme in numerical calculation stability.
Chen (1999) developed a method to calculate synthetic
seismograms for layered media, decomposing every
vector by using a set of basis of orthogonality and com-
pleteness before applying the LAC generalized R/T co-
efficients method. Chen (2007) extended the LAC gen-
eralized R/T coefficients method to the study of genera-
tion and propagation of seismic SH waves in
multi-layered media with irregular interfaces. Quite re-
cently, Ge and Chen (2008) further developed the LAC
generalized R/T coefficients method by introducing a
more straightforward evaluation of the generalized R/T
coefficients, which makes this approach more efficient.

In the present study, we extend the above method
of calculating seismograms (Chen, 1993, 1999, 2007;
Ge and Chen, 2008) to the numerical simulation of the
coupled seismic and EM waves in layered porous media.
We focus on the saturated porous case and adopt the
model described by the macroscopic dynamic governing
equations of Pride (1994). After decomposing each vec-
tor in a cylindrical coordinate system, we obtain the
fundamental equation corresponding to both PSVTM
and SHTE models, as well as two additional equations
related to the vertical component of EM waves. Then we
use the improved LAC generalized R/T coefficients
method, in which the straightforward evaluation of the
generalized R/T coefficients is adopted, to solve the
fundamental equation. We show that the general recip-
rocity theorem of Green’s tensor is satisfied for our pro-
gram. Then we apply our new technique to a two-layer
porous media with an explosion source. This work may
provide an effective way to investigate seismo-electro-
magnetic effects in porous media, which is useful for
monitoring the pumping of oil and gas reservoirs
(Thompson and Gist, 1993; Thompson et al, 2007; Pride
and Haartsen, 1996; Revil et al, 2003) and the possible
EM disturbances associated with earthquakes and vol-
cano eruptions (Park et al, 1993; Johnston, 1997; Huang,
2002; Huang and Liu, 2006; Nagao et al, 2002).
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2 Methodology

2.1 Governing equations

Assuming a time dependence of ¢, Pride (1994)
derived the macroscopic governing equations in fre-
quency domain, which control the propagation of cou-
pled seismic and EM waves in porous media. We
adopted the following governing equations in our nu-
merical simulations based on the model of Pride (1994)
and Haartsen and Pride (1997), while the first two equa-
tions were rewritten after taking into account the prob-
lem to be dealt with in this paper.

—p&u—p.w= (KG +%GJV(V ‘u)—

GVxVxu+CV(V-w)+F, (1)
r:[(KG—§jV-u+CV-w}2+
ou
G|2—+2x(Vxu) ()
oz
—P=CV-u+MV-w 3)
—iwow="[-VP+p,0*u+ f+LE o
J=L[-VP+p,&’u+ f1+0E (5)
VXE =iouH -M (6)
VXH=—weE+J+C @)

where E is the electric field, H the magnetic field, J the
electric current, 7 the traction acting on the horizontal
plane at depth z, P the pore-fluid pressure, u the average
displacement of solid, w the average relative fluid-solid
displacement multiplied by porosity, p the bulk density,
o ¢ the fluid density, € the electrical permittivity, 4 the
magnetic permeability, @ the radial frequency, F and f
the applied body-force densities acting on the bulk ma-
terial and fluid phases respectively (here a minus sign is
added to F to let F and f have the consistent physical
meanings), I the identity matrix, C the applied electric
current source, M the magnetic current sources, L the
electrokinetic coupling coefficient, x the dynamic per-
meability, 77 the fluid viscosity, Kg the Gassmann’s bulk
modulus, G the shear modulus of the solid frame, C and
M related to the bulk modulus of the solid and fluid
phases and the bulk modulus of the drained frame of the
solid phase.

2.2 Layered media and general solutions

The model concerned in this paper is a layered po-
rous media with N homogeneous layers over a
half-space. The j-th layer is bounded by horizontal flat
U1 and z=2". The top layer can either be
a half-space or have a free surface with 7=z, The
source is placed in the s-th layer, which is not a
half-space, i.e., s<N+1 and s>1 while the top layer is a
half-space.

The governing equations for the
seismo-electromagnetic problem, as shown in equations
(1) to (7), involve both scalar and vector functions.
These functions are expanded by using a set of scalar
and vector wave-function basis, whose detailed expres-
sions are described in Appendix A. Thus, we obtained
two sets of linear ordinary differential equations corre-
sponding to the SHTE model and PSVTM model re-
spectively. Both have the following form

interfaces, z=z

aa_zy(‘/')(z) — A(_/)y(j)(z) + §j,sF(Z)r

for zV PV <z<z¥ 3

where j=1, 2, ---, N, and J; is Kronecker delta function.
The y vectors of the two models are written as

=l ., H, E.,]|. 9)

T
|:u5,m uR,m WR,m TS,m TR,m P HT,m ES,m:I > (10)

where urm, Usm, URm> WRins Trums WS> TRoms Hrms Hsms
Hg, [equation (11)], Ezm, Esm, Erm [equation (12)], and
P are the corresponding expansion coefficients of un-
known vector functions u, w, 7, H, E and the unknown
pore-fluid pressure P, respectively. The explicit expres-
sions of A and F are given in Appendix B.

Two extra equations corresponding to the vertical
components of EM waves are

\woH, , =—kE;, +M,, (for SHTE model); (11)
0 .
kER,m = _a_ZES,m - 1lLla)I_IT',m + MT,m
(for PSVTM model). (12)
Once we have known Hr,, E;, and aiEs,m, we
Z

can calculate the vertical components of EM waves, E
and Hp .

The general solution of the equation (8) can be
written as
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y(”(z) — @(j)A(j)(Z) .

{ D+, j ERGIRCES F(f)ddf} (13)
where j=1, 2, ---, N+1. The wave amplitude vector a’is
an unknown constant vector to be determined by
boundary conditions. &7 and A/(z) are the matrices

related to the eigen-vectors and eigen-values of 4Y) as
follows

AVe, =ye,, for v=1,2,--,n, (14)
0V =[e e, - e], (15)

A(j) (Z) — diag{e—%[z—z(’_l) | , e—h[z-z(’_”] ot e’h,[z—z(’")] ,
o= o el ,’e—n,[z(’”—zl} (16)

For SHTE model, n=4, we get two pairs of ei-
gen-values, +% with Re{y}>0 for i=1, 2; For PSVTM
model, n=8, we get four pairs of eigen-values, 3 with
Re{y}>0 for i=1, 2, 3, 4.

It should be stressed that a slight modification has
been applied to solution (13), thus the diagonal matrix
AY(z) contains exponential decay terms only.

2.3 LAC generalized R/T coefficients method

The general solution can be written in matrix form

as follows

y(j)(z): 01(1]) Ql(zj) A((ij)(z) 0 .
ey e)| 0 470

ay’ +6, b,
(2) 17
(/)+5/vbu(z)
where O , 09 , 6 and Y are four

AV (z) and AY(z) represent

the down-going and up-going waves respectively, while

sub-matrices of @Y,
a!” and a'” are the corresponding amplitudes of

these down-going and up-going waves, and by(z) and
b (z) relate to the source as follows

by(2)= [ [AOTHIO) '], F(&)+

L)

(@)1, F,(£)}dE, (18)
b,(2)= [ A (OTHIO) '], F(&)+
(@)1, F,()}dé. (19)

where [(6") 1, [(6”) 12, [(6") 'Tan, and [(6) ]2
are four sub-matrices of (6/) .

The case of j=1 of equation (18) is correct when the
top layer has a free surface. However, if the top layer is
a half-space, there are no down-going waves, thus

(1) () (1)
24D (2)a
qmwwi(m

In the bottom half-space, there are no up-going
waves, thus

a’=0, and y"(2)= {

(N+1) _
a’"’ =0,

y(N+1)(Z) |:@(N+1)A NH)(Z) (N+1):|
Qéi\/H)A(NH)( ) (N+1)

and
(21)

Now, in order to determine the unknown
wave-amplitude vector a"/’, we introduce the LAC gen-
eralized R/T coefficients method.

2.3.1 Straightforward evaluation of generalized R/T
coefficients

The generalized R/T coefficients are defined as
follows

When the top layer is a half-space, R} =0;and

al’ =R'[a" + 6, b,(z")], (22)
when the top layer has a free surface; and
a(j) = T(j)[a(jH) +0 e u(Z(/))]
(/+l) = T(/)[ (J+D) + 5”1 . u(z(/))]
(‘]21’25""5‘_1)5 (23)
a(j) =T1(j)[a;j+l) +§, b (Z(j))]
aijﬂ) = Td(uf)[ (Jj+D) +5/+1 Yb (Z(./))]
(j=s,5+1-,N). (24)
According to the continuity condition at the inter-
face, we obtain
TV _ 0V A (zRYD +09 -0Y™ !
97 levaynrgvow oy

{@gﬂ%’*”(z“‘)) (j=12,s 1) (25)

o , (=125 -1);

[n(./)}_{@wl) +@1<.21'+1> Af,j*”(z‘”) Rﬁﬁﬂ) _@](;)}1

R) |16 +04 A R 6
|:@‘({):|A('i)(z(‘/)) (j=5,5+1N) (26)
op |7 T
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Obviously, in order to calculate the above coeffi-
cients, we have to get the values of R and R\"*",

whose explicit expressions are obtained through two
boundary conditions. The detailed equations are listed in
Appendix C.
2.3.2 Determination of unknown wave-amplitude
vector

Since we have now gotten the generalized R/T co-
efficients, we can determine the unknown
wave-amplitude vector a' N which is divided into two

sub-vectors a!” and @' written as follows,
-1
O N (5= p(s) (s-)
a, +sd _I:I_Rud Rdu ] [Sd +Rud su:|

4 . @D
a +s, =[T-RORS" | s, +Ry)s, |
and
{aﬁj) — Tll(j)TL(j+l)--~Tll(s'l) [aff) +5,]
al) =T g

(j=12,---,5-1), (28)

afii) — TZi(i_l)Td(j_Z) .. 'Td(s)[a((;') + sd]
a” = RVq!”
(j=s+1Ls+2,---,N+1); (29)

where sq=bq(z") and s,=b,(z" ") are source terms cor-
responding to the down-going and up-going waves re-
spectively.
2.3.3 Vertical components of EM waves

According to equations (11) and (12), the vertical
components of EM waves are relative to the horizontal
components of EM waves and magnetic-current source.
We can get E7, from equation (17) for SHTE model, so
we can compute Hg,, according to equation (11). In or-
der to get Eg,, according to equation (12), we have to
know Hr,, which is given by equation (17) for PSVTM

model and aiES!m which can be obtained from the
z

derivative of equation (17) written as

3 [ @TE o)
oz o) ey o -¥

Az 0 e
0 A(./)(Z) a(./') (30)

q/:diag{_%(j) _},;/') _7,3(./') _},A(‘.i)}_ The

vectors and matrices are those for PSVTM model, thus

where

iE;’,L is the eighth element of 9 y¥(2) given by
oz oz
equation (30).

Having derived the components of every field vec-
tor in the coordinates system with vector basis given by
equation (A-3), we can now get the components of
every vector in cylindrical coordinates system according
to equation (A-4).

2.3.4 Back in the space-time domain

Having obtained the displacement-stress-EM wave-
fields in the frequency-wavenumber domain, we now
consider the transformation back to the space-time do-
main, which can be performed by discrete wave number
(DWN) method. Bouchon (2003) reviewed the DWN
method, introduced by Bouchon and Aki (1977) and
Bouchon (1981), which uses a spatial periodicity of
sources to discretize the radiated wave fields and relies
on the Fourier transform in the complex frequency do-
main.

The integral over the horizontal wave number & can
be discretely evaluated by introducing an infinite set of
concentric rings of secondary sources distributed peri-
odically with an equal radial interval, which is required
to be large enough to make sure that the waves gener-
ated by the additional sources do not enter the time
window (Bouchon, 1981, 2003). In order to remove the
singularities from the real k£ axis, a small constant
imaginary part is added to the real frequency. The effect
of the imaginary part frequency can be removed from
the final time domain in the process of inverse Fourier
transform (Bouchon and Aki, 1977).

3 Reciprocity test and one numerical
example

In order to test our numerical simulation technique
and our program, we performed the reciprocity test,
which is a useful method for checking of numerical
simulations program. The reciprocity theorem can be
written as

G(x,,:x,,1) =G/ (x,,1;X,,1,), (31)

where G;(x,,,t;xx,to) (i=1,3; j=1,3) represents the

Green’s tensor along direction i, recorded at (x,, £) which
are generated by a point source oriented in direction j,
located at x; and acting at time .

For coupled seismic and EM waves in porous me-
dia, reciprocity can be verified for @ seismic waves
generated by seismic point sources, @ electric waves
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generated by current sources, and @ elastic waves gen-
erated by current sources and electric waves generated
by seismic point sources (Pride and Haartsen, 1996). We
tested all the above kinds of reciprocity. However, for
saving space, we only show the results of the third re-
ciprocity test, which is the most interesting case.

This reciprocity test is carried out with a three-
layer model, which has a 100-m-thick porous layer (/)
sandwiched between two identical half-spaces (/;). The
properties of layers are listed in Table 1. Two reciprocal
source-receiver configurations are used. One is the
down-going configuration and the other is the up-going
configuration. In the down-going configuration, the
seismic source is located in the top half-space 100 m
above first interface while the receiver is located at the
bottom half-space 100 m below the second interface
with lateral offsets of x=50 m and y=100 m. Thus, in
the up-going configuration, the receiver is located in the
top half-space while the source is located at the bottom
half-space. The seismic source is a point single force F
whose magnitude is 1 N. The current density source D is
created by a 1-m-long dipole antenna carrying a 1-A
current. The sources are chosen to be oriented in x, y, or
z directions. The applied source time function is a
zero-phase Ricker wavelet with a dominant frequency of
100 Hz.

Table 1 Properties of the homogeneous layers used in the nu-
merical calculation

layre

Properties
L b sand sandstone

Porosity ¢ 15% 30% 30% 20%
DC permeability ko/m’ 107" 107" 107" 107"
Solid bulk modulus k/GPa 36 36 35 36
Fluid bulk modulus k/GPa 2.2 2.2 2.2 2.2
Frame bulk modulus 4/GPa 9.0 7.0 0.4 5.0
Frame shear modulus Gy/GPa 7.0 5.0 0.5 7.0
Fluid viscosity 7/Pa-s 107 107 107 107
Solid density py/kg:m™ 2700 2700 2600 2700
Fluid density p/kg-m™ 10° 10° 10° 10°
Salinity Co/mol-L™ 107 10 107 107
Temperature 7/K 298 298 298 298
Fluid Permittivity ¢ 80 80 80 80
Solid Permittivity 4 4 4 4
Tortuosity o, 3 3 3 3

As shown in Figure 1, this reciprocity [deriving
from Pride and Haartsen (1996)] is verified for different
combinations of point sources and wave fields, because

there are no significant differences for each pair of waves.

We also verified the other two kinds of reciprocity for
seismic waves generated by seismic point sources and
electric waves generated by current sources. Thus we

conclude that our program satisfies the reciprocity test.

As an example, we applied our numerical tech-
nique to a two-layer model with an explosion source
near the free surface. For this model, a sand-sandstone
interface is located at 100 m depth. Receivers are lo-
cated at the free surface. The source time function
adopted here is Ricker wavelet with a dominant fre-
quency of 100 Hz. We adopted the expression of Haart-
sen and Pride (1997) to calculate the moment M, gener-
ated by an explosion. The properties of the sand and
sandstone layers are given in Table 1.
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= =
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t/s

Figure 1 Reciprocity of coupled seismic and EM waves
generated by different sources.

In order to show coupled waves clearly, we re-
moved direct waves and free surface reflections, which
are much more intense. Figure 2 shows none-zero
field-component of displacement and EM waves at one
receiver with a horizontal offset 50 m from the source.
There are obvious electric signals accompanying P
waves and magnetic signals accompanying S waves.
Moreover, there are EM signals arriving earlier than P
waves. They are activated when first P wave arrives at
the interface and travel at EM wave velocity which is
much faster than seismic velocity. However, such
P-to-EM conversion waves are very weak. In Figure 2,
they are amplified by a factor of 500 to improve the
visibility. Since the P-to-EM conversion waves are radi-
ated from the interface, if they can be detected in the
field, they may have potential application in the moni-
toring of oil/gas reservoirs, and the development of
earthquake early warning system.
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Figure 2 Seismograms and electroseismograms of the two-layer model with an explosion source near the free sur-
face. A sand-sandstone interface is located at 100 m depth. The receiver is located at the free surface with a horizontal
offset 50 m from the source. Direct waves and free surface reflections are omitted in order to show coupled waves
clearly. The horizontal projection of source-receiver vector is in x-direction and z-direction is vertically downward.
The P-to-EM conversions are amplified by a factor of 500 to improve the visibility.

4 Conclusions

Using a new straightforward evaluation of the gen-
eralized R/T coefficients, we have extended Chen’s
method of calculating synthetic seismogram to the numeri-
cal simulation of coupled seismic and EM waves in
multi-layered porous media. We obtain the general solu-
tion of the full components of seismic and EM waves,
including the vertical components of EM waves. After
the reciprocity test, we conclude that the new numerical
simulation technique developed here is reliable for in-
vestigating the coupling of seismic and EM waves in
multi-layered porous media. We also perform a numeri-
cal example of a two-layer media with an explosion
source. Besides EM signals accompanying with seismic
waves, there are also weak P-to-EM conversion waves,
which are radiated from the interface and travel at EM
wave velocity. The P-to-EM conversion waves may
have potential application in monitoring oil/gas reser-
voirs and early warning of earthquakes.

Acknowledgments This research is jointly sup-
ported by the Natural R&D Special Fund for Public
Welfare Industry (No.200808069) and National Natural
Science Foundation of China (Nos.40974038, 40774028
and 40821062).

References

Aki K and Richards P G (1980). Quantitative Seismology: Theory and Methods.
W. H. Freeman, San Francisco, CA.

Biot M A (1962). Mechanics of deformation and acoustic propagation in po-
rous media. J Appl Phys 33: 1482—1498.

Blau L W and Statham L (1936). Method and apparatus for seismic electric
prospecting. US Patent No. 2054067.

Boléve A, Crespy A, Revil A, Janod F and Mattiuzzo J L (2007a). Streaming
potentials of granular media: Influence of the Dukhin and Reynolds num-
bers. J Geophys Res 112, B08204, doi:10.1029/2006JB004673.

Boléve A, Revil A, Janod F, Mattiuzzo J L and Jardani A (2007b). Forward
modeling and validation of a new formulation to compute self-potential
signals associated with ground water flow. Hydrology and Earth System
Sciences 11: 1661-1 671.

Bouchon M (1981). A simple method to calculate Green’s functions for elastic
layered media. Bull Seism Soc Amer 71: 959-971.

Bouchon M (2003). A review of the discrete wavenumber method. Pure Appl
Geophys 160: 445-466.

Bouchon M and Aki K (1977). Discrete wave-number representation of seis-
mic-source wave fields. Bull Seism Soc Amer 67: 259-277.

Chen X F (1993). A systematic and efficient method for computing seismic
normal modes in layered half-space. Geophys J Int 115: 391-409.

Chen X F (1999). Seismogram synthesis in multi-layered half-space. Part I.
Theoretical formulations. Earthquake Research in China 13: 149—-174.
Chen X F (2007). Generation and propagation of seismic SH waves in

multi-layered media with irregular interfaces. Advances in Geophysics 48:
191-264.

Frenkel J (1944). On the theory of seismic and seismoelectric phenomena in a
moist soil. J Phys 8: 230-241.

Garambois S and Dietrich M (2002). Full waveform numerical simulations of
seismoelectromagnetic wave conversions in fluid-saturated stratified po-
rous media. J Geophys Res 107, doi:10.1029/2001JB000316.

Ge Z X and Chen X F (2008). An efficient approach for simulating wave
propagation with the boundary element method in multilayered media with



174

Earthq Sci (2010)23: 167-176

irregular interfaces. Bull Seism Soc Amer 98, doi: 10.1785/0120080920.

Guan W and Hu H S (2008). Finite-difference modeling of electroseismic
logging in a fluid saturated porous formation. J Comp Phys 228: 5 633—
5648.

Haartsen M W and Pride S R (1997). Electroseismic waves from point sources
in layered media. J Geophys Res 102: 24 745-24 769.

Haines S S and Pride S R (2006). Seismoelectric numerical modeling on a grid.
Geophysics T1: N57T-N65.

Han Q and Wang Z (2001). Time-domain simulation of SH-wave-induced
electromagnetic field in heterogeneous porous media: A fast finite-element
algorithm. Geophysics 66: 448—461.

Hu H S, Guan W and Harris J (2007). Theoretical simulation of electroacoustic
borehole logging in fluid-saturated porous formation. J Acoust Soc Am
122: 135-145.

Hu H S, Liu J Q, Wang H B and Wang K X (2003). Simulation of
acousto-electric well logging based on simplified Pride equations. Chinese
J Geophys 46: 259264 (in Chinese with English abstract).

Huang Q (2002). One possible generation mechanism of co-seismic electric
signals. Proc Japan Acad 78: 173—178.

Huang Q and Liu T (2006). Earthquakes and tide response of geoelectric po-
tential field at the Niijima station. Chinese J Geophys 49: 1 745-1754 (in
Chinese with English abstract).

Ivanov A G (1939). Effect of electrization of earth layers by elastic waves
passing through them. Dokl Akad Nauk SSSR 24: 42—45.

Johnston M J S (1997). Review of electric and magnetic fields accompanying
seismic and volcanic activity. Surv Geophys 18: 441-475.

Kennett B L N (1983). Seismic Wave Propagation in Stratified Media. Cam-
bridge Univ Press, New York.

Luco J E and Apsel R J (1983). On the Green’s function for a layered
half-space: Part 1. Bull Seism Soc Amer 73: 909-927.

Martin B E and Thomson C J (1997). Modelling surface waves in anisotropic
structures II: Examples. Phys Earth Planet Inter 103: 253-279.

Martner S and Sparks N (1959). The electroseismic effect. Geophysics 24:
297-308.

Nagao T, Enomoto Y, Fujinawa Y, Hata M, Hayakawa M, Huang Q, Izutsu J,
Kushida Y, Maeda K, Oike K, Uyeda S and Yoshino T (2002). Electro-

magnetic anomalies associated with 1995 Kobe earthquake. J Geodyn 33:
401-411.

Park J (1996). Surface waves in layered anisotropic media. Geophys J Int 126:
173-183.

Park S K, Johnston M J S, Madden T R, Morgan F D and Morrison H F (1993).
Electromagnetic precursors to earthquakes in the ULF band: A review of
observations and mechanisms. Rev Geophys 31: 117-132.

Pride S R (1994). Governing equations for the coupled electromagnetics and
acoustics of porous media. Phys Rev B 50: 15678—15 696.

Pride S R and Haartsen M W (1996). Electroseismic wave properties. J Acoust
Soc Am 100: 1301-1315.

Revil A and Leroy P (2004). Governing equations for ionic transport in porous
shales. J Geophys Res 109, B03208, doi:10.1029/2006JB002755.

Revil A and Linde N (2006). Chemico-electromechanical coupling in micro-
porous media. J Coll Interf Sci 302: 682—694.

Revil A, Naudet V, Nouzaret J and Pessel M (2003). Principles of electrogra-
phy applied to self-potential electrokinetic sources and hydrogeological
applicatons. Water Resources Res 39: 1114, doi: 10.1029/2001WR000916.

Thompson R R (1936). The seismic electric effect. Geophysics 1: 327-335.

Thompson A H and Gist G A (1993). Geophysical applications of electrokinetic
conversion. The Leading Edge 12: 1 169—1173.

Thompson A H, Hornbostel S, Burns J, Murray T, Raschke R, Wride J,
McCammon P, Sumner J, Haake G, Bixby M, Ross W, White B S, Zhou M
and Peczak P (2007). Field tests of electroseismic hydrocarbon detection.
Geophysics 72: N1-N9.

Zhu Z and Toksoz M N (1999). Seismoelectric and seismomagnetic measure-
ments in fractured borehole models. The 69th Annual International Meet-
ing, SEG, Expanded Abstracts, 144—147.

Zhu Z and Toks6z M N (2003). Crosshole seismoelectric measurements in
borehole models with fractures. Geophysics 68: 1 519—1524.

Zhu Z, Haartsen M W and Tokséz M N (2000). Experimental studies of seis-
moelectric conversions in fluid-saturated porous media. J Geophys Res
105: 28 055-28 064.

Appendix A: Scalar and vector wave-function basis

For scalar function, we take cylindrical harmonic
function Y"(r,6) as basis function with which an arbi-
trary scalar function F(r, 6, z) can be expanded as follows

F(r,6,2) =i 3 [ £ G20 (o, O)kdk, (A1)

where, f,(k, z) is the expansion coefficient of F(r, 6, z),
and the function basis Y,"(r,6) has following explicit
form

Y (r,0)=J, (kr)e™ form=0,+1,+£2,--; (A-2)
where J,,(kr) is a Bessel function of order m.

For vector function, we take the following set of
vector functions as basis,

I"(r,0)= k'Vx [e, Y, (r,0)]
S/ (r,0)=k"'VY (r,0)
R}’cn (}", 9) = _ézYkm (7”', 9)

, (A-3)

It had been proven that this set of vector basis
function is orthogonal (e.g. Aki and Richards, 1980) and
complete (Chen, 1999). Therefore, an arbitrary vector
function, say A(r, 6, z, ®), can be expanded with the
above vector basis function as

4oo oo

> [{4,chor .o+

R
2T

A, (2.k, )8} (r,0) + 4, , (z,k, )R] (r,0)} kdk, (A-4)

A(r,0,z,w) =

where Ay, As,n and Ag,, are the expansion coefficients of
A under the vector function basis {7;"(r,0), S, (r,0),

R (r,0)} given by equation (10). If the vector function
A is known, these expansion coefficients can be evalu-
ated by the following formulae,

27 +oo

Ay, (2, k,0) = j j A(r,0,z,0)g[T" (r,0)] rdrd6, (A-5)
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277 +oo

A, (ko) = [ [ A(r,0,2,0)eS] (r,0)] rdrd6, (A-6)
00
27 4o

Ay, (z.k,0) = [ [ A0r,0,2,0)e[R] (r,0)] rdrdd, (A-T)
00

Appendix B: Expressions of 4 and F

ASHTE

FSHTE (Z)

T
F‘ISHTE (Z) = |:0’ _FT,m (Z,k, w) - i%pfa)fT,m (Zﬂk’a)):| ’

T
F™M(z)= {—LfT Lz k,w)+ iiMR Lz k,0)-C,. (z,k,0), -M, (z,k, a))} )
: uw . .

APSVTM —
0 a O a O O 0 O]
a4 0 0 0 a5 a, 0 0
a31 0 0 0 (135 a36 O a38
a, 0 0 0 a5 a, 0 agl| (BD
0 a, a; a, 0 0 0 O
0 a, a, 0 0 0 aq, O
a, 0 0 0 0 a; 0 oayu
10 0 a4 O 0 0 a, O]
PSVTM _ F1PSVTM (2)
F (Z) |:F2PSVTM (Z):| > (B 6)
EPS“M(Z)=[0, 0 A2 ko)
T
—F;,m(z,k,a))—i%pfa)fs’m(z,k,a))} , (BT

|

where, the symbol * indicates the complex conjugate.

G' 0 0
0 0 —iLp,@
2 5 (B-1)
0 0 —-i—-o+icw
y710]
0 iuw 0 |
ESHTE (Z):| (B-z)
FZSHTE (Z)
(B-3)
(B-4)
—F, . (z,k,0)
_fR,m (Z’ k’ a)) + LZCR,m (Za k: a))
EP™(9)=| I, (zko)+C,, (ko) | (B

Z%kc&m (z.k. )+ M, (z.k, )

The elements of 4™5Y™ has explicit expressions as
follows

_ C* - AM)k
a, =k,a,=G 1’a21 =¥>
A
M C
Qs jaazsz_z; (B-9)
2GC .k
a3 —k T’H;pfa) N
2 2
= &R LR Be10)
M AM w
a, =(1—G7Mj4Gk2 P —i%pfza)},
a,s —k(l—zGTMj, (B-11)
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Ay = 2GCk +i§pfa)k, a, =—1Lp,w;
a5, ==pa’, as, =—p, @, as, =~k; (B-12)
a, =—p; @, ag, =—i(0 —iew) yo,
4y, = Lky: (B-13)
a, =Lp,@’,a,, =Lk, a,, =0 —icw;
. K 2 .
ay, =—-1Lywk, ay, = ;Zk —1Uw; (B-14)

where,

/1=KG—§G,A=(/1+2G)M—C2,

-1
zz{f(a—iea))—ﬁ} ; (B-15)
n

and k is the horizontal wave-number; Fr,,, Fsmu, Frm,
Srms s> Jrms My Msmy Mgy Crmy Cspmy and Cg, are
the expansion coefficients of those known mechanical,
magnetic and electric source vectors F, f, M and C, re-
spectively.

Appendix C: Determination of R, and R}’

In bottom layer, there are no up-going waves i.c.,
a™" =0. We obtain R{""” =0. If the top layer is a

half-space, we have equation R'} =0; if the top layer

has a free surface, we have a!'=R"[a"+

6,,b,(z)], and two extra boundary conditions. One is
the traction-free condition, 77,=0, 7,=0,

P =0, for z=. The other is the continuity of the

TR,m:On

horizontal components of the electric and magnetic
fields (see Pride and Haartsen, 1996) at the free surface.

o) o

I o

o o
0O e 4,0 +e0)

o oL

S e o

o o

Finally, we obtain that, for SHTE model,

(1) (1) (1) (1) (1) (1) (1) (1)
9,055 +€,6%s  q,05 + €0y 4,05 +€,6y  q,0 + €04

%2 + p2 = M€,

where @ are the elements of the matrix @ .

i

-1
. { Y Y }
0=
O -4,6) 16 - 4,0,
|: _8;;) —Q;i) :| AS) (Z(O))
1,05 +0,0 ~1hO +4,6,)
4>+ D’ =g, p=k/w Im{gl>0, (C-1)
and for PSVTM model,
W =—T24" ("), (C-2)
o5 o T
> % (C-3)
O o ’
2,05 + &0y 4,0 + &6y
o o
oy o
o o |
(p=k/w, Im{g,}>0), (C-4)
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