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Water-saturated porous media often exhibit a seismoelectric effect due to the existence of an electrical double layer and
a relative flow of pore fluid. Here we consider the seismoelectric waves in an open borehole surrounded by water-saturated
porous formation which exhibits discontinuity of electrochemical properties at a cylindrical interface. We carefully analyze
the seismoelectric interface response since these signals show sensitivity to contrasts in electrochemical properties across
an interface. Both coupled and approximate methods are used to compute borehole seismoelectric fields. The simulation
results show that the radiated electromagnetic wave from the electrochemical interface is generated due to the change of
salinity in pore fluid in the porous formation. However, the elastic properties of the formation remain unchanged across
such an electrochemical interface. As a result it is difficult to recognize such a change in electrochemical properties
using only elastic waves. Therefore, the seismoelectric interface response is potentially used to detect the changes of the

electrochemical properties in the formation.
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1. Introduction

The seismoelectric effect is generated by the porous
medium consisting of a solid matrix and the electrolyte in the
pores. The ensemble is generally electrically neutral. The fluid
in porous formation can be considered as an electrolyte solu-
tion. Usually, the surface of the solid matrix has the ability to
adsorb the anions, so there is an electric double layered struc-
ture that exists at the interface between solid phase and liquid
phase. The electric double layered structure is related to the
seismoelectric effect. When an acoustic wave travels through
a porous medium the diffuse layer is free to move with the pore
fluid. Separation of the positively charged ions in electrolyte
solution due to this movement generates an electric current
and electromagnetic wave fields.['3] The seismoelectric ef-
fect in porous media can cause three different types of electro-
magnetic fields. The first one is related to the seismic source
itself;!* the second one is the induced electric field that ex-
ists in the region of the acoustic wave-generated disturbance
in the porous medium, it is caused by the conductivity change
when an acoustic wave travels through a porous medium. It
is called the coseismic electric field, its apparent velocity is
The third
kind is generated at the interface and consists of independently

associated with the speed of the seismic wave.

propagating electromagnetic waves when an interface between
two porous media exists due to the discontinuity of physical-
chemical properties. The seismoelectric interface response is
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independent of the acoustic wave propagation, and its appar-
ent velocity is the velocity of electromagnetic wave.>®! The
seismoelectric effect in porous formation has potential appli-
cations in geophysical problems, observation and forecasting
of earthquakes. The seismoelectric effect can provide informa-
tion about the electrical potential and the resistivity of forma-
tion for deducing the distributions of the oil and gas storage. It
can also give the vibration frequency characteristics of electric
field which is similar to the excitation frequency of the seismic
wave field.

The coseismic electric field and seismoelectric interface
response have been measured in the field and in laboratory
studies. Butler et al,!”! Mikhailov er al.8! and Garambois
and Dietrich!® have recorded two kinds of electromagnetic
signals through exploration experiment on seismoelectric ef-
fect. Zhu and Toksoz 1% have shown that interface response
fields in laboratory crosshole models are sensitive to fracture
aperture and orientation. Kulessa and Hubbard!'! recorded
the electrokinetic conversion signals at different interfaces on
the glacier, indicating that the glacial fracture can be detected
by the seismoelectric effect. Bordes et al.l'?! quantified the
amplitude of the coseismic magnetic fields within the seis-
mic shear waves. Wang et al.!'3 has experimentally measured
seismoelectric effects in fluid-saturated porous medium, and
detected electrokinetic conversion signal, which provided a
theoretical base for designing the electrokinetic logging tools.

Generation and propagation mechanisms of seismoelec-
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tric effects in the borehole have been studied by several inves-
tigators. The coseismic electric field and interface response
effects have been predicted by the numerical model of Haart-
sen and Pride.l' Hu and Liu,["3 Hu er al.,l'® and Hu and
Liul'”! proposed a simplified approach to simulating the seis-
moelectric logs. Haines and Pride!'®! presented a finite dif-
ference algorithm for seismoelectric wave propagation. Cui et
al." simulated borehole seismoelectric field excited by ec-
centric source. Cui et al.*°! used two methods to simulate the
full waveforms of acoustic waves and electromagnetic wave-
induced SH waves excited by vertical magnetic dipole source.
Guan et al.>! and Ding et al.!**! used numerical simulation
to invert compressional velocities and transverse wave from
electric measurement in porous formations through the seis-
moelectric logging while drilling. Wang et al.>>! found that
there are direct collar waves and indirect collar waves in acous-
tic logging while drilling, and indirect collar waves could be
relatively strong in the full wave data. Zheng et al.!**! obtained
that formation compressional and shear velocities form seis-
moelectric LWD signals. Wang et al.[>) conducted seismo-
electric logging while drilling experiment to verify the feasi-
bility of electrokinetic effect on weakening collar waves. Guan

et al 1?0

| theoretically calculated the ratio of the electric field
amplitude to pressure amplitude for the low-frequency Stone-
ley wave of different formations. Talebitooti et al.”*’! pro-
posed an extension of the full method to the investigating of
sound transmission through a poroelastic cylindrical shell. Liu
et al.!”®! investigated the characteristics of the seismoelectric
interface response at the interface outside the borehole during
the seismoelectric logging while drilling. Gao et al.[*! studied
the propagation of seismoelectric wave in a poroelastic hollow
cylinder. Zhao et al.®" investigated the seismoelectric waves
in cylindrical double-layered porous formation based on full
Pride coupled theory.

In this paper, we will pay attention to the case of porous
formation exhibiting discontinuity of electrochemical proper-
ties at the interface. The purpose of the current work is to
provide the numerical evidence that borehole seismoelectric
logging can be used to monitor the change of the electrochem-
ical properties in the formation. We first review highly cited
Pride’s seismoelectric theory and assume ideal double cylin-
drical porous formation. Then we make an assumption that
electrochemical cylindrical interface occurs in infinite porous
formation outside the borehole. Here we present for the first
time how to use the approximate solution method to simulate
this scenario. The simulation results by coupled and approx-
imate methods are compared. The numerical examples will
show seismoelectric interface response associated with dis-
continuities of electrochemical properties due to the change

of salinity of pore fluid in the porous formation.

2. Brief review of seismoelectric wave theory

In order to model the current problem, we will adopt
Pride’s governing-equations which are combinations of the ba-
sic principle of mechanics and electromagnetism,!?! and based
on Biot’s theory®!l and Maxwell’s electromagnetic equa-
tion. According to Pride’s theory, the following governing-
equations express the electrokinetic coupling in an isotropic,
homogeneous fluid-saturated porous medium without a cur-
rent source or a stress source; time dependence is assumed to

be e—i0!
VxE=i0B, ()
VxH=-ioD+J, (2)
V.1 = —0*(pu+prw), 3)
J =0(0)E +L(0)(—Vp+ o’pru), “4)
—iow = L(0)E + (—Vp+ 0*pru) k(o) /7, (5)
T=(H-2G)(V-u)I+C(V-w)I+G(Vu+Vul), (6)
—p=CV-u+MV - -w, @)
B=uH, 3
D=¢E, )

where J is the electric-current density, F is the electric field,
B is the magnetic induction, H is the magnetic field, D is
the electric displacement, 7 is the bulk stress in the porous
medium, p is the pore fluid pressure, C, M, H, and G are four
elastic moduli of the porous media, w is the solid-phase dis-
placement, w is the relative fluid—solid displacement, @ is the
angular frequency, 11 and p¢ are the viscosity and density of
the pore fluid, (@) and k() are electrical conductivity and
the dynamic permeability, L(®) is the electrokinetic coupling
coefficient, the L() reflects the strength of the electrokinetic
coupling. When L(®) is not zero, the seismic and electro-
magnetic fields are coupled, electric field can produce relative
fluid motion and pressure gradients, and electric current can
be caused by the pressure gradient of pore fluid as well as
the inertial force of the solid phase. When L(w) is set to be
zero, Darcy’s law and Ohm’s law are uncoupled, then Pride’s
governing-equations would be separated into Biot’s equations
for elastic field and Maxwell’s equations for electromagnetic
field.

3. Seismoelectric waves in double cylindrical
porous formation

In this section, we will present the mathematical formu-
lations for the propagations of seismoelectric waves in double
cylindrical porous formation. The frequency wavenumber in-
tegral expressions for the acoustic and electromagnetic waves
in the borehole fluid are formulated. A borehole in the double
cylindrical porous formation is shown in Fig. 1. It is a cylin-
drically layered structure (r, 0, z), inside the borehole is fluid
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layer, the radius of borehole is ‘a’, the interlayer is porous
formation whose outer radius is ‘b’, the outermost layer is an
infinite porous formation.

receivers A

porous formation

b transducer

Fig. 1. (color online) A borehole in the cylindrical porous formation.

3.1. Seismoelectric waves in double cylindrical porous for-
mation

From full Pride’s theory, we briefly review the equations
applicable to the configuration of an open borehole surrounded
by concentric double cylindrical porous formation.*°! Based
on the full Helmholtz potential functions of the seismoelectric
wave fields excited by a monopole acoustic source in cylindri-

cal layered medium one obtains!1>-21:2-32]

U = V(ppl)f+ V(pyl)s +V xVx (1—;{/ +1—élrx1)627
WI

0V Oh+ 0 Vo + 0,V X V X T e
ol VXV xILe.,

U = Vo + Vo +V x V x (I + Iy ez,

W = alivell + otV + v v x I,
+all VxVxIle. (10)

Here, the @; (j = pf, ps) and I} (j = sv, em) are the poten-
tial functions with respect to the compressional wave and ver-
tically polarized shear wave, respectively, the superscripts I
and II denote the variables of the interlayer and the outermost
porous formation, respectively, e; is the unit vector in the z di-
rection, a; (j = pf, ps, sv, em) are coefficients each of which is
a dimensionless complex, and they reflect the amplitude ratio
between the two kinds of displacements v and w in porous
media,®! B (j = pf, ps, sv, em) are coefficients and reflect the
ratios between the electric potential and displacements.

The potential functions in frequency-axial wavenumber
domain can be formulated as follows:

0" = Alo(njer) + ByKo(njer)
+AbTo (Mps7) + BpsKo (1),

I = AL Io(ngr) + By Ko(ng,r)
+Atmlo(Mem?) + BewKo(Nemr),

o' = ByKo (1) + ByKo (1),
FH _ BH K 11 BH K 11 11
— Dy O(nsvr) +Bem 0(nsvr)7 (11

where k; is the axial wavenumber, 1; = k% — k? (j =rpf, ps,
sv, em) are the radial wavenumbers, k; is the wavenumber,
Iy and K are the modified Bessel functions, A{)f, A{,S, AL,
AL, B;f, B;S, Bl, B., Bgf, Bgs, B BI are the unknown
coefficients, and they characterize the outgoing and incoming
seismoelectric waves and can be determined by solving the
boundary value problem. When the water-saturated porous
formation is homogeneous and infinite, the model gives the

classical solution. [!3-32]

3.2. Acoustic field and electromagnetic field in fluid

The solutions of potential of acoustic field in borehole
fluid in the frequency-axial wavenumber domain can be de-
scribed as?]

@ = Aplo(Nmr) + Ko (Mmr), (12)

where k; is the axial wavenumber and 1,, = \/kZ — k2, ki is
the wavenumber of fluid. The expression of the displacement
field in fluid is given by UB = V¢,.

The constraint equations of electric field intensity satisfy
the Helmholtz-type wave equations without electric current
sources in the borehole fluid, and we take the z-component
of vector E to investigate for convenience

V2E, + k2E, =0, (13)

where k2 = w’uey, & = &(1 +ior/we), & and o are the
electrical permittivity and electrical conductivity of borehole
fluid, respectively.

In the borehole fluid, because the axial electric field
should be finite, according to the relationship between E and
H, the expressions of component of vector E and H in the
frequency-axial wavenumber are

Ne

E. = EBeIO(ner)a (14)
TNe
H, = (kz - ik>BeIO(TIe")a (15)

where n2 = k2 — k2.

3.3. Solution of the unknown coefficients

The unknown coefficients Ay, Be, A{)f, A%,s, Agv, Agm, Bif,
By, Byys B, By By, By, Bey, which appear in the expres-
sions for the field are determined by satisfying the boundary
conditions.

The boundary conditions of seismoelectric waves for a
cylindrical interface between a fluid and interlayer porous me-

dia at inner interface (r = a) are as follows:

B __ I _ 4l B_ 1 B__ I I
P =T O_Trza P =D, U = Ut W,
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EP=E!, H} =H). (16)

The boundary conditions between the interlayer porous
medium and the infinite porous formation at the outer inter-
face (r = b) are

where the superscripts B, I, and II denote the variables of the
borehole fluid, the interlayer, and the outmost porous medium,
respectively.

Boundary conditions may be written in matrix form as

mij X =Y , (18)
u£*u£17 Mi ?7 W}«:W}’Ia pI:pH7 [ ”]14X14 { j}l4><] { 1}14X1
=1l T Tm EZI = E;I, Hé =H), (17)  where the matrix M is given in Appendix A, and
|
{Xj}14x1 {Ab’BevApfﬂA{)svAgv’Az:m»BpvaI)s»BzvaBim’Bpvags’BgvaBim} (19)
T
{Yi}14><1 = {anl (nma)/ﬂ7 — pOKO(T’ma)/TCa - pOKO(nma)/ﬂ7070705Oa0a0a070707050} . (20)

From the above fourteen boundary conditions, the four-
teen unknown coefficients can be solved, so the acoustic field
and electromagnetic field in each region can be obtained.

4. Approximate method

In this section, we propose an approximate method to
simulate borehole seismoelectric wave when only electro-
chemical properties in the two layers of the double layered
structure are different, i.e., the elastic properties of the water-
saturated porous formation are still the same (in such a case,
B\ = Bl = B, and A, disappears). That means that only dis-
contmumes in electrochemlcal properties exist at the interface
of the infinite porous formation. The distance between elec-
trochemical interface and axis of the borehole is b, and the
model is shown in Fig. 1. Here we can refer to Hu’s quasi-
static simplified method.['6:17-21.29] First, the effect of the con-
version of the electric field on elastic wave propagation is ig-
nored. Then in the simplified solution L(®) = 0 in Eq. (5). In
such a case, the acoustic field in porous formation is indepen-
dent of electromagnetic field and the acoustic field is described
by Biot’s equations. The acoustic field can be obtained from
Rosenbaum’s work, 33! also see Hu et al.’s work.[!316] Once
the acoustic field is known, the electromagnetic field arising
from the seismoelectric effect can be determined. Secondly,
we ignore the terms involving the time derivatives in the elec-
tric field, i.e., regardless of conduction current, so the electro-
magnetic field is a quasi-static field. The divergence is zero on
condition that quasi-static electric field, i.e., the electric field
of the fluid in the formation and borehole can be expressed as
a negative gradient of the electric potential

E=_V. 1)

The solution of the electric potential in the inner porous
formation can be expressed as

1

@' = ARKo(kr) + Bilo(ker) +

X Z [@*pr — (C+ oc,-M)kf]B/Ko(mr),
J=pf,ps

(22)

where o' and L! are the electrical conductivity and electroki-
netic coupling coefficient in the inner porous formation of the
interface. The first two terms on the right-hand side of Eq. (22)
are the general solution of the Laplace equation (homogeneous
equation), while the third term is the particular solution arising
from the seismic field in the formation.

The expression for the current density component is given
by Eq. (4)

Jb = 0"k [AEK (kr) — Bl (k.r)]

- ikza)zprval (nsv)- (23)

Since outside the borehole there is an infinite formation
of porous structure, these expressions should not contain mod-
ified Bessel function of the first kind, so the expression is

11
(DH = AgKo(kzr) + @

xZ (@2 pr —

Jj=pf,ps
JU = oMk AUK (k.r) — ik.0?piBo K (Ngy7),

(C+ ajM)k3]B;Ko(n;r), (24)

(25)

where @ and L' are the electrical conductivity and electroki-
netic coupling coefficient in the outermost porous formation
of the interface.

In the borehole fluid, because the axial electric field
should be finite, the expressions for the electric potential and
the current density component are expressed as

PP = Aglo (kzr), (26)
B

JP = *GfT = *O'szAEII (kzr). 27
r

Here, the unknown coefficients A2, AL, BL, All in the for-
mation and borehole fluid can be determined by solving the
continuity conditions, and they are continuities of electric cur-
rent density and the electric potential for approximate method
as follows:

At inner interface r = a,

B =l JB=JL (28)
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At outer interface r = b,

o' =0 J=yI (29)

From the above four boundary conditions, the four un-
known coefficients can be solved and the electric field in each
region can be obtained after the acoustic field has been deter-
mined independently.

Therefore, the approximate method needs to solve two
sets of four equations, otherwise the coupled method needs to
solve one set of fourteen equations. Also, the acoustic field
by the approximate method is very easy to obtain, and will
simulate the results more efficiently.

5. Numerical simulation

In this section, we simulate the acoustic field and elec-
tric field obtained from the above coupled method and the ap-
proximate method. The physical parameters of the borehole
fluid and porous formation are listed in Table 1. The formation
in this example is assumed to have a P wave velocity (about
3220 m~s‘1), and it is a fast formation whose S wave velocity
(about 1760 m-s~!) is larger than the acoustic velocity in the
borehole fluid (1500 m-s~! ). The radius of borehole is 0.1 m,
the distance between electrochemical interface and axis of the
borehole is 2.5 m. Relative permittivity of the pore fluid is the
same as that in the porous medium, the magnetic permeability
of the porous formation is equal to permeability of vacuum ¢
throughout the paper. In the following simulation, a monopole
pressure is employed which has a cosine wave oscillating with
an envelope, the source-to-receiver distance is 6 m in the ax-
ial direction, the centre frequency of source is 6 kHz, and the
acoustic pulse length of source is 0.5 ms. In view of the sim-
ilarity between the waveforms of different electric field com-
ponents, we will only show the acoustic pressure and electric
field waveforms in the axial direction. The acoustic and elec-
tric signal are assumed to be recorded at the same place with
an offset » = 0.05 m in the r direction.

Table 1. Parameters of the borehole fluid and porous formation.

Parameter Property Formation  Fluid
0] Porosity 0.345 -
Ko Permeability/um? 3.1 -
Ooo Tortuosity 2.1 -
ky Frame bulk modulus/Pa 6.6x10° -
Gy Frame shear modulus/Pa 5.5%10° -
Ds Solid density/(kg/m?) 2212 -
ks Solid bulk modulas/Pa 50%10° -
& Solid permittivity 4g -
ke Fluid bulk modulas/Pa 2.2x10° -
pr Fluid density/(kg/m>) 1000 1000
n Fluid viscosity/Pa-s 0.001 -
o Salinity/(mol/L) 0.001 0.01
& Fluid permittivity 80¢y 80¢y

5.1. Acoustic field and electric field

Using the above-mentioned Pride’s theory we first inves-
tigate the theoretical mode by the coupled method. The for-
mation outside the borehole is extended to infinity and has
no electrochemical interface. For such a case the model re-

15321 The borehole mechanisms

duces to the classical model.
involved in seismoelectric coupling have been summarized by
Hu and Liu,!"! Hu ez al.,"®! and Hu and Liu.!'”! Figure 2(a)
shows the waveforms of acoustic field and electric field in the
borehole excited by a monopole source, and two wave groups
in the acoustic field waveforms: in the order of their arrival
times, they are the P waves, the S waves and pseudo-Rayleigh
waves. Figure 2(b) shows stationary electric field in the ax-
ial direction accompanying acoustic waves groups, both fre-
quency and arrival time of acoustic field and electric field are
very close, so the propagation velocity of coseismic electric
field is equal to corresponding acoustic velocity. These co-
seismic electric fields exist in the region of the acoustic wave
disturbance in the porous medium, and originated from the
wall through converting the acoustic energy into the electro-
magnetic energy. Meanwhile, it can be observed that there
is an electric pulse arriving earlier than the coseismic electric
field: this electric pulse has a propagation velocity larger than
the coseismic electric fields in the porous formation, and it
is actually independent propagation of electromagnetic waves
generated when the acoustic wave impinges on the borehole
interface, and we call it “EM” wave.

4

(2)

(b)

E/10-6 V.m~!

79 1 1 1
0 1 2 3 4 5

Time/ms

Fig. 2. Full waveforms of (a) acoustic field and (b) axial electric field
from infinite formation model without electrochemical interface, ob-
tained from Pride’s theory.

124301-5



Chin. Phys. B  Vol. 26, No. 12 (2017) 124301

In order to verify the correctness of simulation results of
our problem by different calculation methods, we make the
quantitative comparison between the acoustic field and the
electric field obtained by the coupled method and the approx-
imate method. The theoretical mode is the configuration of
an open borehole surrounded by concentric double cylindri-
cal porous formation. We select a set of parameters of the
interlayer and the outermost porous formation listed in Ta-
ble 1. We set the input parameters of interlayer and outer-
most formation to be equal except for the salinity. The salin-
ities of borehole fluid, interlayer and outermost formation are
1x1072 mol-L™!, 1x107% mol-.L™!, and 3x107% mol-L ™!,
respectively. Thus an electrochemical interface exists in such a
case. Figure 3 shows the waveforms of acoustic field and elec-
tric field. They are calculated based on the coupled method
and the approximate method. Solid and dashed lines denote
the results obtained by coupled method and the approximate
method, respectively. It can be seen from the figure that there
is almost no difference between the results from the approxi-
mate method and the coupled method. Therefore the problem
of infinite formation having an electrochemical interface can
be solved by the approximate method to improve computing
efficiency. Figure 3(a) shows the waveform curve of acous-
tic field is practically the same as simulated result shown in
Fig. 2(a). As shown in Fig. 3(b), by comparing the waveforms
of electric field with simulated result shown in Fig. 2(b), and
enlarging the localized region of the electric field 10 times one
can see that there is a wave group generated, which possesses
the smallest amplitude: it is smaller than those of EM wave
and coseismic electric field. It arrives earlier than the forma-
tion P wave of the conversional electric field. Based on the
above simulation it can be concluded that the acoustic wave-
form is the same as that of single infinite porous formation, one
can conclude that the elastic properties of the formation have
no change. But the salinity of outermost porous formation is
different from that of the interlayer, so it is a radiated electro-
magnetic wave generated when the acoustic wave propagates
at the interface with different electrochemical properties, in or-
der to distinguish a similar response (EM wave) generated at
the borehole wall, here we denote it as seismoelectric interface
response (SIR). As shown in Fig. 3(c), we enlarge the distance
between electrochemical interface and axis of the borehole to
3.5 m, comparing with the case of interface distance 2.5 m, the
arrival time of SIR is delayed by about 0.31 ms. One can find
that the time difference is travel time for the formation P wave
to propagate 1 meter in the porous formation. The existence
of SIR can be used to extrapolate whether the electrochemical

properties have been changed in the formation.

4
—— coupled method (a)
| - - - approximate method a
2 -
£
& 0
&
—9l
_4 I I I I
0 1 2 3 4 5
Time/ms
9

——coupled method

;,‘(,XIO—NJ\M/\ - - -approximate method

0 1 2 3 4 5
Time/ms
8 Moo
| a0x10-7 (c)
0 —b=25m
4 Fa0x107 ----b=3.5m
! 800 5T TE
g i /Tinmjn’ls
> /—\
s ORl ok
=
~
0
&) 4t
_ ) 1 ) 1 ) 1 ) 1 )
80 1 2 3 4 5

Time/ms

Fig. 3. (color online) The acoustic fields and the axial electric fields
obtained from the coupled method (solid line) and approximate method
(dashed line). (a) The acoustic field. (b) The axial electric field. (c) The
axial electric field when the distance from electrochemical interface to
borehole axis are 2.5 m and 3.5 m respectively.

5.2. Influence of salinity

The formation having discontinuities of electrochemical
properties at an interface is further investigated. For this
purpose, we investigate first the response characteristics of
electric field as the salinity of outermost porous formation is
changed. We set the salinity of each layer medium: the salin-
ity of borehole fluid is 11072 mol-L~!, the salinity of inter-
layer is 11072 mol-L~! and change the salinity in the outer-
most formation into 0.25x 1073 mol-L !, 0.5x 1073 mol-L !,
2x1072 mol-L™!, and 4x 1073 mol-L~! respectively. For all
these four cases an electrochemical interface will exist. The
other input parameters of formations are listed in Table 1. Fig-
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ure 4(a) shows that if the acoustic field is simulated on con-
dition that the porous formation outside the borehole exhibits
the same acoustic impedance but different salinity, its acoustic
waveforms have no difference from those of the single infi-
nite porous formation model. However, figure 4(b) shows the
change of SIR amplitude with salinity in the outermost porous
medium. This amplitude first decreases and then increases as
the salinity of the outer formation increases. This simulation
result verifies the work by Liu et al.!*8! for the logging while
drilling case. Meanwhile, it can be observed that the variation
of EM wave amplitude with salinity is relatively small, and in-
fluence of the salinity on coseismic electric amplitude is very

small.
4 . . .
| saniltiy of outermoust formation
- 0.25X10-3 mol-L-! (@)
- - -0.5X1073 mol-L~1! \
2+ 2X10~3 mol-L—1
b —-— 4X1073 mol-L~!
SN J N__
0
T v
9o
74 I L 1 L 1 L 1 L 1 L
0 1 2 3 4 5
Time/ms
saniltiy of outermoust formation
5 | —025x10°% mol-L! (b)
- - :0.5X10-3 mol-L—!
| 2X10~3 mol-L—1
n —-— 4X10~3 mol-L~1
E 0 —~N\ -
>
i F 1.0x10
=)
—
~ —5 3007
&y
0
—5.0x10-7
—10
—-1.0x10-%
L 1
0 4 5

Fig. 4. (color online) Influences of salinity on synthetic waveforms of
(a) acoustic field and (b) axial electric field.

Furthermore, we also investigate the response character-
istics of electric field as the salinity of interlayer formation
is changed. We set the salinity of the borehole fluid to be
11072 mol-L~!, the salinity in the outermost porous forma-
tion is 1x107> mol-L~!, and change the salinity in the inter-
layer formation into 0.25 x 103 mol-L~ !, 0.5% 1073 mol-L 7!,
2x1073 mol-L™!, 4x1073 mol-L~! separately. Figure 5(a)
shows the waveform of acoustic field, which does not change
with the salinity. However, the amplitude of electric field
presents distinct variations with the salinity change. As shown
in Fig. 5(b), the SIR amplitude first decreases and then in-
creases with the salinity of the inner formation increasing.

The influence of salinity on the EM wave amplitude is also
noticeable. It means that the amplitude of the EM wave de-
creases significantly with the increase of salinity. The varia-
tion tendency of coseismic electric amplitude with the salinity
is roughly similar to that of EM wave, but the change of am-
plitude is relatively small.

- salinity of inner porous formation (a)
F——0.25X10—3 mol-L~!
F - --0.5X10"3 mol-L~!
2r 2X10—3 mol-L—1!
I ——4X10=3 mol-L—!
< |
S0 J
S L
_olL
4 L 1 L 1 L 1 L 1 L
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Time/ms
2 - : :
salintiy of inner porous formation
——0.25%X1073 mol-L—!
-~ 0.5X10~3 mol L (b)
_ 1+ 2X1073 mol-L—1
! == 4X10-3 mol-LQ!
g |
> %
1 / ’
= v
2 ’l b
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—1F ok A andln
oo
10310 | | |
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Y e SR N R .
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Fig. 5. (color online) Influences of salinity on synthetic waveforms of
(a) acoustic field and (b) axial electric field.

6. Discussion and conclusions

In this paper, seismoelectric wave propagation in an infi-
nite porous formation having discontinuities of electrochemi-
cal properties at an interface is investigated. Theoretical mod-
els are analyzed and simulated by both couple method and
approximate method. The mathematical equations to study
the acoustic field and the electric field obtained by the two
methods are presented. We verify that the acoustic field and
the electric field obtained by the approximate method are the
same as those calculated by the complete coupled method. It
means that the problem of infinite formation having an elec-
trochemical interface can be solved by approximate method to
improve computing efficiency. For comparison, we simulate
first the acoustic and electric fields when the infinite formation
has no electrochemical interface using the reduced coupling
equations. Then we consider the case where the formation has
discontinuities of electrochemical properties at the interface.
A comparison between full waveforms of the acoustic field
shows that the acoustic waveform is the same as the classical
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model solution for single infinite porous formation. Therefore,
it can be concluded that the change of electrochemical proper-
ties in porous formation does not influence the acoustic field.

Effect of the change in electrochemical properties on the
electric field is then investigated. This investigation shows that
for the porous formation having an electrochemical interface
there is a wave group that has the smallest amplitude, smaller
than those of EM wave and coseismic electric field, and it ar-
rives before the P wave of the converted electric field. This
wave is denoted as SIR. Furthermore, when the salinity of out-
ermost porous formation increases, the amplitude of SIR first
decreases and then increases. This is because the salinity mis-
match between the inner porous layer and outer porous layer
first decreases and then increases as the outer layer salinity in-
creases. The influences of the salinity change on the coseismic
electric and EM wave are relatively small. When the salinity of
the interlayer or the inner porous formation increases, the am-
plitude of SIR first decreases and then increases for the same
reason. The salinity mismatch at the interface first decreases
and then increases as the interlayer salinity increases. For this
case the EM wave decreases more significantly with the in-
crease of salinity. The overall trend of coseismic electric wave
amplitude varying with the salinity is approximately similar
to that of EM wave, but the change of amplitude is relatively
small.

One potential application of this investigation is to moni-
tor the water pollution during environment monitoring. Since
the acoustic pressure waveform is the same as that for the sin-
gle infinite porous formation, it can be concluded that such an
electrochemical property change cannot be detected by acous-
tic waves. This is because the elastic properties of the forma-
tion do not change. The change of the interface electromag-
netic wave is due to the change of electrochemical property.
Such an electrochemical property change can be due to the
water pollution in the formation, thus the water pollution can
be monitored by this technique. The model in this article is
idealized, the actual formation and water pollution can be very
heterogeneous, and therefore further study is needed to extend
this concept of water pollution to the real life problems.

Appendix A

The matrix elements of M are as follows:

miy = Nl (Mma) /T, mi2 =0,
mi3 = M1+ o) Ko (Mpe0),
myg = Mye(1+ o) K (ja),

mys = ik(1+ O‘II)f)Kl (néfa),

mig = k(14 Oy ) K1 (Nepa),
mi7 = —Tge(1+ o)1 (M),
mig = —Mps(1+ 0411 (1),

mig = ik(1+ ag)Ti (ngpa),
my10 = ik(1+ o )T (Nina),
my=my2=my13=my 14 =0,
my1 = po@°Io(Nwa)/®, myy =0,
my3 = *klljfz (c +M1a§f)Ko(n;fa),
mys = —kII)SZ(CI +M1aps)Ko(n§sa),
mys =0, my =0,
my7 = —k;fz(cI +M1a;1>f)10(77;1>fa)a
mag = —lp > (C'+ M oy ) To (1550,
Mg =my 10 =My 11 = My,12 = NMy13 = ny 14 =0,
m3| = PO(DZIO(TIma)/”a m3y =0,
m33 = 2G'nyKi (n}a) /a

+ (26"~ H' = Clagy) g +2G ] - Ko (myga),
m3q = ZGIT’FI,SKl (nésa)/a

+[2G' — H' - Clog ky* +2G'np*] - Ko(mpa),
m3s = 2ikG' [N Ko(niha) +Ki(na)/a
msg = 2ikG' [nl Ko(nlya) + Ki(nlya)/a] ,
m37 = —2G' Nyl (nja) /a

+[(2G' = H' = Clagp)ky” +2G ] - To (1),
msag = —2GIan,SII (n;sa)/a
+ (26!~ H'— Clag ky® +2G' %] - To(mpea),
m3o = 2ikG' [~y lo(Mpsa) +11 (Mpsa) /a] |
m3,10 = 2ikG' [N To(Mima) + 11 (Nina) /a] ,
myjn=m31p=m313=m314=0, my;=myy=0,
mazy = —2iknyKy (Mya),  mag = —2ikny Ko (npsa),
45 = (I + 03> Ki(na),  mag = (& +1é ) K1 (1),
myy = 2iknydi (Mya),  mag = 2ikniT (@),
40 = (F+n33) T (nha) ,
ma, 10 = (K4 nin’) Tt (Nema) ,
my 11 = my12 = my13 = My 14 = 0,
ms1 =0, msy=nelo(Nea)/ik,
ms3 = ikByKo(nya), mss = ikByKo(mha),
mss = —BuNuKo(N5ha),  mse = —BemNemKo(Mema),
ms7 = ikPyelo (M) . mss = ikPyslo (Mpeat)
mso = BanMinlo (Nha) . ms.10 = BamMemlo (Mema) -
ms 11 = ms 12 =ms 13 =ms 14 =0,
(g

mer =0, mg =1 <k —k)11(77ea)>
me3 = mes = 0,
mes = Binksn K1 (114,@),  me6 = Bemkem Ki (Mema@),
me7 = meg = 0,
me9 = Banken Tt (M), me.10 = Bamkem 11 (Mema)

Mg, 11 = Mg 12 = Mg 13 = Mg 14 = 0,
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mq1 =mp =0,

mr3 = —TgKy (Myeb) - 74 = —np K (npib)
mys = —ikKy (n§yb), mae = —ikKi (nind),
myy = Mydy (eb) ,  mag = nply (Mpsb)

myo = —ikly (N4,b), m7,10 = —ikl; (Ninb),
my,11 = MKy (Myib),  m7,12 = MK (),
my13 = ikKi (N4h),  m7,14 = ikKi (Negb),

mgy = mgy =0,

mgs = ikKo (nigb) ,  mga = ikKo (mb) ,

mgs = —1N4Ko (Mgwh) ,  mss = —TNemKo (Nemb) ,
mgy = iklo (b)), mgg = iklp (Mpsb) ,

mgo = Niplo (Mwh) ,  m3.10 = Nemlo (Memb)
mg 11 = —ikKo (1yb) ,  mg 12 = —ikKo (1) ,
ms13 = NuKo (ND),  ms 14 = NiKo (Mihd) ,

moy = mgp = 0,

mo3 = — oK (Mpeb) ,  mog = — oM Ko (Mpeb)
mos = —ikagy Ky (ngb) ;- moe = —ikoen Ky (Memb)

mo7 = oMol () mos = oyl (Mysb)
mogg = —ikaJhII (T]glhb) mg 10 = —ikaémh (T];mb) s

mo 11 = opMotKy (Mpeh) , mo .12 = oK (b)) ,

mg 13 = 1kaShK1 (nshb) , M9 4= 1kocH K; (ngnb) ,
myo,1 = mjp2 =0,

mio3 = ky” (C'+ M o) K,
mig4 = kI 2 (CI+MI IS)
mio7 = kig® (C'+M' o) To (npeb) ,
miog :kI 2(C+May ‘ $) 1o (Mpsh)
mio.11 = _kIIZ (CH —|—MH II) KO (npf )
mio.12 = —kgf (C"+M" ) Ko (npb) ,

0 (n;{fb) )
o (Mpsb)

mio,s = Mig,c = M10,9 = M10,10 = M10,13 = Mi0,14 = 0,

myy,1 =my2 =0,

mi13 = [(2G" - H' - C'ofy) ko® +2G'n) ]
~Ko(Mp¢b) +2G npyK (156b) /b,

mie=[(2G' — H' = Clad ) k1.2 + 2612
~Ko(1psb) +2G' Ko (11p5b) /b,

mi1 5 = 2ikG' [n,Ko(n5yb) + Ki (ngyb) /b] ,

mi1 6 = 21kG' [NenKo(Nemb) +Ki(Nemb) /5] ,

my7 = [(2G' — H' = Clogy,) ki +2G 'y
To(1peb) — 2G pely (Myeb) /b,

mig = [(2G' — H' - Clad ) K12+ 2612
“To(npsb) —2G L1 (115b) /b,

mi1o = 2ikG' [—mylo(npsb) + 11 (npsh) /b]

mi1 10 = 2ikG' [~Telo(Nemb) + 11 (Nemb) /5] ,

myy i = [(2GH HH CH(XII)I) kHz—‘rZGHT]HZ]

-Ko(nhth) — 2G" 0K, (njib) /b,

mitse == [(26" - #1121 26

KO(ng) ZGanq (ng)/

mi1,13 = —2ikG" [l Ko(nib) +Ki(nib)/b] ,

mi14 = —2ikG" [0l Ko(nib) + Ky (nib) /b] |

myz,1 = myz2 =0,

min3 = —2iknLKy (nkb),  miza=—2iknlK; (nib),
mizs = (K +n4%) Ki () .

mize = (K +nin’) Ki (nind) .

ming = 2iknyly (Myb),  ming = 2iknydy (Myeb)
mize = (K +n%7) I (nd) .

m2.10 = (kz + ﬂ;m2) I (Nimb)

mio, = 20knSK (nlb),  mizi = 2ikniK; (nllb),
mp2,13 = — ( +ni4°) Ky (nid)

mip 14 = ( + ngnz) 1 (mﬂnb) ;

my3 =my3 =0,

miz3 = ikByKo (nkb), miza = ikBLKo (nb),

miz,s = —BiuNinKo (nslhb) , mi3e = —PBemMemKo (ngmb) J
mi37 = ikByrlo (Nyb) , mizg = ikBylo (ysb)

mi30 = BinMenlo (M) . m13,10 = BmNemlo (Mémb) »
miz = —ikPoKo (ftb) . muz 12 = —ikBpKo (nib)
mi3,13 = BAnaKo (Mihb) . miz,14 = BnimKo (Minb) ,
mig1 =mis2 =0,

miss = Bk Ki (n%b),  miae = Blnkim K1 (Mimb) ,
mia9 = ﬁslhkghzll (nihb) , M40 = ﬁgmkémzll (nimb) )
mia s = —Bike Ki (Nhb) , mia1a = Bemkem K1 (Temb)

M43 = Mi44 = Mgy = mygg = mig11 = m412 = 0.
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