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Abstract

Earthquakes are frequently accompanied by electromagnetic (EM) anomalies. These anomalies are thought to be caused by
earthquakes but the generation mechanism is still unclear. The piezoelectric effect has been proposed as a possible mechanism
but the EM responses to earthquakes due to such an effect has not been well understood. In this article, we study the EM signals
generated by an earthquake source due to the piezoelectric effect. We develop a semi-analytical method to solve the seismic
and EM fields in a 3D layered model and conduct numerical simulations to investigate the characteristics of the EM fields. The
results show that the earthquake can generate two kinds of EM signals. One is the early-EM signal which arrives earlier than
the seismic wave. The other is the co-seismic EM signal accompanying the seismic wave. For an earthquake the co-seismic
electric field can reach "10 uV/m and the magnetic field can reach “10-4 nT. We also study the sensitivity of the co-seismic
EM fields to the rock conductivity. The results show that the co-seismic EM fields are mainly affected by the conductivity of
the shallow layer, and they are also affected by the conductivity of the deep layer when the top layer is thin.
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Keypoints

* A method is presented to simulate the seismo-electromagnetic fields due to the

piezoelectric effect in a 3D horizontally layered model.

* Numerical experiments are conducted to investigate the characteristics of the

earthquake-induced electromagnetic fields.

¢ Numerical results show that the piezoelectric effect is an efficient mechanism to

produce observable electromagnetic signals.



Abstract

Earthquakes are frequently accompanied by electromagnetic (EM) anomalies. These
anomalies are thought to be caused by earthquakes but the generation mechanism is
still unclear. The piezoelectric effect has been proposed as a possible mechanism but
the EM responses to earthquakes due to such an effect has not been well understood. In
this article, we study the EM signals generated by an earthquake source due to the
piezoelectric effect. We develop a semi-analytical method to solve the seismic and EM
fields in a 3D layered model and conduct numerical simulations to investigate the
characteristics of the EM fields. The results show that the earthquake can generate two
kinds of EM signals. One is the early-EM signal which arrives earlier than the seismic
wave. The other is the co-seismic EM signal accompanying the seismic wave. For an
M, =6.1 earthquake the co-seismic electric field can reach ~10 pV/m and the
magnetic field can reach ~10* nT. We also study the sensitivity of the co-seismic EM
fields to the rock conductivity. The results show that the co-seismic EM fields are
mainly affected by the conductivity of the shallow layer, and they are also affected by

the conductivity of the deep layer when the top layer is thin.



Plain Language Summary

A large number of observations have shown that earthquakes can produce the
electromagnetic (EM) disturbance. Many theories have been proposed to explain the
EM anomaly, and the piezoelectric effect is one of the plausible mechanisms. Under
stress, the positive and negative charge centers of quartz crystals are shifted, resulting
in the polarization, which is manifested macroscopically as the EM radiation from
quartz-rich rocks induced by earthquakes, i.e., the piezoelectric effect of earthquakes.
In this paper, an analytically-based method is presented to simulate the earthquake-
induced EM disturbances due to the piezoelectric effect. The simulation results show
that earthquakes can produce two kinds of EM signals. One is the early-EM wave signal
which travels much faster than the seismic wave and the other is the co-seismic EM
signal that appears simultaneously with the seismic wave. Based on the sensitivity
analysis of the EM signal we find that the EM signal is sensitive to the conductivity of
shallow rocks, and the conductivity of deep rocks can also affect the EM signal. The
results show that the EM fields produced by the piezoelectric effect during an

earthquake are detectable.

Keywords: Earthquake; Piezoelectric Effect; Electromagnetic Anomalies; Numerical

Simulations.



1. Introduction

Earthquake can produce temporal and spatial variations of electromagnetic (EM)
anomalies. People have noticed this phenomenon for a long time and recorded a large
number of observation data (Abdul Azeez et al., 2009; Gao et al., 2016, 2019;
Gershenzon et al., 1993; Iyemori et al., 1996; Johnston & Mueller, 1987; Karakelian et
al., 2002; Tang et al., 2010; etc.). These records show that EM disturbances could be
observed before, during and after the earthquake (Honkura et al., 2000; Okubo et al.,
2011; Rikitake, 1968). Researchers proposed several mechanisms to explain this
phenomenon, for example, the electrokinetic effect (Fitterman, 1979; Gao & Hu, 2010;
Ishido & Mizutani, 1981; Pride, 1994), the motional induction effect (Gao et al., 2014,
2019; Gershenzon et al., 1993; Iyemori et al., 1996; Matsushima et al., 2002; Zhao et
al., 2021), the piezoelectric effect (Bishop, 1981a, b; Ghomshei et al., 1988; Huang,
2002; Ogawa & Utada, 2000a, b) and the piezomagnetic effect (Sasai, 1991; Stacey,
1964; Stuart et al., 1995; Yamazaki, 2011; Zlotnicki & Cornet, 1986), etc.

Among them, the piezoelectric (PZ) effect had been nominated to account for
earthquake lightning decades ago (Finkelstain et al., 1973). As is well-known, quartz
crystals are widely distributed in crustal rocks. When rocks are deformed by stress,
quartz crystals will become electrically polarized as the centers of positive and negative
charges of the lattice shift from a micro perspective. Literatures provide that pure quartz
crystals can produce ~107'2C polarization charges under 1 N axial force (Bishop, 1981a,
b). For the quartz-bearing rocks in earth’s crust, however, the crystallographic axes of

quartz ordinarily don’t align in the same direction, hence different crystals’ polarized



charges probably cancel each other and this would critically reduce the overall
polarization. Tuck et al. (1977) suggested that the crystallographic axes orientations of
quartz in rocks are arbitrary so that the polarization due to stress would neutralize,
which means that the piezoelectric effect of quartz-bearing rocks is only a statistical
effect. He doubted the presence of the real piezoelectric fabric in rocks. Bishop (1981a,
b) experimentally measured the piezoelectric coefficient of mylonite and compared it
with the result calculated from the quartz aggregates, which confirmed the presence of
the piezoelectric fabric. He also pointed out that the piezoelectric coefficient of the
quartz-bearing rocks is about one-thousandth of that of a pure quartz according to the
measurements of other rocks. Similar to the single crystal, the symmetry groups can be
used to characterize quartz aggregates as well, such as ‘eom’, ‘e22’, ‘6m2’ or other
symmetries. Ghomshei et al. (1988) and Ghomshei & Templeton (1989) also
demonstrated the presence of the piezoelectric fabric of a-axis in quartz-bearing rocks
through piezoelectric coefficient measurements in different directions of coarse-grained
quartz vein specimens as well as through neutron diffraction analysis.

Numerous researchers have carried out experiments and theoretical studies on the
seismo-electromagnetic (SEM) phenomena arising from the PZ effect and achieved
remarkable progress. EM signals experimentally measured during rupture, stick-slip
and other tests of quartz-bearing rocks can explain the SEM phenomena to some
extends. Nitsan (1977) found that the rupture of quartz-bearing rocks can generate radio
frequency EM transients, and the frequency of the EM radiation tend to increase as the

size of rock grains decreases. Ogawa et al. (1985) recorded the broadband electric signal



released from granite when it was struck or fractured and estimated it using PZE. His
results indicated that the PZ effect might be the generation mechanism of the released
electric signal. Yoshida et al. (1997) and Takeuchi & Nagahama (2006) conducted stick-
slip experiments on granite and pegmatite respectively. They both detected the EM
signal from rock samples and implied that it might be caused by the PZE. Sasaoka et
al. (1998) and Wei et al. (2020) also believed that the PZ effect might be a reason for
the EM signal generated from the quartz-bearing rock while it is stressed or fractured
after their electrical measurements on granite and other rocks. Yoshida & Ogawa (2004)
and Yavorovich et al. (2016) measured and analyzed the EM responses from different
rocks under acoustic emission stimulations. They hold the view that PZE plays a critical
role in the EM radiation phenomenon of quartz-bearing rocks. Furthermore, Russel et
al. (1992) conducted a field electrical measurement on a quartz vein using hammering.
He obtained the SEM signal from the quartz vein interface and suggested that it is likely
to be generated by the PZ effect. These above studies demonstrated that quartz-rich
rocks could release EM signals as being fractured or stressed, and suggested that the
PZ eftect could be responsible for it.

Other scholars theoretically explored the generation mechanism of rocks
electrification and SEM phenomena and achieved quite a few results. Takeuchi &
Nagahama (2002) estimated the surface charge of the quartzite and claimed that it is
possible the hole and electron trapping centers due to frictional slipping rather than the
PZ eftect lead to the SEM phenomena. Gernets et al. (2004) studied the components of

the polarization currents that caused by the fracturing of quartz-bearing rocks under



mechanical stress, and analyzed the amplitude-frequency characteristics of the EM
emission. As for earthquake EM phenomena, Sornette & Sornette (1990) pointed out
that the PZ effect can be a likely explanation for the telluric wave activity before the
earthquake. lkeya et al. (1997) maintained that the earthquake lightning and SEM
anomalies might be attributed to the electric pulses generated by stress before and
during the earthquake after they estimated the charges density considering the PZ effect
in the fault. In addition, Huang (2002) proposed a fault model to explain co-seismic EM
disturbances based on the PZ effect and the elastic dislocation theory and applied it to
the interpretation of the EM disturbances of a real earthquake. Wang (2021) estimated
the minimum stress that can generate EM signals before the earthquake using the 1D
piezoelectric fault model. Ogawa & Utada, (2000a) simulated the electric field
produced by the incidence of a tele-seismic wave into an underground piezoelectric
body in frequency domain and discussed its features. Besides, he simulated the EM
wave directly generated from the slip of a point dislocation in a homogeneous full-
space in time domain based on the PZ effect and drawn the conclusion that the direct
EM signal is weak (Ogawa & Utada, 2000b).

The above works suggest that the PZ effect in crustal rocks is a possible and
effective mechanism for the generation of SEM anomalies. However, there still lacks
sufficient understanding of the SEM field arising from such an effect. For instance,
Ogawa’s results were obtained in a full-space model which does not contain any
interface (Ogawa & Utada, 2000a, b). The real crust usually contains interfaces which

include the free surface and interfaces between different rocks. It is necessary to study



the characteristics of the EM field produced by the earthquake in the stratum with
interfaces resulting from the PZ effect.

Considering the existence of the free surface and underground interfaces, we study
the EM response relating to the earthquake source induced by the PZ effect in a
horizontally layered model in this paper. We propose a semi-analytical method for
calculating the SEM field and conduct numerical experiments to investigate the
properties of the SEM anomalies due to the PZ effect.

The rest part of the article is arranged as follows. In section 2, we present the
governing equations in the frequency domain, introduce the surface harmonic
coordinates to obtain two sets of decoupled equations and solve them using the global
matrix method. In section 3, we conduct numerical simulations to investigate the
characteristics of the EM signals generated by seismic sources due to the piezoelectric

effect. Finally, in sections 4 and 5, we give the discussion and conclusions.

2. Theoretical Formulations

In this paper, we assume that piezoelectric fabric of a-axis exists in crustal rocks. When
earthquake occurs, a macroscopic polarization will be generated in quartz-bearing rocks
due to the PZ effect which can generate the SEM signals subsequently. The full coupled
SEM equations resulting from the piezoelectricity in the frequency domain are
presented at first in this section. Then we derive two sets of decoupled equations using
the Fourier transform and the surface harmonic vector expansion in a horizontal layered

model. Solutions of the equations in the frequency-wavenumber domain are obtained



using the global matrix method afterwards. Finally, the results in the time-space domain

are achieved by applying the inverse Fourier transform and the Hankel transform.

2.1. Governing Equations

In an isotropic homogeneous elastic and piezoelectric medium, the seismic and EM

waves satisfy the following coupling equations in the frequency domain.

V.t+F=—0’pu, (1)
t=A(V-u)I +G(Vu+uVv), ()
VxE—iauH . 3)
VxH=—io(EE+p)+J,, (4)
B=uH. (5)

p=dz’, (6)

in which 7 isthestress, F isthe body force, @ isthe angular frequency, o isthe
density of the medium, u is the displacement. 4 and G are lamé constants, and

I is the unit matrix. E and H denote the electric and magnetic fields respectively,
B is the magnetic flux density, & and u are the equivalent dielectric permittivity
and the magnetic permeability of the medium. 7’ is the Voigt vector of stress tensor,
which can be expressed in cylindrical coordinates as

.
T = (Trr 2-09 z-zz Tez 2-rz z-rH) : (7)
And d is the piezoelectric modulus, p is the polarization vector, J, is the external

current source and 1 is the imaginary unit.



It should be noted that the expression of d depends on the symmetry of the
quartz aggregate. It is supposed in this paper that the symmetry of the quartz aggregate
in the Earth's crust is 'com’. That is to say the quartz aggregate consists of equal parts
of two enantiomorphs (left hand and right hand), and the crystallographic axes of which
are anti-parallel to each other (Bishop, 1981a, b). In this case the piezoelectric modulus

d can be expressed as

) (8)

where d, =5x10"° C/ N, which is about one thousandth of the pure quartz’s modulus.

Eq.(6) manifests the coupling between seismic and EM waves, indicating that the
stress generated by seismic waves can induce the electric polarization. It should be
noted that the seismic-induced EM fields can also stimulate the secondary stress
through the inverse piezoelectric effect. However, the piezoelectric coefficient adopted
in this paper is considerably small (~10"> C/N) so that the secondary stress is tiny
relative to the primary field. Therefore, in this paper, the EM to seismic feedback is

neglected and only the seismic to EM conversion is considered.

2.2. Derivation of the Surface Harmonic Expansions

A set of complete and orthogonal surface harmonic vectors are introduced,

Sk (r,0)=-id; (kr)e™e, +%Jm (kr)e™e,
T;“(r,e):%\]m(kr)e‘m‘ger+iJn'1(kr)e"”9eg : ©)

Ry (r,0)=1J, (kr)e™e,




J, (kr) is the Bessel function of order m, where m depends on the symmetry of the

source. It could be 0, *1 or +2 for the seismic moment tensor source. €,, €,,
€, are the basis vectors of the cylindrical coordinates. S, T,", R} constitute a set
of complete orthogonal coordinates, referred to as surface harmonic coordinate basis.
In addition, k£ denotes the wavenumber.

A vector §(I‘, 0, Z) in cylindrical coordinates can be expanded using the surface

harmonic vectors as below

+oo  T®

&(r,a,z):%z J'[gsym(z,k)Sf(r,9)+§Tym(z,k)Tkm(r,9)+§R]m(z,k)RE‘(r,H)]kdk .

m=-o0 (

(10)
Esm (Z,k) . S (Z,k) and &, (Z,k) are the surface harmonic components of the

vector &, which can be yielded through the following integrals

Il
~ ~ )
Oty Oy O t—3
O'—»‘é’ o'—;g o'—.'é'

Esm(2.K) &(r,&,z)-[SL"(r,H)]*rdrdH

& n(2,K) g(r,e,z)[Tk'“(r,@)]*rdrd@, (11)

em(2.K)=[ [£(r.0.2)-[R}(r,0)] rdrdo

where [ | denotes conjugating.
Conversely, if the surface harmonic components of & are given, their cylindrical

components can be obtained as well, i.e.,



& (r,0,2) 21 Z j{@m Z, k)k—J (kr)e™ —¢& . (z.k)id;, (kr)e 'mg}kdk

&(roz)=L 3 | [fm (2003 (ke + . (2 3, (k) o

+oo 0

&(rn82)=5- Ly [[&am(2.K) 3, (kr)e™ Jkdk

m=-w

(12)
Let Q denote the stress vector in the horizontal plane. Separately applying eq.(10)
on the displacement U (I’, 0, Z) , body force F(I’, o, Z) , stress Q(r, 0, Z) , electric

field E(r,e,z)andmagnetic field H(I‘,H,Z),we obtain

4oo T

U(10,2) =2 3" [ [Uen (2K)ST(1,0) Uy o (2.K) T (1,0)+ g o (2,K) R (r,0) i

27[m—ooo

(13)

F(r,0.2)= L S (R (2K)SP(r.0)+ Fo o (2K) TP (1,0)+ Fop (2,K)RE (1,0)

m=-w0 (

(14)

Q1.02)= = 3 [[Qun(2K)ST(1.0) Qo (2K) T (1.0)+ Qs (2K)RE (1,0) ek

ﬂ-m:—ooo

(15)

E(10,2) = 3 [[En(2K)ST(1.0)+Ey o (2.K) T (1,0)+ Epp (2.K)RT (1,0) Rk

7Z—m—000

(16)

H(r,e,z)zzi > [[Hsn(2K)SP(r0)+ Hy o (2.K) T (r,0)+ Hg o (2.K)RY (1,0) Jkdk

(17)



Employing eqs (6)-(8) we yield the cylindrical components of the electric

polarization vector p, i.e.,

Py =—2d,7,, . (18)
p, = _dOTrr - dOTHQ + 2dOTzz

Further applying eqs (2), (13) and (15) we successively obtain the expressions of p

in the surface harmonic coordinates system,

+o0 10

p, =—2d,- Z j{ (z,k) —J (kr)e"“e—stm(z,k)iJr;(kr)eim‘g}kdk, (19)

m=— 0
1 +oo 10

- > J[QTm (2,k)idz, (kr)e™ +Q; . (2, k)k J (kr)eimﬂkdk (20)

m=-c0 (

Py = _Zdo

and

2d,Q 1 (2,k) —2d, (A +G)ikug,, (2,k) -

B
I
|~
gk
—
1

oug ,
T (z,k) I (kr)e™kdk
= (1) 3, k)

(21
Two independent sets of equations could be derived by substituting the surface
harmonic expansions of the displacement, body force, stress, electric field, magnetic

field and the electric polarization into the governing equations (1)-(4):

0 Jk L 0 0 0
G 0
Ug _ Aik 0 0 1 0 0 Ug 0
U, 1+2G 1+2G u,
2 1 —F 1)
olq | | &C(4A+G) .o ok . . ol &
=l 1+2G 212G —Fq
oz QR 5 . QR
E, 0 -o°p -k 0 0 0 E, LJR
H, _2d0k2(3/16+262) . o __4dikG & 1=K |\ H, “’j
£(2+26G) £(21+26G) iwé s
0 0 2djiw 0 —iwé 0



and

0 e 0 0
U, G U, 0
0| _ Gk® - w?p 0 0 0 || Q N -F, o)
oz| E; 0 0 0 iou || E, 0
Hs 0 odje K o@wE o [(H)
0 iou

Eq.(22) only contains ug, Uy, Qg, Qz, Es and H;, which couples the PSV and

TM waves, hereafter is thus referred to as PSVTM mode equation. Eq.(23) only

contains U;, Q;, E; and Hg, which couples the SH and TE waves, hereafter is

referred to as SHTE mode equation.

These two sets of equations can be written uniformly as shown below

gb:Ab+F, (24)
oz

where A is the system matrix, b is the displacement-stress-EM vector and F is the

source vector.

Hence, for the PSVTM mode, we have

T
bV I[US\ UR\ TSR\ TRR\ ES\ HT] N (25)

.
F, :[0,0,—FS,—FR,L~5R,J~S) , (26)
[0



0 Gk L 0 0 0
G
B Ak 0 0 1 0 0
1+2G 1+2G
AKG(1+G) Jik
i it Gl icd S 0 0o - 0
A=l 1526 P 2+ 2G
0 —o’p -k 0 0 0
2d,k*(31G +2G?) N 4d,ikG W21 — K’
(4 +2G) £(1+2G) iwé
0 0 2djiw 0 —lwé 0
(27)
For the SHTE mode,
b, =[Ur~ Tres Erv Hg]', (28)
F =(0-F.,0-3,), (29)
0 1 0 0
G
Gk®> —w’p 0 0 0
A=l g 0 0 iou (30)
2 2
0 dje K@
o

2.3. Method and Solutions

Fig 1 shows the 3D horizontal layered model. We assume that x-, y- and z-axis represent
northward, eastward and downward directions, respectively. The zero point (0, 0, 0) is
located on the earth surface. The source is located at (0, 0, /&), where /4 denotes the
source depth. Each layer is composed of the isotropic homogeneous elastic and
piezoelectric medium. The seismic and EM wavefields generated by a point source in
a stratified model can be solved using the Global Matrix method (Chen, 1999; Kennett

& Kerry, 1979).



Eq.(24) can be written in the following form if the body force F is omitted
0
—b(z) = Ab(z) . 31)
oz

Here we apply the eigenvalue decomposition operation on the system matrix A for the
n-th layer medium

AD =DA . (32)
where A, and D, are respectively the diagonal matrix of eigenvalues and the matrix
of eigenvectors associated with the system matrix A, . In addition, D, can be written
in the following forms for the PSVTM and SHTE modes,

DnPSVTM :[d+P d;P’ d:SV, d;SV, d:]—TM’ d—TM]’ (33)

DSHTE :[d:SH’ d-st, diE, dTE . (34)
d;P , d;sv , d;SH , d;TM and d'™ denote the eigenvectors of down-going P, SV,
SH, TM and TE waves; whereas d;" , d;sv , d;SH , d;TM and d " represent the
eigenvectors of up-going waves. These eigenvectors represent the fundamental
solutions of the displacement-stress-EM responses generated by the down- and up-
going waves. Their analytical expressions are derived in Appendix A using the plane
wave theory. It should be noted that A and D, can also numerically solved by the
eigenvalue decomposition of A , nevertheless the precision and efficiency can be
improved by adopting the analytic eigenvalues and eigenvectors.
A, can be respectively expressed in the PSVTM and SHTE modes as
AP™ =diag (iyy, iys . iy, —iyy, —iyy, =iy ), (35)

AT =diag (iyy iy, —iys, —iyM), (36)



where »7, y> and y™ represent the vertical wavenumbers of the P, S and EM
waves in the n-th layer

yi=\(es') K2, j=P,S,EM, (37)
in which 7nj has two roots and we take the root with a positive imaginary part. kx is
the horizontal wavenumber. s’ is the slowness of the P, S or EM wave, which can be

determined by the following expressions

P = [P (38)
2 +2G,

§$= |Pn (39)

Sy =1, - (40)

p,, A, and G, as well as &, denote the density, lame’s parameters and the

equivalent dielectric permittivity of the medium in the n-th layer.
The liner transformation of the displacement-stress-EM vector b (z) is

introduced here

b,(z)=D,(2)W,(2), (41)
where W, (z) denotes the amplitude vector of seismic and EM waves at depth of z in
the n-th layer. Substituting eqs (32) and (41) into eq.(31), we obtain

W, (2) = AW, (2). ()
Since A, is a diagonal matrix, it is easy to solve W, (z) from €q.(42), which can be

expressed as

W, (2)=OW, . 43)



® s the propagation matrix of seismic and EM waves, which can be written for the
PSVTM and SHTE modes respectively as

™™  diag [eiymz—zn1),eiy:<z—znn,eiyf“”(z—zn1),eiyf<zn—z>’eiyﬁ(zn—z>’ei75M<zn—z>}’ (44)

@™ — diag [eiyﬁ(z—znl) e ) giri(n-2) gt (Zn_z):| _ (45)

W, denotes the amplitude vector composed of the down- and up-going waves at

interfaces in the n-th layer, which can be written in the following forms as well
WPSVIM I:ATP ATSV A—:—TM A]—P A:sv A]—TM ]T (46)
W/SHTE — [A-:—SH ATTE A]—SH A:TE :'T ) (47)
The amplitudes of different waves at any depth can be obtained according to eq.(43) as
long as W, is given. And the displacement-stress-EM vector b, (Z) can be

n

calculated through eq.(41). W, can be solved using boundary conditions and the
source contribution (Gao et al., 2019; Haartsen & Pride, 1997).

For the seismic and EM waves propagating underground, the displacement, stress
and EM fields should satisfy the continuity conditions at the interface (Z=1Z,) of any
two adjacent layers, i.e.,

b,(2) =D,.4(z,). (48)
At the free surface, it requires both the traction is zero and the horizontal components

of EM fields are continuous, namely

T

[TSR v TRR ]n=1 =0, (49)

T
n=0"

[Es. H ], =[Eq. H, ] (50)

which are for the PSVTM mode, and

[TTR ]n:1 =0, (51)



T
n=0"’

[ET’ HS]:=1 Z[ET’ HS] (52)
which are for the SHTE mode.

The contribution of the source can be determined by the assumption that there is a
virtual interface at the depth of the source, at which the discontinuity of the
displacement-stress-EM vector is defined as

S=b,(z,)-b.(z,.), (53)
where S is the discontinuity vector. Different expressions of S for different sources are
derived in Appendix B.

Combining the corresponding equations of boundary conditions at each interface
and the source distribution we yield a linear system with respect to the unknown
amplitudes (W, ) of different waves of each layer. The amplitudes of seismic and EM
waves at any depth in any layer can be obtained by solving this linear system. Then we
would get the solutions of the displacement, stress, electric field and magnetic field in
frequency-wavenumber domain according to eq.(41). Finally, the seismic and EM

responses in time-space domain are obtained using the Hankel transform with respect

to wavenumber k& and applying the inverse frequency-time Fourier transform.



3. Numerical Simulations

3.1. Seismic and EM Responses Associated with Body Waves

Generated by The Source

In this section, we conduct numerical simulations to investigate the characteristics of
seismo-electromagnetic (SEM) wavefields due to the piezoelectric (PZ) effect. We first
study the EM responses associated with the body waves. To do this, we adopt a full-
space model to omit the influences of the free surface and other interfaces. Parameters
of the medium are chosen as Rock A in Table 1. Three kinds of point sources are
investigated: an explosive source that only stimulate PSVTM mode waves, a center of
rotation source that only stimulate SHTE mode waves and a double-couple source that
can stimulate both two modes. The latter is often used to simulate an earthquake fault

slip. The time function of the source is the Ricker wavelet with a center frequency

f,=1Hz and adelay of t,=1s,i.e,
so(t) =| 127" K7 (t=t,) Je 750 (54)

This time function is used for all the numerical simulations in this paper.

3.1.1. Seismic and EM Responses Generated by An Explosive Source

We first consider the excitation of an explosive source, which can be expressed by
the seismic moment tensor as M, =M, =M, =1.5831x10" Nm with other
moment tensor components being 0. According to Appendix B, the discontinuity

vectors of the PSVTM and SHTE modes have the following forms



- H T
SPVIM 0, 1 MZZ,K(MXX_,_MW_A ZZ)’ ,_ﬂMZZ,O , (55)
242G *2 2+2G £(4+26)
GSHTE 2[0’ 0, 0, O]T. (56)

Consequently, only the PSVTM mode waves are produced by the explosive source. The
source and receiver are shown in Fig 2(a). The source is located at the origin and hence
the coordinates of the receiver can be determined as (50 km, 70 km, -10 km). The
displacement, electric and magnetic fields recorded at the observation point are
presented in Fig 3.

In the records of the displacement the direct P wave can be seen, which arrives at
about t=13.5s , that is consistent with the theoretical arrival time
88.3km/6.5km-s™ =13.58s. We can find two signals in the electric and magnetic
records. The first one arrives at the same time of the P wave. It is the co-seismic electric
(or magnetic) field induced by the P wave. The amplitude of the displacement field at
the receiver is ~10~ m, and the amplitude of the electric field is ~1 uV/m, which is
detectable. The magnetic field is ~107 nT which is weak but still could be detected by
current EM monitoring equipment. The other one appears at about # =0 s. It is the direct
EM wave excited by the explosive source. Because the EM wave propagates much
faster than the seismic wave, it almost instantaneously arrives at the receiver after the
source launches. However, the direct EM signal is much smaller than the co-seismic
signal, thus it is amplified by a factor of 10° to be apparent in Fig 3.

It is worth noting that the vertical component of the co-seismic magnetic field is 0
for both the direct EM wave and the co-seismic signal accompanying the P wave. This

suggests that the P wave cannot generate vertical magnetic fields. Moreover, the direct



EM wave has no response in the vertical magnetic field indicating that the EM wave
generated by the explosive source is the TM wave.

We further study the spatial distribution features of the direct EM wave. As shown
in Fig 2(b), 10201 receivers are located on the horizontal plane that is perpendicular to
the z-axis and 20 km above the source. These receivers constitute a rectangular receiver
array within a region of —50 km < x <50 km, —50km <y <50 km. We calculate the
direct EM wave at each receiver and draw the amplitude distribution of each component
of the electric and magnetic fields in Fig 4.

We can see that the direct EM signal is strongest near the center of the receiver
array (i.e., the epicenter), where the electric field is ~0.0015 pV/m and the magnetic
field is ~10” nT. The EM signal becomes weak as the receiver gets far away from the
epicenter. The amplitudes of the horizontal components are azimuth dependent. In
addition, we also find that electric and magnetic fields are symmetric about coordinates.
E. and B, are symmetric about y-axis but with inverse polarizations, E), and B, are

symmetric about x-axis with inverse polarizations similarly.

3.1.2. Seismic and EM Responses Generated by A Center of

Rotation Source

In this section we consider a source with the seismic moment tensor
M, =-M, =1.5831x10" Nm (other moment tensor components are set to be 0).

Xy

According to Appendix B, the corresponding discontinuity vectors are

ik ik OOT
M =102 M, =5 M, 00, (57)



SPVIM _ g , (58)
which indicate that the source can only generate the SHTE mode waves.

The displacement, electric and magnetic wavefields at the receiver (50 km, 70 km,
-10 km) are presented in Fig 5. The seismic signal arriving at about # = 22.6 s is the SH
wave generated by the source. Because the SH wave does not produce the vertical
displacement, U: is zero. Two EM signals can be found in the electric and magnetic
records. The first one arriving at ¢ = 0 s is the EM wave directly excited by the source,
and the other arriving at ¢ = 22.6 s is the co-seismic wave inducing by the SH wave.
The electric fields reach ~0.01 pV/m and the magnetic fields are ~10* nT when the
displacement fields are ~0.01 m. Comparing Figs. 3 and 4, we see that the
displacements produced by the P and S waves are on the same order while the co-
seismic electric and magnetic fields produced by the S wave are 1~2 orders weaker than
those produced by the P wave, indicating that the S wave has weaker capability in
producing the co-seismic EM fields than the P wave. In addition, there is no record in
the vertical component of electric fields, indicating that the SH wave does not generate
the vertical electric field. The direct EM wave does not produce the vertical electric
field, implying that it is the TE wave.

We also calculate the direct EM wave at the receivers on the rectangular region 20
km above the x-y plane and present their spatial distribution in Fig 6. It can be seen that
the EM wave is stronger when the receiver is closer to the epicenter. The transverse

components of EM fields are azimuth dependent as well. They also have a certain



symmetry: Ex and B, are symmetric about x-axis with inverted polarizations; £, and B,

are symmetric about y-axis with inverted polarizations likewise.

3.1.3. Seismic and EM Responses Generated by A Fault Slip

Source

In this section, we simulate the seismic and EM responses to a fault slip source.
Consideran M, =6.1 earthquake with strike 90°, dip 90°, slip 90° and depth 10 km.
The corresponding moment tensor components are M =M, =1.5831x10"® Nm
(other components are set to be 0). The displacement, electric and magnetic wavetields
at the receiver (50 km, 70 km, -10 km) are presented in Fig 7.

We can see the P and S waves in the displacement records. In the EM records, we
can see the co-seismic electric and magnetic fields associated with the P and S waves.
The EM fields associated with the P wave are smaller than those associated with the S
wave. The displacement of the S wave is ~10~ m, and the corresponding co-seismic
electric field reaches ~10 uV/m, showing that the PZ effect has sufficient conversion
efficiency to produce observable electric signal. The co-seismic magnetic field of the S
wave is merely ~107 nT, which is also within the detectability of the current magnetic
sensors. In addition, the co-seismic magnetic field of the P wave is smaller than that of
the S wave. The EM signal arriving at # = 0 s is the EM wave directly generated by the
source, indicating that EM wave can be excited by the fault slip due to the PZ effect but
it’s amplitude is much smaller than that of the co-seismic EM signal (note that the

electric and magnetic fields of the direct EM wave are all magnified in Fig 7).



The EM wave generated by the source is very important for earthquake early
warning because it arrives much earlier than the seismic waves. As we did in section
3.1.1 and 3.1.2, we also calculate the direct EM wave in the array on the horizontal
plane, and investigate the radiation pattern of the EM wave (Figure 8). As we can see,
the closer the receiver is to the epicenter, the stronger the EM signal will be. The electric
field in the vicinity of the epicenter can reach about 0.03 uV/m and the magnetic field
can reach about 10* nT, which are both within the detectability of the current EM
equipment. Furthermore, each component of the electric and magnetic fields exhibits
azimuth dependence, especially E, and B., which show obvious four-quadrant

distribution patterns.

3.2. Seismic and EM Responses in the Stratified Models

In section 3.1, the EM responses associated with body waves (including the body
seismic waves and body EM wave) excited by the earthquake source in a uniform full
space are studied. In this section we study the seismic and EM responses due to the PZ

effect in the stratified models.

3.2.1. Numerical Simulations of Seismic and EM Fields in A Half-space

Model

We first consider a half-space model as shown in Fig 2(c). Parameters of the
medium are chosen according to Rock 3 shown in Table 1. We adopt the same fault slip

source as in section 3.1.3,i.e., M_ =M  =15831x10" Nm. The depth of the source



is 10 km, and the source time function is the Ricker wavelet with the central frequency
of 1 Hz and delay of 1 s.

The waveforms of three components (radial, tangential and vertical) of the
displacement, electric and magnetic fields at the receiver (50 km, 70 km, 0.1 m) are
presented in Fig 9. There are the P, S waves and the Rayleigh (R) wave in the
displacement records. The co-seismic electric signals associated these three waves can
be identified in all three components of the electric fields (Figs 9d-9f). The horizontal
co-seismic electric fields associated with the P wave are amplified by a factor of 20 in
Fig 9 to make it to be apparent. Moreover, we can see the R wave in Fig 9(e) clearly,
indicating that the contribution of PSV mode waves cannot be ignored in E.

Figs 9(g)-9(1) show the co-seismic magnetic fields. The signals associated with the
P, S and R waves in the tangential component B; are amplified by 10 times. We can see
obvious co-seismic magnetic signals of the S wave in all three components of magnetic
fields. The co-seismic magnetic signals of P and R waves can only be seen in the
tangential component. According to eq.(12), the P and R waves should also generate B,
because the PSVTM mode waves have contribution to B.if m=0 (the fault slip source
here is not axisymmetric and hence m#0). They are not apparent in the waveform of
B, in Fig 9(g) because they are weaker than the co-seismic magnetic field produced by
the S wave. In addition, because the PSVTM waves do not generate the vertical
magnetic fields, there are no P and R waves in the waveform of B.. This suggests that
B, and B. are mainly contributed by the SHTE mode waves whereas B; is mainly

contributed by the PSVTM mode waves.



In Figs 9(h)-9(i), we can see the early-EM signals arriving before the seismic
waves in the magnetic records. There are two pulses with different arrival times. The
first one arrives at ~0 s, which should be the direct EM wave generated by the source.
It arrives at the observation point almost as soon as it is excited because it’s high
travelling speed. The arrival time of the second one is ~2.5 s, agreeing with the time for
S waves travelling from the source to the free surface perpendicularly, i.e.,
10 km/2.9km-s* =2.565s. Therefore, it might be the EM wave generated by S waves
at the free surface. Similar phenomenon can be seen in the simulated EM signals based
on the electrokinetic effect in Gao et al. (2013), who concluded that the S waves can
generate reflected and critically-refracted EM waves due to the electrokinetic effect at
the free surface, which arrive much earlier than the seismic waves. The early-EM waves
should have the electric responses, too. Nevertheless, they are not apparent in the
electric records because they are much weaker than the co-seismic electric fields
associated with S waves.

The displacements of the S wave are ~0.01 m, while the corresponding co-seismic
electric fields reach ~10 pV/m, which could be easily measured by the modern
instrument, implying that the PZ effect has sufficient conversion efficiency to generate
observable electric signals. The co-seismic magnetic fields are ~10* nT, which are
relatively weak but still can be detected by precise magnetic sensors. Comparing Figs.
7 and 9, we find that the co-seismic magnetic fields (~10™* nT) generated by the S wave
(displacement of ~0.01 m) near the free surface are weaker than those (~102 nT)

generated by the body S wave with smaller amplitudes (displacement of ~0.001 m) in



a full space, implying that the existence of the free surface has a significant negative

effect on the generation of the co-seismic magnetic fields.

3.2.2. Numerical Simulations of Seismic and EM Fields in A Three-

layers Model

In this section we conduct numerical experiments in a three-layers model as shown
in Fig 2(d). The parameters of different layers are chosen according to Rocks 1-3 in
Table 1. The source and the receiver are the same as specified in section 3.2.1.

The seismic and EM wavefields at the receiver (50 km, 70 km, 0.1 m) are showed
in Fig 10. The waveforms in Fig 10 are somewhat complex compared to those in the
half-space model (Fig 9) because of the multiple reflections and refractions taking place
at interfaces in the three-layers model.

The maximum amplitude of the displacement field is ~0.05 m in Fig 10. The co-
seismic electric field reaches ~10 uV/m, and the magnetic field reaches 10~ nT. The
co-seismic electric and magnetic fields associated with S waves are the strongest, which
dominate the EM records. We can see the early-EM waves that travel much faster than
seismic waves in the magnetic records. Its duration is longer than that of the early-EMs
wave in the half-space model. This is because of the fact that the seismic waves
repetitiously excite EM waves at different interfaces. The early-EM waves cannot be
seen in electric records because they are much smaller than co-seismic electric fields.

From the results of the half-space model (Fig 9) and the three-layers model (Fig

10), we find that the tangential component of the co-seismic magnetic field is weaker



than both the radial and vertical components. This is a notable characteristic of the co-
seismic magnetic field induced by the PZ effect, which probably could be used to
distinguish from the magnetic fields induced by other mechanisms. In contrary, the
radial component of the co-seismic electric field is higher than the other two
components especially higher than the vertical component. Furthermore, the numerical
examples based on the electrokinetic effect showed that, the vertical component of the
co-seismic electric field is more than 2 orders of magnitude higher than the horizontal
components (Gao, 2010; Hu & Gao, 2011). This demonstrating that the PZ effect differs

with the EK effect in producing co-seismic electric fields.

3.3. Influence of Rock Conductivity on Co-seismic EM Fields

The EM anomalies generated by earthquakes depend on the focal mechanism as well
as the properties of rocks, especially their conductivities. In this section, we study the

influence of the conductivity on the EM responses induced by the PZ effect.

3.3.1. Influence of the Conductivity of the Layer Where the Receiver is

Located

We first consider a half-space model. As shown in Fig 2(c), the fault slip source
with M, =M, =1.5831x10" Nm is located 10 km below the Earth’s surface. The
time function is the Ricker wavelet with a center frequency of 1 Hz and a delay of I s.
The receiver is located at (50 km, 70 km, 0.1 m). Parameters of the rock in the half-

space are chosen according to Rock A in Table 1, except that the conductivities are



chosen as 0.01 S/m and 0.05 S/m, respectively. We compare the synthetic EM fields
resulting from different rock conductivities.

The red lines in Fig 11 are the SEM responses when the conductivity is 0.01 S/m,
and the blue lines are the responses when the conductivity is 0.05 S/m. The
displacement fields are not showed in Fig 11 because they are not affected by the
conductivity (the EM-to-seismic feedback is neglected).

We find that with the increasing conductivity, the amplitudes of co-seismic electric
fields of P, S and R waves decrease, while the amplitudes of co-seismic magnetic fields
almost remain unchanged, except that the early-EM wave diminishes. Note that the EM
waves bear physical attenuation during their propagation, and specifically, the higher
the conductivity becomes, the stronger the attenuation is. The conductivity can
influence the conversion efficiency of the EM waves generated by the source as well.
That is to say, the influence of the conductivity on the early-EM wave is a combined
effect of the changes of seismic-to-electric conversion efficiency and physical
attenuation. However, it is difficult to infer how the conductivity affects the seismic-to-
electric conversion from the simulations shown in Figl1. For the co-seismic EM fields,
because the conductivity does not affect the propagation of the seismic waves, changes
of the co-seismic EM fields are merely due to that the seismic-to-EM conversion
efficiency varies with the conductivity. Therefore, hereafter we focus on how the co-

seismic EM responses change with the rock conductivity.



We calculate the co-seismic EM fields for the conductivities being 10* S/m, 10"
3S/m, 102 S/m, 10! S/m and 1 S/m, separately, and extract the maximum value of the
co-seismic fields of P, S and R waves, respectively, and then display them in Fig 12.

As can be seen from Figs 12(a)-12(c), the co-seismic electric fields associated with
P, S and R waves all decrease approximately linearly with the increase of the
conductivity, and particularly E; is smaller than both E, and E.. Figs 10(d)-(f) provide
the amplitude variations of co-seismic magnetic fields with different conductivities. As
we discussed in section 3,2.1, the magnetic fields produced by P and R waves should
also have responses in B,, thus might change with the conductivity. However, they are
much smaller than the co-seismic magnetic signal produced by the S wave and hence
are not apparent in B, components (Figs 9,10,11). Therefore, only the co-seismic
magnetic field of the S wave is extracted and shown in Fig 12(d). Besides, because the
P and R waves do not produce vertical magnetic fields, only the co-seismic magnetic
field of S wave in B: is shown Fig 12(f).

It can be seen that the co-seismic magnetic fields change little with the
conductivity. When the conductivity is less than ~0.1 S/m, the magnetic fields B, and
B: hardly change with the conductivity, but they tend to slightly change when the
conductivity is more than ~0.1 S/m. In the B; component, the magnetic fields of P and
R waves are smaller than those of the S wave. In addition, we find that B; is two orders

of magnitude smaller than B, and B..



3.3.2. Influence of the Conductivity of the Deep Layer

In the previous section, we used a half-space model to study the influence of the
conductivity of the layer where the receiver is located (hereafter noted as o, ). In order
to investigate whether the co-seismic EM fields will be affected by the conductivity of
the deep layer (hereafter noted as o, ) or not, a two-layers model is adopted here. The
thickness of the upper layer is 100m. The elastic parameters of the two layers are the
same, which are chosen according to Rock 3 in Tablel. We change the conductivity of
the lower layer and keep the conductivity of the upper layer as o; =0.01S/m. The
parameters of the source are the same as in section 3.3.1.

The red lines in Fig 13 represent the SEM responses when o, =0.01S/m. In this
case, the two-layers model is equivalent to a half-space model because the
conductivities of the two layers are the same. The blue lines represent the SEM
responses when o, is increased to 0.05 S/m. It can be seen that when o, increases
the horizontal components of the co-seismic electric fields decrease yet the vertical
component does not change. For the co-seismic magnetic fields however, the radial and
vertical components are almost unchanged when o, increases. As for the tangential
component, the co-seismic magnetic field associated with the P wave decreases,
whereas the co-seismic magnetic fields of S and R waves increase. These results are
different from those in the half-space model (Fig 11).

In order to better understand the influence of the conductivity of the deep layer on

the SEM fields, we calculate the EM responses when o, is 10* S/m, 107 S/m, 102



S/m, 10" S/m and 1 S/m, separately. Then we draw the maximum amplitudes of co-
seismic electric and magnetic fields for different o, in Fig 14.

From Fig 14 we can find that the co-seismic electric fields of P, S and R waves in
E, and E; components all decrease as o, increases. But they differ from the results in
Figs 12(a)-(c), in which the co-seismic electric fields decrease approximately linearly.
In addition, E: does not vary, indicating that it is not sensitive to o, . The co-seismic
magnetic fields B, and B. hardly change with o,, but slightly decrease only when
o, >0.1S/m, which is analogous to that in the half-space model (Fig 12). B; is different
from both B, and B:, showing that the magnetic fields associated with S and R waves
are minimal when o, =0.01S/m and will increase no matter o, is larger or smaller
than 0.01 S/m. Besides, Fig 14(e) illustrates that the co-seismic magnetic field of the P
wave decreases as o, increases.

Notice that the two-layers model would become a half-space model when the
conductivity of the deep layer o, =0.01S/m (o, =0;). The co-seismic EM fields
calculated under the condition o, =0, can be referred as reference signals. For the
horizontal components of the co-seismic electric fields, when the conductivity of the
deep layer is higher than that of the top layer where the receiver is located (i.e.,
o, > 0;), the co-seismic electric field is higher than the half-space reference signals.
For o, <o, the co-seismic electric field is smaller than the reference signals. This
provides a penitential method to characterize the underground deep electrical properties.
Since the shallow rock conductivity can be easily measured, we can calculate the

reference co-seismic signals using the half-space model specified by the shallow



conductivity. For instance, according to Figs 14(a) and 14(b), if the observed horizontal
co-seismic electric field is larger than the reference signals, it can be inferred that the
conductivity of deep layer is lower than that of the shallow layer. However, we cannot
achieve this point using the co-seismic magnetic fields (the tangential component).

The phenomenon that the co-seismic EM responses vary with the rock
conductivity probably can be explained by the evanescent wave theory. Due to the PZ
effect, the seismic waves can generate EM waves at the interface of two media.
Considering the depth of the source (10 km) and the epicentral distance (~86 km), the
P wave is incident with an angle of about 83.4° to the interface which is 100 m below
the free surface. According to Snell’s law, the reflection angle of the EM wave, which
travels much faster than the seismic wave, will exceed 90° and thus becomes an
evanescent or inhomogeneous EM wave which propagates along the interface and
attenuates rapidly away from the interface (Ren et al., 2016; Zhao et al., 2021). Such
an EM wave permeates upwards and received by the receiver as a part of the total co-
seismic EM responses associated with the P wave shown in Fig 13. Similarly, the co-
seismic EM fields associated with the S and R waves also contain the contributions
from the evanescent EM waves converted from the S and R waves.

Since the evanescent EM wave decays fast along the vertical direction, if the
receiver is far from the interface, the contribution of the evanescent EM wave to the co-
seismic EM fields may decrease. To confirm this assumption, we increase the thickness
of the first layer to 5 km. We still keep the conductivity of the first layer (o, ) as 0.01

S/m and change the conductivity of the second layer ( o, ).The maximal amplitudes of



the co-seismic EM fields for different values of o, are calculated and shown in Fig
15. We can see that neither the electric field nor the magnetic field changes with o, at
this point. This is because the evanescent wave stimulated by seismic waves at the
interface becomes so weak that they contribute little to the co-seismic EM field due to
the high attenuation.

The above findings suggest that the EM fields associated with seismic waves due
to the PZ effect depend not only on the conductivity of the upper layer of the crust but
also on that of the deep layer. In general, the co-seismic electric field is more sensitive
to the medium’s conductivity, which tends to decrease as the conductivity increases;
whereas the co-seismic magnetic field is not distinctly sensitive to the conductivity
unless the conductivity is fairly high (> 0.1S/m). Furthermore, the dependence of the
co-seismic EM fields on the rock conductivity implies a potential application of the co-

seismic EM fields in characterizing the underground electric structure.

4. Discussion

The above numerical examples reveal that the earthquake can produce two kinds of EM
signals owing to the PZ effect. One is the co-seismic EM signal accompanying the
seismic waves; the other is the early-EM signal, including the EM wave radiated
directly from the hypocenter and that converted from a seismic wave at an interface.
Studies show that the co-seismic and early- EM signals can also be generated due
to the electric kinetic (EK) effect and the motional induction (MI) effect (Gao et al.,

2014; Gao et al., 2019; Gao, 2010; Hu & Gao, 2011; Zhao et al., 2021). Here we



compare the EM fields produced by the PZ effect with those produced by the EK effect
and the MI effect.

At first, we compare the co-seismic magnetic fields. According to Fig 3 in Gao et
al., (2014), Fig 2 in Gao et al., (2019) and Fig 2 in Zhao et al., (2021), the P and SV
waves can generate both horizontal and vertical magnetic fields due to the MI effect.
However, according to Gao (2010) and Gao et al., (2013), the P and SV waves can only
generate horizontal components of magnetic fields due to the EK effect and have no
vertical magnetic response. The numerical examples presented in this paper suggest
that the P wave cannot induce the vertical component of magnetic fields due to the PZ
effect either (Fig 3), which can be illustrated by eq.(A48) in Appendix A. In addition,
the SV wave cannot stimulate the vertical magnetic field either according to eq.(A52).
The fact that PSV mode waves do not generate the vertical magnetic field is an
important feature to distinguish the PZ effect from the MI effect, but it cannot be used
to distinguish the PZ effect from the EK effect.

Then we discuss the sensitivity of the co-seismic EM fields to the rock
conductivity. From Zhao et al., (2021) we know that the co-seismic electric fields
induced by the MI effect are not sensitive to the rock conductivity whereas the co-
seismic magnetic fields tend to increase as the conductivity increases. From Gao (2010)
we know that both the co-seismic electric and magnetic fields induced by the EK effect
decrease as the conductivity increases. In accordance with the results in this paper, the
co-seismic electric fields arising from the PZ effect decrease as the conductivity

increases. Besides, the radial and vertical components of the co-seismic magnetic fields



are not sensitive to the rock conductivity. The tangential component differs from the
other two components and the greater the difference of conductivities between the
shallow interfaces, the stronger the co-seismic magnetic fields. That is to say, the MI
effect will dominate the EM disturbance in the stratum of high conductivities while the
PZ and EK effects will dominate when the conductivity is low.

Furthermore, the studies provided in this paper suggest that the radial component
of the co-seismic electric fields caused by the PZ effect is stronger than the other two
components especially than the vertical component (Figs 9 and10). But, the simulations
of the EK effect reveal that the vertical component of co-seismic electric fields is more
than 2 orders of magnitude higher than the horizontal components (Gao, 2010; Hu &
Gao, 2011). This demonstrates that the PZ and EK effects possess different
characteristics in generating the co-seismic electric fields.

The piezoelectric EM responses presented in this paper are significantly related to
the piezoelectric modulus d. The quartz aggregates will possess ‘com' symmetry if
they are composed of equal compositions of two enantiomorphs (left-hand and right-
hand). Besides, a-axis of these two hands are antiparallel and c-axis are random in a
plane. In the natural crust, left-hand and right-hand quartz tend to co-exist and form
twined crystals, and thus 'com' is a typical symmetry, which is adopted in this paper.
Actually, the quartz aggregates might possess other symmetries, for instance, 'oo’,
‘002" and so on. If another symmetry is adopted, the EM responses due to the PZ effect

may have different characteristics. Further study needs to be conducted to explore the

possible new characteristics



4. Conclusions

In this paper, a 3D horizontal stratified model is used to study the EM fields excited by
earthquakes due to the PZ effect. The coupled equations of seismic and EM waves are
solved in the frequency-wavenumber domain through the Global Matrix method, then
the solution in time-space domain is obtained by the Hankel transform and the inverse
Fourier transform. Numerical experiments are separately carried out to investigate the
characteristics of the piezoelectric EM responses.

The results show that two kinds of EM signals can be produced by the earthquake
due to the PZ effect. One is the early-EM signal, including the EM wave directly
generated by the source and that converted from a seismic wave at an interface. The
early-EM signal starts at the moment of the earthquake eruption because the EM wave
travels much faster than the seismic wave. It possesses great significance to earthquake
early warning. The other is the co-seismic EM field associated with the seismic wave,
which arrives at the observation synchronously with the seismic wave and carries the
information of the underground medium.

The numerical experiments suggest that the P wave can produce both horizontal
and vertical electric fields as well as horizontal co-seismic magnetic fields but no
vertical magnetic field. Whereas the SH wave can produce both horizontal and vertical
magnetic fields as well as horizontal electric fields but no vertical electric field. In
addition, the EM responses generated by the fault slip source in the half-space and

three-layers models show that there are co-seismic electric and magnetic signals



accompanying the Rayleigh wave. For an M, =6.1 earthquake the co-seismic
electric fields reach ~10 pV/m, which can be observed by the current instrument. The
co-seismic magnetic fields are ~10 nT, which are weak but still within the detectability
of some precise magnetic sensors.

We analyze the sensitivity of the co-seismic EM fields to the rock conductivity.
The results show that both the conductivities of the shallow layer where the receiver is
located and the deep layer have impact on the co-seismic EM fields. The co-seismic
electric field decreases approximately linearly with increasing shallow conductivities.
The co-seismic magnetic field hardly change with the shallow conductivities unless the
conductivity is fairly high (>0.1S/m).

The co-seismic EM fields might be influenced by the conductivity of the rock of
the deep layer when the interface is shallow (i.e., the top layer is thin). In this case, the
horizontal components of the co-seismic electric fields decrease as the conductivity of
the deep layer increases, but the vertical component barely changes with the
conductivity. The radial and vertical components magnetic fields barely change either
as the conductivity changes except for fairly high conductivities (>0.1S/m). Besides,
the tangential component of the co-seismic magnetic field associated the P wave will
decrease when the conductivity of the deep layer increases. The tangential magnetic
components associated with S or R waves behave differently comparing to that with the
P wave. They reach the minimum when the conductivity of the deep layer is equal to
that of the upper layer where the receiver is located (in this situation, the two-layers

model becomes a half-space model). In other words, the tangential magnetic fields



associated with S and R waves tend to be enhanced when conductivities of the upper

and the lower layers are different.

Acknowledgements

This study was supported by the National Natural Science Foundation of China (grant
42174084) and Fundamental Research Funds for the Central Universities of China (g

rant JZ2021HGPBO0058).

Data Availability Statement

The data generated using the semi-analytical method corresponding to this study is

available at https://figshare.com/s/114da2dbalc0Ob2ed7a06.

Appendix A. Derivation of the Analytical Expressions of the

Eigenvalues and Eigenvectors of Matrix A

The coupled equations of the seismic and EM waves due to the piezoelectric effect can
be decoupled into two modes of derivative equations, i.e., €q.(22) for the PSVM mode
and eq.(23) for the SHTE mode, which are both equivalent to two-dimensional
equations. The eigenvector of the system matrix A is essentially the fundamental

solution of the displacement-stress-electromagnetic responses generated by the down-


https://figshare.com/s/114da2dba1c0b2ed7a06

and up-going waves in each layer, which can be analytically derived using the plane

wave theory.

If we regard the subscriptsas S—>Xx, T —Yy and R— 2z, eq.(22) is equivalent
to the following equations satisfied by the 2D PSVTM mode waves propagating in the

x-z plane, where x points to the horizontal direction and z points to the downward

direction:
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0z ox
OE, OE, .
X ——L=iwuH,, A6
a ox T (A6)
Y —iwgE, +iop, —J,, (A7)
oz
o, IweE, —i +J A8
= —lw& — 1l .
ax zZ pZ Sz ( )

Eq.(23) is equivalent to the following equations satisfied by the 2D SHTE mode
waves propagating in the x-z plane

07y 0% __ o

=-o'pu, —F, A9
ox oz PPy (A9)



=G, Al10
Tyz az ( )
8uy (A11)
7,=6—,
yx OX
—L =—iwuH,, (A12)
Z
—L =iwuH,, (A13)
oH, oH ) )
¥ ———jweE, —lwp, +J. . Al4
0z OX y Pyt ( )

In addition, three components of the polarization vector p caused by the piezoelectric

effect can be expressed as

p, = —ZdOTXZ , (A15)
p, = —ZdOTyZ , (A16)
p, =-d,7, +2d,7,, . (A17)

Based on the plane wave theory, we derive the fundamental solutions of the
displacement-stress-electromagnetic responses of PSVTM and SHTE mode waves

propagating in the x-z plane.

A.l. Displacement and Stress Fields Produced by Seismic Waves

A.1.1. Displacement and Stress Fields Produced by PSV Waves

The piezoelectric effect in the rock is not strong thus the feedback of the
electromagnetic wave to seismic waves can be omitted. Therefore, the displacement

and stress fields can be solved from the elastodynamic equations, namely, eqs (Al)-



(AS). Considering that the P and SV waves propagate in the x-z plane the displacement
field can be expressed as

u=Vg+Vx(ye,), (A18)

inwhich ¢ and y are potential functions related to the P and SV waves, respectively.

The potential functions ¢ and y have the plane wave solutions of the

iot

following forms (the term e is omitted for convenience)

¢= A+Peikx+i;/Pz +A—Peikx—iypz
(A19)

= AV gilcrir®z | p-SV gikciz®z i
in which A'" and A™ denote the amplitudes of the down-going P and SV waves,
A" and A denote the amplitudes of the up-going P and SV waves. i is the
imaginary unit. k is the horizontal wavenumber. y° and »° denote the vertical

wavenumbers related to P and S waves, respectively.

v = %K, (A20)

2
S 2
= |2 g2 A2l
4 "VSZ (A21)

V, and V are velocities of the P and S waves. @ is the angular frequency.
Substituting eq.(A19) into eq.(A18) and combining eqs (A3)-(AS) we obtain the

displacement and stress fields produced by the PSV mode waves,

u, ik ik —ij/s i},S A+Peikx+i7pz
u, iyP —iyP ik ik AP | (A22)
7, —2Gky” 2Gky " G(r 7" —kk) G(y*r" —kk) || prsvgicirs
Ta) | —(2k"K" +2Gy"y") —(2k"k"+2Gy"y7)  —2Gky* 2Gky® A-SV gilocirz

A and G are lamé constants. k° isthe wavenumber of the P wave,

kP =2 A23
V. (A23)



A.1.2. Displacement and Stress Fields Produced by SH Waves

Now that the SH wave propagates in the x-z plane, its displacement has the plane
wave solutions, i.e.,

Uy _ AFSH eikx+i;/sz i A—SHeikx—inz. (A24)

The stress field can be yielded using eq.(A10). Combining them we obtain
Uy 1 1 A+SH eikx+iysz
= .. s o (A25)
Ty, G|7/ _G|7/ A-SH gikeir’z
A" and A" denote the amplitudes of the down- and up-going SH waves,

respectively.

A.2. Electromagnetic Fields Produced by Seismic and

Electromagnetic Waves

To derive the EM fields generated by the seismic and EM waves, we introduce the

scalar potential A of the magnetic field

H =L1vxA, (A26)

Y7,

where 4 is the magnetic permeability of the vacuum. Vx(E—iwA)=0 is

obtained by substituting eq.(A26) into eq.(3), and then E—iwA can be expressed by
the gradient of a scalar ¢ and thus we have

E=-Vo+ioA. (A27)

Then we substitute eqs (A26) and (A27) into eq.(4), and apply the Lorentz gauge,

V-A—-iouép=0. (A28)

The electric field thus can be expressed as



E=-

—— +ioA, (A29)
loue

By omitting the ambient current (i.e., J, =0) we obtain the following equation
VCA+K™K™MA =ioup, (A30)

kEM

where is the wavenumber of the EM wave, i.e.,

KM = Jouz | (A31)
and p is the polarization vector due to the piezoelectric effect.
The solution of the inhomogeneous equation eq.(A30) can be expressed as a
superposition of a particular solution and a general solution of the following
homogenous equation

VCA+K™MK™MA=0. (A32)
A.2.1. Particular Solutions: EM Fields Generated by Seismic Waves

The particular solutions are caused by the polarization vector contributed by the
seismic waves. Let p”, p% and p* be the polarization vectors contributed by P,
SV and SH waves, respectively, and suppose A", A% and A% be the

corresponding solutions of eq.(A30), i.e.,

VA" +k™MK™MAP =icoup®, (A33)
VEAY +k™MKMAY =ioup® (A34)
VEAS + kKM AT = iqup®™ . (A35)

It is easy to verify that the following expressions

icopp”
A" = KEMKEM _ PP

(A36)



ia)lupSV
ASV = kEM kEM _kSkS ’ (A37)

ia),upSH
ASH = kEMkEM _kSkS ’ (A38)

respectively satisfy equations (A33), (A34) and (A35), where

kS =2 A39
V. (A39)

Then we obtain the electric and magnetic fields for the P, SV and SH waves,

P o P

- KEMKEM (PP Vxp

EP _ VVpP +a)2§ﬂpp > (A40)
E(kEMkEM _kPkP)
12}
H™ = KEMEM _ | SkcS Vxp®
ESV AR e (A41)
é(kEMkEM _ksks)
12,
H¥ = KEMKEM _ SKS Vxp™
EsH _ w-p™ +ogup™ (A42)
é(kEMkEM _ksks)
Combining eqs (A3), (A15), (A17) and (A22) we obtain p°
p)l(:’ __2d G —2k7/P 2k7/P A+Peikx+iypz A43
P 0 P, P P, P __ P oikein®z | ( )
P, 2y7y" =Kk 2yTyt —kk | APe
and p*
sV S5 _kk S5 _kk A+SVeikx+iysz
p);v =-2d,G vy . vy . L (A44)
pz 3k7/ _3kx7 A SVelkx iy’z

Substituting eq.(A43) into eq.(A40) we finally obtain the plane wave solutions of
the electric and magnetic fields generated by the down- and up-going P waves,

EF =Ee +E’e

zZ 71

(A45)



~ 2d,Gky” (3kk — 27y " —2k™Kk™)
o g(kEMkEM _kPkP)

EP

(A+Peikx+iypz _ A—Peikx—iypz ) . (A46)

o 2d,Gy"y" (3Kk —2"y® + 2k ™K ) - 2d Gkkk ' k =
z g(kEMkEM _kPkP)

(A+Peikx+iypz N Afpeikx—inZ) , (A47)

o e 2d,Gak(4y"yP —kKk)
H :Hyey: kEMkEM _kPkP

(Ae™r™ ¢ AP e (A48)
Substituting eq.(A44) into eq.(A41) we obtain the plane wave solutions of the
electric and magnetic fields generated by the down- and up-going SV waves,
EY =E}e, +E)e,, (A49)
where

v 2dOG(4k2757/S —k?* £ K2KEMKEM _ysyskEMkEM)
X _g(kEMkEM _ksks)

SV ikx+iy® —SV ikx—iy®
(A+ el +|yz+A eI I;/Z) ,

(A50)

o  —20,8ky® (47°7° —kk —3Kk™K™)
P g(kEMkEM_ksks)

SV L ikx+iy® —SV Likx—iy®
<A+ el +|yz+A elxwz),

(A51)

2d,0Gy° (4kk —y°7°) o o
SV SV = 0 +SV Aikx+iySz SV Aikx—iy°z \ &
H™ =H"€, = BB 51 S (A et L AT e )ey.

(A52)
For the SH wave, p* can be yielded using eqs (A16) and (A25) in the form of the
plane wave solutions, i.e.,
P =pje,, (AS3)
where

pSH _ —2d0Gi}/S (A+8Heikx+iysz _ ASHgikx-ir®z ) (A54)



Then we get the EM fields generated by the down- and up-going SH waves after

substituting eq.(A53) into eq.(A42),

2 G S L .. s
ESH _ ESHey _ kiﬂ(l)(aéMﬂ_ kUS/kS (A+SH eIkX-H;/ z A—SH eIkX—I}/ z)ey’ (ASS)
HS = 1S+ He | (A56)
where

2d GlCO}/S}/S + ikx+iySz - ikx—iySz
H " =kEM‘l’(EM_kSkS(ASHe 77 AN ) (A57)

-2d Gia)k}/S +SH LikeriySz —SH Like—iySz
H." =kEMkOEM_ksks(ASHe AT ) (AS8)

A.2.2. General Solution: EM Fields Due to EM Waves

We are going to derive the homogeneous general solution of eq.(A32), i.e., the EM
fields generated by the EM waves. Notice that A in eq.(A32) is the potential function
of the magnetic field only with two independent components.

Similar to eq.(A19), in terms of the EM waves traveling in the x-z plane, we take
Ax and A4, as two independent components and let them possess the following plane

wave solutions, i.e.,

(A59)

A( _ A+xeikx+iyEMz +A—xeikx—iyEMz
Ay _ A+yeikx+iyEMz +A—yeikx—iyEMz ’

where »®™ denotes the vertical wavenumber of the EM wave. Then we get the

magnetic field by substituting eq.(A59) into eq.(A26),



s EM s EM
0 0 - ' ' A+xeikx+iyEMz
H H
;. EM s EM A—Xeikx—i;/EMz
H=| 2 ¥ 0 0
u U A+yeikx+iyEMz i (A6())
0 K K A—yeikx—iyEMz
H U
And we obtain the electric field by combining eqs (A27), (A28) and (A32),
1
E:—ﬁVXH. (A61)
s

Then we yield the plane wave solutions of the electric field by substituting eq.(A60)

into eq.(A61),
_(j/EM )2 (7EM )2 0 0 n A+xeikx+i;/EMz
E--—| o 0 (k™) (k™) A_Xei_kx_i_ywz (A62)
logu A+ye|kx+|y z
—k}/EM k]/EM O O o
i ] A—yelkx—ly z

From eqs (A60) and (A62) we find that A™ and A™ are only associated with

E.,, E, and H y» 1., the TM wave. Therefore, we obtain the plane wave solutions of
the TM wave,
EM EM
E, 4 -7 AFTM giocriy ™2
E, |=| K —k I (A63)
N N A—TM elkx—ly z
H, wE  WE

Similarly, A™ and A’ are associated with H, , H

, and E ,ie., the TE wave,

E a, a, iy i EM

y élM EILMI A+TEe|kx+|y z
HX |77 ATE ikx—iyEMz |’ (A64)
H, k Kk €

where A"™, A™ and A", A™ denote the amplitudes of the down-, up-going

TM and TE waves.



A.3. Eigenvectors for the Seismic and EM Waves

Equations (A22), (A25), (A46)-(A52), (A55)-(AS8) as well as (A63) and (A64)

present the plane wave solutions of the displacement-stress-EM responses. From these

expressions we obtain the corresponding eigenvectors of the seismic and EM waves,

Le., [ux,uZ v Teg1 Tpys Es Hy]T for the PSVTM mode:

d+P —

dF=

d+SV —

_ " -
iy”
—2Gky"
—(xikpkP +267P)/P)
2d,Gky® (3kk — 25"y " —2k™K™ ) |’
g(kEM K EM _kPkP)
2d,Gok (4y°y" —kk)
kEM kEM _kPkP

2Gky"

—(lkpkp + ZG;/P;/P)
2d,Gky® (3kk — 27y — 2k k™)
é(kEM k EM _kPkP)
2d,Gak (4y°y" —kk)
kEM kEM _ kPkP

-

_i}/s
ik
G (7/57/5 _ kz)
—2Gky*®

2dOG (4k2]/373 —k* + K2KEMKEM _ij/SkEMkEM )

_g,(kEM k EM _ksks)
2d,0Gy® (4k2 —7/5}/5)
kEM kEM _kSkS

(A65)

(A66)

(A67)



i iy ]
ik
G(}/S]/S—kz)
2Gky®
2d06(4k27/578 _k4+k2kEMkEM —]/S]/SkEMkEM)
_g(kEMkEM _kSkS)
2d,0Gy® (4k2 —;/Sys)
i kEMkEM _kSkS J

d® = , (A68)

EM T
d*TMz[O, 0o 0 o0 Z— 1} (A69)

and

EM

)
d™ :{o, 0o 0 o -L_, 1] (A70)
weE

And the corresponding eigenvectors of the seismic and EM waves, i.e.,

[uy,ryz, Ey, HX]T for the SHTE mode:

Giy®
d+SH — 2doa)2/,lG|]/S (A71)
kEM kEM _kSkS
2d,Giwy®y®
kEM kEM _kSkS

1
~Giy®
d—SH _ 2doa)2ﬂG|7/8 (A72)

- TKEMKEM _Sis |
2d,Giwy®y®
kEM kEM _kSkS

- T
d™={0 0 -2 1} (A73)

EM

/4

and



)
d-TE{o 0 ;"Tﬁ 1} . (A74)

Appendix B. The Derivation of the Source Term

Here we derive the expressions of the source term S in the cartesian coordinate system.
Since this paper focuses on the electromagnetic anomalies caused by earthquakes, the
influence of the external current source on the calculation is not considered here, hence

we omit J in the following derivation.

B.1. The Derivation of the Point Source Term

We first present the expressions of the body force density f of the point source in the

cylindrical coordinate system, i.e.,

S

S%

f,=(f,c0860+ fyosinﬁ)ﬂé(e)é(z—zo)
o6

n
fgz(fyocose—fxosine)ﬂ (0)5(z2-1,), (B1)

r

z 4

f, = f0@5(9)5(z—20)

where 0 (X) is the Dirac Function, f,, f, and f,, are three components of the
body force density in cartesian coordinates.
Substitute eq.(B1) into the surface harmonic coordinate transformation formula,

i.e., eq.(11), we have



fsm (Z’k)ZTIO
nym(z,k):Tf
fonled)= [ 7

f(r,6,2)-

f(r0,z)

(r,0,2)-

5¢(r.9)

T (r.0)]

R (r,0)

*rdrde
“rdrd@ |

“rdrd@

(B2)

Notice that there are only three values of m in the above equations, m=0 and 1.

The source term S thus can be determined through the body force density f,

S=

f,+Af,,

(B3)

where A is eq.(27) or eq.(30) for PSVTM or SHTE mode of waves correspondingly.

Finally, we obtain the expressions of the source term for PSVTM and SHTE

modes of waves in the Cartesian coordinate system:

S PSV

0
0

1. 1 1 1

_ (Elfxo + E fyojdm1 +(—E|fxo + 5 fyo]@ml
fzoé‘m,o

0
0
0

1 1. 1 )

(5 fo— E'fy0j5m,1 + (E fo+ _Ifyojdm,l

0
0

; (B4)

(B3)



B.2. The Derivation of the Seismic Moment Tensor Source Term

Similar to B.1, we initially present the expressions of the seismic moment tensor source

in the cylindrical coordinate system,

M, M, M, cosd sing O|M, M, M, [cosd -sing O

M, My, M, |=|-sind cos¢ O|M, M M, |sind cosé O ,

M, M, M, 0 0 1M, M, M, O 0 1
(B6)

and the relationship between the moment tensor and the body force density,
F=—M-Vo5(r-r,). (B7)
Substitute the above two equations into eq.(B2), and notice m=0,+1,+2 here. Then
we get the expressions of the moment tensor source term in the cartesian coordinate
system after combining eq.(B3) and some derivations.
The PSVTM mode source term:

i 1
L M Xz (5m,1 - é‘m,—l) +E M yz (§m,1 + 5m,—1)

2G
;Mzzé‘mo
A1+2G '
ik 22 ik k
SPS\/TM _ I?(Mxx_FMyy_l_'_ZG Mzzjém,o-’_Z(Myy_Mxx)(é‘m,2+§m,2)+Z(Mxy+Myx)(5m,2_5m,2)
K .
E(sz _sz)(é‘m,l_é‘m‘—l)-’—%(,vlzy - My )(5m,1+§m,—1)

el i V [
E(A+2G) M

do@M,, (8, = 8,, ) +ide@M , (5,,+3, ;)

(B8)

and the SHTE mode source term:



1 i

z M xz (§m,1 + 5m,—l) + E M yz (5m,—1 - 5m,1)
k ik ik
SSHTE = Z(M xx M yy)(5m,—2 - §m,2) + IZ M Xy (5m,2 + 5m,—2 + 25m,0) + IZ M yX (5m,2 + 5m,—2 - 25m,0) :
0
—ido@M , (8, + 5 ) +doM , (8, —6,.,)
(B9)
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Tables and Figures

Table 1

Parameters of the Solid Rocks

Parameter Variable (unit)  Rock 1 Rock 2 Rock3  Rock A
Density p (g/em?) 2.2 2.5 2.8 2.8
Velocity of P wave Vp (km/s) 5.1 5.9 6.5 6.5
Velocity of S wave Vs (km/s) 3.0 3.5 3.9 3.9
Conductivity o (S/m) 0.01 0.01 0.01 0.001
Permittivity ¢ (F/m)x1071° 6.2 6.2 6.2 6.2
Permeability u (H/m)x107 4n 47 4n 47

Thickness h (km) 2 7 / /




S

Figure 1. The schematic diagram of the 3-D horizontally layered model. x-, y- and z-

axes denote northward, eastward and downward directions, respectively.
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Figure 2. Schematic diagrams of the simulation models. (a) and (b) are full-space
models; (c) half-space model; (d) three-layers model. A rectangular array of 10201
receivers is arranged on a plane perpendicular to z-axis in (b), which is used to observe
the direct EM wave generated by the source. The depths of the receivers are 0.1m in (c)

and (d).
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The direct EM waves are amplified 10° times.
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Keypoints

* A method is presented to simulate the seismo-electromagnetic fields due to the

piezoelectric effect in a 3D horizontally layered model.

* Numerical experiments are conducted to investigate the characteristics of the

earthquake-induced electromagnetic fields.

¢ Numerical results show that the piezoelectric effect is an efficient mechanism to

produce observable electromagnetic signals.



Abstract

Earthquakes are frequently accompanied by electromagnetic (EM) anomalies. These
anomalies are thought to be caused by earthquakes but the generation mechanism is
still unclear. The piezoelectric effect has been proposed as a possible mechanism but
the EM responses to earthquakes due to such an effect has not been well understood. In
this article, we study the EM signals generated by an earthquake source due to the
piezoelectric effect. We develop a semi-analytical method to solve the seismic and EM
fields in a 3D layered model and conduct numerical simulations to investigate the
characteristics of the EM fields. The results show that the earthquake can generate two
kinds of EM signals. One is the early-EM signal which arrives earlier than the seismic
wave. The other is the co-seismic EM signal accompanying the seismic wave. For an
M, =6.1 earthquake the co-seismic electric field can reach ~10 pV/m and the
magnetic field can reach ~10* nT. We also study the sensitivity of the co-seismic EM
fields to the rock conductivity. The results show that the co-seismic EM fields are
mainly affected by the conductivity of the shallow layer, and they are also affected by

the conductivity of the deep layer when the top layer is thin.



Plain Language Summary

A large number of observations have shown that earthquakes can produce the
electromagnetic (EM) disturbance. Many theories have been proposed to explain the
EM anomaly, and the piezoelectric effect is one of the plausible mechanisms. Under
stress, the positive and negative charge centers of quartz crystals are shifted, resulting
in the polarization, which is manifested macroscopically as the EM radiation from
quartz-rich rocks induced by earthquakes, i.e., the piezoelectric effect of earthquakes.
In this paper, an analytically-based method is presented to simulate the earthquake-
induced EM disturbances due to the piezoelectric effect. The simulation results show
that earthquakes can produce two kinds of EM signals. One is the early-EM wave signal
which travels much faster than the seismic wave and the other is the co-seismic EM
signal that appears simultaneously with the seismic wave. Based on the sensitivity
analysis of the EM signal we find that the EM signal is sensitive to the conductivity of
shallow rocks, and the conductivity of deep rocks can also affect the EM signal. The
results show that the EM fields produced by the piezoelectric effect during an

earthquake are detectable.

Keywords: Earthquake; Piezoelectric Effect; Electromagnetic Anomalies; Numerical

Simulations.



1. Introduction

Earthquake can produce temporal and spatial variations of electromagnetic (EM)
anomalies. People have noticed this phenomenon for a long time and recorded a large
number of observation data (Abdul Azeez et al., 2009; Gao et al., 2016, 2019;
Gershenzon et al., 1993; Iyemori et al., 1996; Johnston & Mueller, 1987; Karakelian et
al., 2002; Tang et al., 2010; etc.). These records show that EM disturbances could be
observed before, during and after the earthquake (Honkura et al., 2000; Okubo et al.,
2011; Rikitake, 1968). Researchers proposed several mechanisms to explain this
phenomenon, for example, the electrokinetic effect (Fitterman, 1979; Gao & Hu, 2010;
Ishido & Mizutani, 1981; Pride, 1994), the motional induction effect (Gao et al., 2014,
2019; Gershenzon et al., 1993; Iyemori et al., 1996; Matsushima et al., 2002; Zhao et
al., 2021), the piezoelectric effect (Bishop, 1981a, b; Ghomshei et al., 1988; Huang,
2002; Ogawa & Utada, 2000a, b) and the piezomagnetic effect (Sasai, 1991; Stacey,
1964; Stuart et al., 1995; Yamazaki, 2011; Zlotnicki & Cornet, 1986), etc.

Among them, the piezoelectric (PZ) effect had been nominated to account for
earthquake lightning decades ago (Finkelstain et al., 1973). As is well-known, quartz
crystals are widely distributed in crustal rocks. When rocks are deformed by stress,
quartz crystals will become electrically polarized as the centers of positive and negative
charges of the lattice shift from a micro perspective. Literatures provide that pure quartz
crystals can produce ~107'2C polarization charges under 1 N axial force (Bishop, 1981a,
b). For the quartz-bearing rocks in earth’s crust, however, the crystallographic axes of

quartz ordinarily don’t align in the same direction, hence different crystals’ polarized



charges probably cancel each other and this would critically reduce the overall
polarization. Tuck et al. (1977) suggested that the crystallographic axes orientations of
quartz in rocks are arbitrary so that the polarization due to stress would neutralize,
which means that the piezoelectric effect of quartz-bearing rocks is only a statistical
effect. He doubted the presence of the real piezoelectric fabric in rocks. Bishop (1981a,
b) experimentally measured the piezoelectric coefficient of mylonite and compared it
with the result calculated from the quartz aggregates, which confirmed the presence of
the piezoelectric fabric. He also pointed out that the piezoelectric coefficient of the
quartz-bearing rocks is about one-thousandth of that of a pure quartz according to the
measurements of other rocks. Similar to the single crystal, the symmetry groups can be
used to characterize quartz aggregates as well, such as ‘eom’, ‘e22’, ‘6m2’ or other
symmetries. Ghomshei et al. (1988) and Ghomshei & Templeton (1989) also
demonstrated the presence of the piezoelectric fabric of a-axis in quartz-bearing rocks
through piezoelectric coefficient measurements in different directions of coarse-grained
quartz vein specimens as well as through neutron diffraction analysis.

Numerous researchers have carried out experiments and theoretical studies on the
seismo-electromagnetic (SEM) phenomena arising from the PZ effect and achieved
remarkable progress. EM signals experimentally measured during rupture, stick-slip
and other tests of quartz-bearing rocks can explain the SEM phenomena to some
extends. Nitsan (1977) found that the rupture of quartz-bearing rocks can generate radio
frequency EM transients, and the frequency of the EM radiation tend to increase as the

size of rock grains decreases. Ogawa et al. (1985) recorded the broadband electric signal



released from granite when it was struck or fractured and estimated it using PZE. His
results indicated that the PZ effect might be the generation mechanism of the released
electric signal. Yoshida et al. (1997) and Takeuchi & Nagahama (2006) conducted stick-
slip experiments on granite and pegmatite respectively. They both detected the EM
signal from rock samples and implied that it might be caused by the PZE. Sasaoka et
al. (1998) and Wei et al. (2020) also believed that the PZ effect might be a reason for
the EM signal generated from the quartz-bearing rock while it is stressed or fractured
after their electrical measurements on granite and other rocks. Yoshida & Ogawa (2004)
and Yavorovich et al. (2016) measured and analyzed the EM responses from different
rocks under acoustic emission stimulations. They hold the view that PZE plays a critical
role in the EM radiation phenomenon of quartz-bearing rocks. Furthermore, Russel et
al. (1992) conducted a field electrical measurement on a quartz vein using hammering.
He obtained the SEM signal from the quartz vein interface and suggested that it is likely
to be generated by the PZ effect. These above studies demonstrated that quartz-rich
rocks could release EM signals as being fractured or stressed, and suggested that the
PZ eftect could be responsible for it.

Other scholars theoretically explored the generation mechanism of rocks
electrification and SEM phenomena and achieved quite a few results. Takeuchi &
Nagahama (2002) estimated the surface charge of the quartzite and claimed that it is
possible the hole and electron trapping centers due to frictional slipping rather than the
PZ eftect lead to the SEM phenomena. Gernets et al. (2004) studied the components of

the polarization currents that caused by the fracturing of quartz-bearing rocks under



mechanical stress, and analyzed the amplitude-frequency characteristics of the EM
emission. As for earthquake EM phenomena, Sornette & Sornette (1990) pointed out
that the PZ effect can be a likely explanation for the telluric wave activity before the
earthquake. lkeya et al. (1997) maintained that the earthquake lightning and SEM
anomalies might be attributed to the electric pulses generated by stress before and
during the earthquake after they estimated the charges density considering the PZ effect
in the fault. In addition, Huang (2002) proposed a fault model to explain co-seismic EM
disturbances based on the PZ effect and the elastic dislocation theory and applied it to
the interpretation of the EM disturbances of a real earthquake. Wang (2021) estimated
the minimum stress that can generate EM signals before the earthquake using the 1D
piezoelectric fault model. Ogawa & Utada, (2000a) simulated the electric field
produced by the incidence of a tele-seismic wave into an underground piezoelectric
body in frequency domain and discussed its features. Besides, he simulated the EM
wave directly generated from the slip of a point dislocation in a homogeneous full-
space in time domain based on the PZ effect and drawn the conclusion that the direct
EM signal is weak (Ogawa & Utada, 2000b).

The above works suggest that the PZ effect in crustal rocks is a possible and
effective mechanism for the generation of SEM anomalies. However, there still lacks
sufficient understanding of the SEM field arising from such an effect. For instance,
Ogawa’s results were obtained in a full-space model which does not contain any
interface (Ogawa & Utada, 2000a, b). The real crust usually contains interfaces which

include the free surface and interfaces between different rocks. It is necessary to study



the characteristics of the EM field produced by the earthquake in the stratum with
interfaces resulting from the PZ effect.

Considering the existence of the free surface and underground interfaces, we study
the EM response relating to the earthquake source induced by the PZ effect in a
horizontally layered model in this paper. We propose a semi-analytical method for
calculating the SEM field and conduct numerical experiments to investigate the
properties of the SEM anomalies due to the PZ effect.

The rest part of the article is arranged as follows. In section 2, we present the
governing equations in the frequency domain, introduce the surface harmonic
coordinates to obtain two sets of decoupled equations and solve them using the global
matrix method. In section 3, we conduct numerical simulations to investigate the
characteristics of the EM signals generated by seismic sources due to the piezoelectric

effect. Finally, in sections 4 and 5, we give the discussion and conclusions.

2. Theoretical Formulations

In this paper, we assume that piezoelectric fabric of a-axis exists in crustal rocks. When
earthquake occurs, a macroscopic polarization will be generated in quartz-bearing rocks
due to the PZ effect which can generate the SEM signals subsequently. The full coupled
SEM equations resulting from the piezoelectricity in the frequency domain are
presented at first in this section. Then we derive two sets of decoupled equations using
the Fourier transform and the surface harmonic vector expansion in a horizontal layered

model. Solutions of the equations in the frequency-wavenumber domain are obtained



using the global matrix method afterwards. Finally, the results in the time-space domain

are achieved by applying the inverse Fourier transform and the Hankel transform.

2.1. Governing Equations

In an isotropic homogeneous elastic and piezoelectric medium, the seismic and EM

waves satisfy the following coupling equations in the frequency domain.

V.t+F=—0’pu, (1)
t=A(V-u)I +G(Vu+uVv), ()
VxE—iauH . 3)
VxH=—io(EE+p)+J,, (4)
B=uH. (5)

p=dz’, (6)

in which 7 isthestress, F isthe body force, @ isthe angular frequency, o isthe
density of the medium, u is the displacement. 4 and G are lamé constants, and

I is the unit matrix. E and H denote the electric and magnetic fields respectively,
B is the magnetic flux density, & and u are the equivalent dielectric permittivity
and the magnetic permeability of the medium. 7’ is the Voigt vector of stress tensor,
which can be expressed in cylindrical coordinates as

.
T = (Trr 2-09 z-zz Tez 2-rz z-rH) : (7)
And d is the piezoelectric modulus, p is the polarization vector, J, is the external

current source and 1 is the imaginary unit.



It should be noted that the expression of d depends on the symmetry of the
quartz aggregate. It is supposed in this paper that the symmetry of the quartz aggregate
in the Earth's crust is 'com’. That is to say the quartz aggregate consists of equal parts
of two enantiomorphs (left hand and right hand), and the crystallographic axes of which
are anti-parallel to each other (Bishop, 1981a, b). In this case the piezoelectric modulus

d can be expressed as

) (8)

where d, =5x10"° C/ N, which is about one thousandth of the pure quartz’s modulus.

Eq.(6) manifests the coupling between seismic and EM waves, indicating that the
stress generated by seismic waves can induce the electric polarization. It should be
noted that the seismic-induced EM fields can also stimulate the secondary stress
through the inverse piezoelectric effect. However, the piezoelectric coefficient adopted
in this paper is considerably small (~10"> C/N) so that the secondary stress is tiny
relative to the primary field. Therefore, in this paper, the EM to seismic feedback is

neglected and only the seismic to EM conversion is considered.

2.2. Derivation of the Surface Harmonic Expansions

A set of complete and orthogonal surface harmonic vectors are introduced,

Sk (r,0)=-id; (kr)e™e, +%Jm (kr)e™e,
T;“(r,e):%\]m(kr)e‘m‘ger+iJn'1(kr)e"”9eg : ©)

Ry (r,0)=1J, (kr)e™e,




J, (kr) is the Bessel function of order m, where m depends on the symmetry of the

source. It could be 0, *1 or +2 for the seismic moment tensor source. €,, €,,
€, are the basis vectors of the cylindrical coordinates. S, T,", R} constitute a set
of complete orthogonal coordinates, referred to as surface harmonic coordinate basis.
In addition, k£ denotes the wavenumber.

A vector §(I‘, 0, Z) in cylindrical coordinates can be expanded using the surface

harmonic vectors as below

+oo  T®

&(r,a,z):%z J'[gsym(z,k)Sf(r,9)+§Tym(z,k)Tkm(r,9)+§R]m(z,k)RE‘(r,H)]kdk .

m=-o0 (

(10)
Esm (Z,k) . S (Z,k) and &, (Z,k) are the surface harmonic components of the

vector &, which can be yielded through the following integrals

Il
~ ~ )
Oty Oy O t—3
O'—»‘é’ o'—;g o'—.'é'

Esm(2.K) &(r,&,z)-[SL"(r,H)]*rdrdH

& n(2,K) g(r,e,z)[Tk'“(r,@)]*rdrd@, (11)

em(2.K)=[ [£(r.0.2)-[R}(r,0)] rdrdo

where [ | denotes conjugating.
Conversely, if the surface harmonic components of & are given, their cylindrical

components can be obtained as well, i.e.,



& (r,0,2) 21 Z j{@m Z, k)k—J (kr)e™ —¢& . (z.k)id;, (kr)e 'mg}kdk

&(roz)=L 3 | [fm (2003 (ke + . (2 3, (k) o

+oo 0

&(rn82)=5- Ly [[&am(2.K) 3, (kr)e™ Jkdk

m=-w

(12)
Let Q denote the stress vector in the horizontal plane. Separately applying eq.(10)
on the displacement U (I’, 0, Z) , body force F(I’, o, Z) , stress Q(r, 0, Z) , electric

field E(r,e,z)andmagnetic field H(I‘,H,Z),we obtain

4oo T

U(10,2) =2 3" [ [Uen (2K)ST(1,0) Uy o (2.K) T (1,0)+ g o (2,K) R (r,0) i

27[m—ooo

(13)

F(r,0.2)= L S (R (2K)SP(r.0)+ Fo o (2K) TP (1,0)+ Fop (2,K)RE (1,0)

m=-w0 (

(14)

Q1.02)= = 3 [[Qun(2K)ST(1.0) Qo (2K) T (1.0)+ Qs (2K)RE (1,0) ek

ﬂ-m:—ooo

(15)

E(10,2) = 3 [[En(2K)ST(1.0)+Ey o (2.K) T (1,0)+ Epp (2.K)RT (1,0) Rk

7Z—m—000

(16)

H(r,e,z)zzi > [[Hsn(2K)SP(r0)+ Hy o (2.K) T (r,0)+ Hg o (2.K)RY (1,0) Jkdk

(17)



Employing eqs (6)-(8) we yield the cylindrical components of the electric

polarization vector p, i.e.,

Py =—2d,7,, . (18)
p, = _dOTrr - dOTHQ + 2dOTzz

Further applying eqs (2), (13) and (15) we successively obtain the expressions of p

in the surface harmonic coordinates system,

+o0 10

p, =—2d,- Z j{ (z,k) —J (kr)e"“e—stm(z,k)iJr;(kr)eim‘g}kdk, (19)

m=— 0
1 +oo 10

- > J[QTm (2,k)idz, (kr)e™ +Q; . (2, k)k J (kr)eimﬂkdk (20)

m=-c0 (

Py = _Zdo

and

2d,Q 1 (2,k) —2d, (A +G)ikug,, (2,k) -

B
I
|~
gk
—
1

oug ,
T (z,k) I (kr)e™kdk
= (1) 3, k)

(21
Two independent sets of equations could be derived by substituting the surface
harmonic expansions of the displacement, body force, stress, electric field, magnetic

field and the electric polarization into the governing equations (1)-(4):

0 Jk L 0 0 0
G 0
Ug _ Aik 0 0 1 0 0 Ug 0
U, 1+2G 1+2G u,
2 1 —F 1)
olq | | &C(4A+G) .o ok . . ol &
=l 1+2G 212G —Fq
oz QR 5 . QR
E, 0 -o°p -k 0 0 0 E, LJR
H, _2d0k2(3/16+262) . o __4dikG & 1=K |\ H, “’j
£(2+26G) £(21+26G) iwé s
0 0 2djiw 0 —iwé 0



and

0 e 0 0
U, G U, 0
0| _ Gk® - w?p 0 0 0 || Q N -F, o)
oz| E; 0 0 0 iou || E, 0
Hs 0 odje K o@wE o [(H)
0 iou

Eq.(22) only contains ug, Uy, Qg, Qz, Es and H;, which couples the PSV and

TM waves, hereafter is thus referred to as PSVTM mode equation. Eq.(23) only

contains U;, Q;, E; and Hg, which couples the SH and TE waves, hereafter is

referred to as SHTE mode equation.

These two sets of equations can be written uniformly as shown below

gb:Ab+F, (24)
oz

where A is the system matrix, b is the displacement-stress-EM vector and F is the

source vector.

Hence, for the PSVTM mode, we have

T
bV I[US\ UR\ TSR\ TRR\ ES\ HT] N (25)

.
F, :[0,0,—FS,—FR,L~5R,J~S) , (26)
[0



0 Gk L 0 0 0
G
B Ak 0 0 1 0 0
1+2G 1+2G
AKG(1+G) Jik
i it Gl icd S 0 0o - 0
A=l 1526 P 2+ 2G
0 —o’p -k 0 0 0
2d,k*(31G +2G?) N 4d,ikG W21 — K’
(4 +2G) £(1+2G) iwé
0 0 2djiw 0 —lwé 0
(27)
For the SHTE mode,
b, =[Ur~ Tres Erv Hg]', (28)
F =(0-F.,0-3,), (29)
0 1 0 0
G
Gk®> —w’p 0 0 0
A=l g 0 0 iou (30)
2 2
0 dje K@
o

2.3. Method and Solutions

Fig 1 shows the 3D horizontal layered model. We assume that x-, y- and z-axis represent
northward, eastward and downward directions, respectively. The zero point (0, 0, 0) is
located on the earth surface. The source is located at (0, 0, /&), where /4 denotes the
source depth. Each layer is composed of the isotropic homogeneous elastic and
piezoelectric medium. The seismic and EM wavefields generated by a point source in
a stratified model can be solved using the Global Matrix method (Chen, 1999; Kennett

& Kerry, 1979).



Eq.(24) can be written in the following form if the body force F is omitted
0
—b(z) = Ab(z) . 31)
oz

Here we apply the eigenvalue decomposition operation on the system matrix A for the
n-th layer medium

AD =DA . (32)
where A, and D, are respectively the diagonal matrix of eigenvalues and the matrix
of eigenvectors associated with the system matrix A, . In addition, D, can be written
in the following forms for the PSVTM and SHTE modes,

DnPSVTM :[d+P d;P’ d:SV, d;SV, d:]—TM’ d—TM]’ (33)

DSHTE :[d:SH’ d-st, diE, dTE . (34)
d;P , d;sv , d;SH , d;TM and d'™ denote the eigenvectors of down-going P, SV,
SH, TM and TE waves; whereas d;" , d;sv , d;SH , d;TM and d " represent the
eigenvectors of up-going waves. These eigenvectors represent the fundamental
solutions of the displacement-stress-EM responses generated by the down- and up-
going waves. Their analytical expressions are derived in Appendix A using the plane
wave theory. It should be noted that A and D, can also numerically solved by the
eigenvalue decomposition of A , nevertheless the precision and efficiency can be
improved by adopting the analytic eigenvalues and eigenvectors.
A, can be respectively expressed in the PSVTM and SHTE modes as
AP™ =diag (iyy, iys . iy, —iyy, —iyy, =iy ), (35)

AT =diag (iyy iy, —iys, —iyM), (36)



where »7, y> and y™ represent the vertical wavenumbers of the P, S and EM
waves in the n-th layer

yi=\(es') K2, j=P,S,EM, (37)
in which 7nj has two roots and we take the root with a positive imaginary part. kx is
the horizontal wavenumber. s’ is the slowness of the P, S or EM wave, which can be

determined by the following expressions

P = [P (38)
2 +2G,

§$= |Pn (39)

Sy =1, - (40)

p,, A, and G, as well as &, denote the density, lame’s parameters and the

equivalent dielectric permittivity of the medium in the n-th layer.
The liner transformation of the displacement-stress-EM vector b (z) is

introduced here

b,(z)=D,(2)W,(2), (41)
where W, (z) denotes the amplitude vector of seismic and EM waves at depth of z in
the n-th layer. Substituting eqs (32) and (41) into eq.(31), we obtain

W, (2) = AW, (2). ()
Since A, is a diagonal matrix, it is easy to solve W, (z) from €q.(42), which can be

expressed as

W, (2)=OW, . 43)



® s the propagation matrix of seismic and EM waves, which can be written for the
PSVTM and SHTE modes respectively as

™™  diag [eiymz—zn1),eiy:<z—znn,eiyf“”(z—zn1),eiyf<zn—z>’eiyﬁ(zn—z>’ei75M<zn—z>}’ (44)

@™ — diag [eiyﬁ(z—znl) e ) giri(n-2) gt (Zn_z):| _ (45)

W, denotes the amplitude vector composed of the down- and up-going waves at

interfaces in the n-th layer, which can be written in the following forms as well
WPSVIM I:ATP ATSV A—:—TM A]—P A:sv A]—TM ]T (46)
W/SHTE — [A-:—SH ATTE A]—SH A:TE :'T ) (47)
The amplitudes of different waves at any depth can be obtained according to eq.(43) as
long as W, is given. And the displacement-stress-EM vector b, (Z) can be

n

calculated through eq.(41). W, can be solved using boundary conditions and the
source contribution (Gao et al., 2019; Haartsen & Pride, 1997).

For the seismic and EM waves propagating underground, the displacement, stress
and EM fields should satisfy the continuity conditions at the interface (Z=1Z,) of any
two adjacent layers, i.e.,

b,(2) =D,.4(z,). (48)
At the free surface, it requires both the traction is zero and the horizontal components

of EM fields are continuous, namely

T

[TSR v TRR ]n=1 =0, (49)

T
n=0"

[Es. H ], =[Eq. H, ] (50)

which are for the PSVTM mode, and

[TTR ]n:1 =0, (51)



T
n=0"’

[ET’ HS]:=1 Z[ET’ HS] (52)
which are for the SHTE mode.

The contribution of the source can be determined by the assumption that there is a
virtual interface at the depth of the source, at which the discontinuity of the
displacement-stress-EM vector is defined as

S=b,(z,)-b.(z,.), (53)
where S is the discontinuity vector. Different expressions of S for different sources are
derived in Appendix B.

Combining the corresponding equations of boundary conditions at each interface
and the source distribution we yield a linear system with respect to the unknown
amplitudes (W, ) of different waves of each layer. The amplitudes of seismic and EM
waves at any depth in any layer can be obtained by solving this linear system. Then we
would get the solutions of the displacement, stress, electric field and magnetic field in
frequency-wavenumber domain according to eq.(41). Finally, the seismic and EM

responses in time-space domain are obtained using the Hankel transform with respect

to wavenumber k& and applying the inverse frequency-time Fourier transform.



3. Numerical Simulations

3.1. Seismic and EM Responses Associated with Body Waves

Generated by The Source

In this section, we conduct numerical simulations to investigate the characteristics of
seismo-electromagnetic (SEM) wavefields due to the piezoelectric (PZ) effect. We first
study the EM responses associated with the body waves. To do this, we adopt a full-
space model to omit the influences of the free surface and other interfaces. Parameters
of the medium are chosen as Rock A in Table 1. Three kinds of point sources are
investigated: an explosive source that only stimulate PSVTM mode waves, a center of
rotation source that only stimulate SHTE mode waves and a double-couple source that
can stimulate both two modes. The latter is often used to simulate an earthquake fault

slip. The time function of the source is the Ricker wavelet with a center frequency

f,=1Hz and adelay of t,=1s,i.e,
so(t) =| 127" K7 (t=t,) Je 750 (54)

This time function is used for all the numerical simulations in this paper.

3.1.1. Seismic and EM Responses Generated by An Explosive Source

We first consider the excitation of an explosive source, which can be expressed by
the seismic moment tensor as M, =M, =M, =1.5831x10" Nm with other
moment tensor components being 0. According to Appendix B, the discontinuity

vectors of the PSVTM and SHTE modes have the following forms



- H T
SPVIM 0, 1 MZZ,K(MXX_,_MW_A ZZ)’ ,_ﬂMZZ,O , (55)
242G *2 2+2G £(4+26)
GSHTE 2[0’ 0, 0, O]T. (56)

Consequently, only the PSVTM mode waves are produced by the explosive source. The
source and receiver are shown in Fig 2(a). The source is located at the origin and hence
the coordinates of the receiver can be determined as (50 km, 70 km, -10 km). The
displacement, electric and magnetic fields recorded at the observation point are
presented in Fig 3.

In the records of the displacement the direct P wave can be seen, which arrives at
about t=13.5s , that is consistent with the theoretical arrival time
88.3km/6.5km-s™ =13.58s. We can find two signals in the electric and magnetic
records. The first one arrives at the same time of the P wave. It is the co-seismic electric
(or magnetic) field induced by the P wave. The amplitude of the displacement field at
the receiver is ~10~ m, and the amplitude of the electric field is ~1 uV/m, which is
detectable. The magnetic field is ~107 nT which is weak but still could be detected by
current EM monitoring equipment. The other one appears at about # =0 s. It is the direct
EM wave excited by the explosive source. Because the EM wave propagates much
faster than the seismic wave, it almost instantaneously arrives at the receiver after the
source launches. However, the direct EM signal is much smaller than the co-seismic
signal, thus it is amplified by a factor of 10° to be apparent in Fig 3.

It is worth noting that the vertical component of the co-seismic magnetic field is 0
for both the direct EM wave and the co-seismic signal accompanying the P wave. This

suggests that the P wave cannot generate vertical magnetic fields. Moreover, the direct



EM wave has no response in the vertical magnetic field indicating that the EM wave
generated by the explosive source is the TM wave.

We further study the spatial distribution features of the direct EM wave. As shown
in Fig 2(b), 10201 receivers are located on the horizontal plane that is perpendicular to
the z-axis and 20 km above the source. These receivers constitute a rectangular receiver
array within a region of —50 km < x <50 km, —50km <y <50 km. We calculate the
direct EM wave at each receiver and draw the amplitude distribution of each component
of the electric and magnetic fields in Fig 4.

We can see that the direct EM signal is strongest near the center of the receiver
array (i.e., the epicenter), where the electric field is ~0.0015 pV/m and the magnetic
field is ~10” nT. The EM signal becomes weak as the receiver gets far away from the
epicenter. The amplitudes of the horizontal components are azimuth dependent. In
addition, we also find that electric and magnetic fields are symmetric about coordinates.
E. and B, are symmetric about y-axis but with inverse polarizations, E), and B, are

symmetric about x-axis with inverse polarizations similarly.

3.1.2. Seismic and EM Responses Generated by A Center of

Rotation Source

In this section we consider a source with the seismic moment tensor
M, =-M, =1.5831x10" Nm (other moment tensor components are set to be 0).

Xy

According to Appendix B, the corresponding discontinuity vectors are

ik ik OOT
M =102 M, =5 M, 00, (57)



SPVIM _ g , (58)
which indicate that the source can only generate the SHTE mode waves.

The displacement, electric and magnetic wavefields at the receiver (50 km, 70 km,
-10 km) are presented in Fig 5. The seismic signal arriving at about # = 22.6 s is the SH
wave generated by the source. Because the SH wave does not produce the vertical
displacement, U: is zero. Two EM signals can be found in the electric and magnetic
records. The first one arriving at ¢ = 0 s is the EM wave directly excited by the source,
and the other arriving at ¢ = 22.6 s is the co-seismic wave inducing by the SH wave.
The electric fields reach ~0.01 pV/m and the magnetic fields are ~10* nT when the
displacement fields are ~0.01 m. Comparing Figs. 3 and 4, we see that the
displacements produced by the P and S waves are on the same order while the co-
seismic electric and magnetic fields produced by the S wave are 1~2 orders weaker than
those produced by the P wave, indicating that the S wave has weaker capability in
producing the co-seismic EM fields than the P wave. In addition, there is no record in
the vertical component of electric fields, indicating that the SH wave does not generate
the vertical electric field. The direct EM wave does not produce the vertical electric
field, implying that it is the TE wave.

We also calculate the direct EM wave at the receivers on the rectangular region 20
km above the x-y plane and present their spatial distribution in Fig 6. It can be seen that
the EM wave is stronger when the receiver is closer to the epicenter. The transverse

components of EM fields are azimuth dependent as well. They also have a certain



symmetry: Ex and B, are symmetric about x-axis with inverted polarizations; £, and B,

are symmetric about y-axis with inverted polarizations likewise.

3.1.3. Seismic and EM Responses Generated by A Fault Slip

Source

In this section, we simulate the seismic and EM responses to a fault slip source.
Consideran M, =6.1 earthquake with strike 90°, dip 90°, slip 90° and depth 10 km.
The corresponding moment tensor components are M =M, =1.5831x10"® Nm
(other components are set to be 0). The displacement, electric and magnetic wavetields
at the receiver (50 km, 70 km, -10 km) are presented in Fig 7.

We can see the P and S waves in the displacement records. In the EM records, we
can see the co-seismic electric and magnetic fields associated with the P and S waves.
The EM fields associated with the P wave are smaller than those associated with the S
wave. The displacement of the S wave is ~10~ m, and the corresponding co-seismic
electric field reaches ~10 uV/m, showing that the PZ effect has sufficient conversion
efficiency to produce observable electric signal. The co-seismic magnetic field of the S
wave is merely ~107 nT, which is also within the detectability of the current magnetic
sensors. In addition, the co-seismic magnetic field of the P wave is smaller than that of
the S wave. The EM signal arriving at # = 0 s is the EM wave directly generated by the
source, indicating that EM wave can be excited by the fault slip due to the PZ effect but
it’s amplitude is much smaller than that of the co-seismic EM signal (note that the

electric and magnetic fields of the direct EM wave are all magnified in Fig 7).



The EM wave generated by the source is very important for earthquake early
warning because it arrives much earlier than the seismic waves. As we did in section
3.1.1 and 3.1.2, we also calculate the direct EM wave in the array on the horizontal
plane, and investigate the radiation pattern of the EM wave (Figure 8). As we can see,
the closer the receiver is to the epicenter, the stronger the EM signal will be. The electric
field in the vicinity of the epicenter can reach about 0.03 uV/m and the magnetic field
can reach about 10* nT, which are both within the detectability of the current EM
equipment. Furthermore, each component of the electric and magnetic fields exhibits
azimuth dependence, especially E, and B., which show obvious four-quadrant

distribution patterns.

3.2. Seismic and EM Responses in the Stratified Models

In section 3.1, the EM responses associated with body waves (including the body
seismic waves and body EM wave) excited by the earthquake source in a uniform full
space are studied. In this section we study the seismic and EM responses due to the PZ

effect in the stratified models.

3.2.1. Numerical Simulations of Seismic and EM Fields in A Half-space

Model

We first consider a half-space model as shown in Fig 2(c). Parameters of the
medium are chosen according to Rock 3 shown in Table 1. We adopt the same fault slip

source as in section 3.1.3,i.e., M_ =M  =15831x10" Nm. The depth of the source



is 10 km, and the source time function is the Ricker wavelet with the central frequency
of 1 Hz and delay of 1 s.

The waveforms of three components (radial, tangential and vertical) of the
displacement, electric and magnetic fields at the receiver (50 km, 70 km, 0.1 m) are
presented in Fig 9. There are the P, S waves and the Rayleigh (R) wave in the
displacement records. The co-seismic electric signals associated these three waves can
be identified in all three components of the electric fields (Figs 9d-9f). The horizontal
co-seismic electric fields associated with the P wave are amplified by a factor of 20 in
Fig 9 to make it to be apparent. Moreover, we can see the R wave in Fig 9(e) clearly,
indicating that the contribution of PSV mode waves cannot be ignored in E.

Figs 9(g)-9(1) show the co-seismic magnetic fields. The signals associated with the
P, S and R waves in the tangential component B; are amplified by 10 times. We can see
obvious co-seismic magnetic signals of the S wave in all three components of magnetic
fields. The co-seismic magnetic signals of P and R waves can only be seen in the
tangential component. According to eq.(12), the P and R waves should also generate B,
because the PSVTM mode waves have contribution to B.if m=0 (the fault slip source
here is not axisymmetric and hence m#0). They are not apparent in the waveform of
B, in Fig 9(g) because they are weaker than the co-seismic magnetic field produced by
the S wave. In addition, because the PSVTM waves do not generate the vertical
magnetic fields, there are no P and R waves in the waveform of B.. This suggests that
B, and B. are mainly contributed by the SHTE mode waves whereas B; is mainly

contributed by the PSVTM mode waves.



In Figs 9(h)-9(i), we can see the early-EM signals arriving before the seismic
waves in the magnetic records. There are two pulses with different arrival times. The
first one arrives at ~0 s, which should be the direct EM wave generated by the source.
It arrives at the observation point almost as soon as it is excited because it’s high
travelling speed. The arrival time of the second one is ~2.5 s, agreeing with the time for
S waves travelling from the source to the free surface perpendicularly, i.e.,
10 km/2.9km-s* =2.565s. Therefore, it might be the EM wave generated by S waves
at the free surface. Similar phenomenon can be seen in the simulated EM signals based
on the electrokinetic effect in Gao et al. (2013), who concluded that the S waves can
generate reflected and critically-refracted EM waves due to the electrokinetic effect at
the free surface, which arrive much earlier than the seismic waves. The early-EM waves
should have the electric responses, too. Nevertheless, they are not apparent in the
electric records because they are much weaker than the co-seismic electric fields
associated with S waves.

The displacements of the S wave are ~0.01 m, while the corresponding co-seismic
electric fields reach ~10 pV/m, which could be easily measured by the modern
instrument, implying that the PZ effect has sufficient conversion efficiency to generate
observable electric signals. The co-seismic magnetic fields are ~10* nT, which are
relatively weak but still can be detected by precise magnetic sensors. Comparing Figs.
7 and 9, we find that the co-seismic magnetic fields (~10™* nT) generated by the S wave
(displacement of ~0.01 m) near the free surface are weaker than those (~102 nT)

generated by the body S wave with smaller amplitudes (displacement of ~0.001 m) in



a full space, implying that the existence of the free surface has a significant negative

effect on the generation of the co-seismic magnetic fields.

3.2.2. Numerical Simulations of Seismic and EM Fields in A Three-

layers Model

In this section we conduct numerical experiments in a three-layers model as shown
in Fig 2(d). The parameters of different layers are chosen according to Rocks 1-3 in
Table 1. The source and the receiver are the same as specified in section 3.2.1.

The seismic and EM wavefields at the receiver (50 km, 70 km, 0.1 m) are showed
in Fig 10. The waveforms in Fig 10 are somewhat complex compared to those in the
half-space model (Fig 9) because of the multiple reflections and refractions taking place
at interfaces in the three-layers model.

The maximum amplitude of the displacement field is ~0.05 m in Fig 10. The co-
seismic electric field reaches ~10 uV/m, and the magnetic field reaches 10~ nT. The
co-seismic electric and magnetic fields associated with S waves are the strongest, which
dominate the EM records. We can see the early-EM waves that travel much faster than
seismic waves in the magnetic records. Its duration is longer than that of the early-EMs
wave in the half-space model. This is because of the fact that the seismic waves
repetitiously excite EM waves at different interfaces. The early-EM waves cannot be
seen in electric records because they are much smaller than co-seismic electric fields.

From the results of the half-space model (Fig 9) and the three-layers model (Fig

10), we find that the tangential component of the co-seismic magnetic field is weaker



than both the radial and vertical components. This is a notable characteristic of the co-
seismic magnetic field induced by the PZ effect, which probably could be used to
distinguish from the magnetic fields induced by other mechanisms. In contrary, the
radial component of the co-seismic electric field is higher than the other two
components especially higher than the vertical component. Furthermore, the numerical
examples based on the electrokinetic effect showed that, the vertical component of the
co-seismic electric field is more than 2 orders of magnitude higher than the horizontal
components (Gao, 2010; Hu & Gao, 2011). This demonstrating that the PZ effect differs

with the EK effect in producing co-seismic electric fields.

3.3. Influence of Rock Conductivity on Co-seismic EM Fields

The EM anomalies generated by earthquakes depend on the focal mechanism as well
as the properties of rocks, especially their conductivities. In this section, we study the

influence of the conductivity on the EM responses induced by the PZ effect.

3.3.1. Influence of the Conductivity of the Layer Where the Receiver is

Located

We first consider a half-space model. As shown in Fig 2(c), the fault slip source
with M, =M, =1.5831x10" Nm is located 10 km below the Earth’s surface. The
time function is the Ricker wavelet with a center frequency of 1 Hz and a delay of I s.
The receiver is located at (50 km, 70 km, 0.1 m). Parameters of the rock in the half-

space are chosen according to Rock A in Table 1, except that the conductivities are



chosen as 0.01 S/m and 0.05 S/m, respectively. We compare the synthetic EM fields
resulting from different rock conductivities.

The red lines in Fig 11 are the SEM responses when the conductivity is 0.01 S/m,
and the blue lines are the responses when the conductivity is 0.05 S/m. The
displacement fields are not showed in Fig 11 because they are not affected by the
conductivity (the EM-to-seismic feedback is neglected).

We find that with the increasing conductivity, the amplitudes of co-seismic electric
fields of P, S and R waves decrease, while the amplitudes of co-seismic magnetic fields
almost remain unchanged, except that the early-EM wave diminishes. Note that the EM
waves bear physical attenuation during their propagation, and specifically, the higher
the conductivity becomes, the stronger the attenuation is. The conductivity can
influence the conversion efficiency of the EM waves generated by the source as well.
That is to say, the influence of the conductivity on the early-EM wave is a combined
effect of the changes of seismic-to-electric conversion efficiency and physical
attenuation. However, it is difficult to infer how the conductivity affects the seismic-to-
electric conversion from the simulations shown in Figl1. For the co-seismic EM fields,
because the conductivity does not affect the propagation of the seismic waves, changes
of the co-seismic EM fields are merely due to that the seismic-to-EM conversion
efficiency varies with the conductivity. Therefore, hereafter we focus on how the co-

seismic EM responses change with the rock conductivity.



We calculate the co-seismic EM fields for the conductivities being 10* S/m, 10"
3S/m, 102 S/m, 10! S/m and 1 S/m, separately, and extract the maximum value of the
co-seismic fields of P, S and R waves, respectively, and then display them in Fig 12.

As can be seen from Figs 12(a)-12(c), the co-seismic electric fields associated with
P, S and R waves all decrease approximately linearly with the increase of the
conductivity, and particularly E; is smaller than both E, and E.. Figs 10(d)-(f) provide
the amplitude variations of co-seismic magnetic fields with different conductivities. As
we discussed in section 3,2.1, the magnetic fields produced by P and R waves should
also have responses in B,, thus might change with the conductivity. However, they are
much smaller than the co-seismic magnetic signal produced by the S wave and hence
are not apparent in B, components (Figs 9,10,11). Therefore, only the co-seismic
magnetic field of the S wave is extracted and shown in Fig 12(d). Besides, because the
P and R waves do not produce vertical magnetic fields, only the co-seismic magnetic
field of S wave in B: is shown Fig 12(f).

It can be seen that the co-seismic magnetic fields change little with the
conductivity. When the conductivity is less than ~0.1 S/m, the magnetic fields B, and
B: hardly change with the conductivity, but they tend to slightly change when the
conductivity is more than ~0.1 S/m. In the B; component, the magnetic fields of P and
R waves are smaller than those of the S wave. In addition, we find that B; is two orders

of magnitude smaller than B, and B..



3.3.2. Influence of the Conductivity of the Deep Layer

In the previous section, we used a half-space model to study the influence of the
conductivity of the layer where the receiver is located (hereafter noted as o, ). In order
to investigate whether the co-seismic EM fields will be affected by the conductivity of
the deep layer (hereafter noted as o, ) or not, a two-layers model is adopted here. The
thickness of the upper layer is 100m. The elastic parameters of the two layers are the
same, which are chosen according to Rock 3 in Tablel. We change the conductivity of
the lower layer and keep the conductivity of the upper layer as o; =0.01S/m. The
parameters of the source are the same as in section 3.3.1.

The red lines in Fig 13 represent the SEM responses when o, =0.01S/m. In this
case, the two-layers model is equivalent to a half-space model because the
conductivities of the two layers are the same. The blue lines represent the SEM
responses when o, is increased to 0.05 S/m. It can be seen that when o, increases
the horizontal components of the co-seismic electric fields decrease yet the vertical
component does not change. For the co-seismic magnetic fields however, the radial and
vertical components are almost unchanged when o, increases. As for the tangential
component, the co-seismic magnetic field associated with the P wave decreases,
whereas the co-seismic magnetic fields of S and R waves increase. These results are
different from those in the half-space model (Fig 11).

In order to better understand the influence of the conductivity of the deep layer on

the SEM fields, we calculate the EM responses when o, is 10* S/m, 107 S/m, 102



S/m, 10" S/m and 1 S/m, separately. Then we draw the maximum amplitudes of co-
seismic electric and magnetic fields for different o, in Fig 14.

From Fig 14 we can find that the co-seismic electric fields of P, S and R waves in
E, and E; components all decrease as o, increases. But they differ from the results in
Figs 12(a)-(c), in which the co-seismic electric fields decrease approximately linearly.
In addition, E: does not vary, indicating that it is not sensitive to o, . The co-seismic
magnetic fields B, and B. hardly change with o,, but slightly decrease only when
o, >0.1S/m, which is analogous to that in the half-space model (Fig 12). B; is different
from both B, and B:, showing that the magnetic fields associated with S and R waves
are minimal when o, =0.01S/m and will increase no matter o, is larger or smaller
than 0.01 S/m. Besides, Fig 14(e) illustrates that the co-seismic magnetic field of the P
wave decreases as o, increases.

Notice that the two-layers model would become a half-space model when the
conductivity of the deep layer o, =0.01S/m (o, =0;). The co-seismic EM fields
calculated under the condition o, =0, can be referred as reference signals. For the
horizontal components of the co-seismic electric fields, when the conductivity of the
deep layer is higher than that of the top layer where the receiver is located (i.e.,
o, > 0;), the co-seismic electric field is higher than the half-space reference signals.
For o, <o, the co-seismic electric field is smaller than the reference signals. This
provides a penitential method to characterize the underground deep electrical properties.
Since the shallow rock conductivity can be easily measured, we can calculate the

reference co-seismic signals using the half-space model specified by the shallow



conductivity. For instance, according to Figs 14(a) and 14(b), if the observed horizontal
co-seismic electric field is larger than the reference signals, it can be inferred that the
conductivity of deep layer is lower than that of the shallow layer. However, we cannot
achieve this point using the co-seismic magnetic fields (the tangential component).

The phenomenon that the co-seismic EM responses vary with the rock
conductivity probably can be explained by the evanescent wave theory. Due to the PZ
effect, the seismic waves can generate EM waves at the interface of two media.
Considering the depth of the source (10 km) and the epicentral distance (~86 km), the
P wave is incident with an angle of about 83.4° to the interface which is 100 m below
the free surface. According to Snell’s law, the reflection angle of the EM wave, which
travels much faster than the seismic wave, will exceed 90° and thus becomes an
evanescent or inhomogeneous EM wave which propagates along the interface and
attenuates rapidly away from the interface (Ren et al., 2016; Zhao et al., 2021). Such
an EM wave permeates upwards and received by the receiver as a part of the total co-
seismic EM responses associated with the P wave shown in Fig 13. Similarly, the co-
seismic EM fields associated with the S and R waves also contain the contributions
from the evanescent EM waves converted from the S and R waves.

Since the evanescent EM wave decays fast along the vertical direction, if the
receiver is far from the interface, the contribution of the evanescent EM wave to the co-
seismic EM fields may decrease. To confirm this assumption, we increase the thickness
of the first layer to 5 km. We still keep the conductivity of the first layer (o, ) as 0.01

S/m and change the conductivity of the second layer ( o, ).The maximal amplitudes of



the co-seismic EM fields for different values of o, are calculated and shown in Fig
15. We can see that neither the electric field nor the magnetic field changes with o, at
this point. This is because the evanescent wave stimulated by seismic waves at the
interface becomes so weak that they contribute little to the co-seismic EM field due to
the high attenuation.

The above findings suggest that the EM fields associated with seismic waves due
to the PZ effect depend not only on the conductivity of the upper layer of the crust but
also on that of the deep layer. In general, the co-seismic electric field is more sensitive
to the medium’s conductivity, which tends to decrease as the conductivity increases;
whereas the co-seismic magnetic field is not distinctly sensitive to the conductivity
unless the conductivity is fairly high (> 0.1S/m). Furthermore, the dependence of the
co-seismic EM fields on the rock conductivity implies a potential application of the co-

seismic EM fields in characterizing the underground electric structure.

4. Discussion

The above numerical examples reveal that the earthquake can produce two kinds of EM
signals owing to the PZ effect. One is the co-seismic EM signal accompanying the
seismic waves; the other is the early-EM signal, including the EM wave radiated
directly from the hypocenter and that converted from a seismic wave at an interface.
Studies show that the co-seismic and early- EM signals can also be generated due
to the electric kinetic (EK) effect and the motional induction (MI) effect (Gao et al.,

2014; Gao et al., 2019; Gao, 2010; Hu & Gao, 2011; Zhao et al., 2021). Here we



compare the EM fields produced by the PZ effect with those produced by the EK effect
and the MI effect.

At first, we compare the co-seismic magnetic fields. According to Fig 3 in Gao et
al., (2014), Fig 2 in Gao et al., (2019) and Fig 2 in Zhao et al., (2021), the P and SV
waves can generate both horizontal and vertical magnetic fields due to the MI effect.
However, according to Gao (2010) and Gao et al., (2013), the P and SV waves can only
generate horizontal components of magnetic fields due to the EK effect and have no
vertical magnetic response. The numerical examples presented in this paper suggest
that the P wave cannot induce the vertical component of magnetic fields due to the PZ
effect either (Fig 3), which can be illustrated by eq.(A48) in Appendix A. In addition,
the SV wave cannot stimulate the vertical magnetic field either according to eq.(A52).
The fact that PSV mode waves do not generate the vertical magnetic field is an
important feature to distinguish the PZ effect from the MI effect, but it cannot be used
to distinguish the PZ effect from the EK effect.

Then we discuss the sensitivity of the co-seismic EM fields to the rock
conductivity. From Zhao et al., (2021) we know that the co-seismic electric fields
induced by the MI effect are not sensitive to the rock conductivity whereas the co-
seismic magnetic fields tend to increase as the conductivity increases. From Gao (2010)
we know that both the co-seismic electric and magnetic fields induced by the EK effect
decrease as the conductivity increases. In accordance with the results in this paper, the
co-seismic electric fields arising from the PZ effect decrease as the conductivity

increases. Besides, the radial and vertical components of the co-seismic magnetic fields



are not sensitive to the rock conductivity. The tangential component differs from the
other two components and the greater the difference of conductivities between the
shallow interfaces, the stronger the co-seismic magnetic fields. That is to say, the MI
effect will dominate the EM disturbance in the stratum of high conductivities while the
PZ and EK effects will dominate when the conductivity is low.

Furthermore, the studies provided in this paper suggest that the radial component
of the co-seismic electric fields caused by the PZ effect is stronger than the other two
components especially than the vertical component (Figs 9 and10). But, the simulations
of the EK effect reveal that the vertical component of co-seismic electric fields is more
than 2 orders of magnitude higher than the horizontal components (Gao, 2010; Hu &
Gao, 2011). This demonstrates that the PZ and EK effects possess different
characteristics in generating the co-seismic electric fields.

The piezoelectric EM responses presented in this paper are significantly related to
the piezoelectric modulus d. The quartz aggregates will possess ‘com' symmetry if
they are composed of equal compositions of two enantiomorphs (left-hand and right-
hand). Besides, a-axis of these two hands are antiparallel and c-axis are random in a
plane. In the natural crust, left-hand and right-hand quartz tend to co-exist and form
twined crystals, and thus 'com' is a typical symmetry, which is adopted in this paper.
Actually, the quartz aggregates might possess other symmetries, for instance, 'oo’,
‘002" and so on. If another symmetry is adopted, the EM responses due to the PZ effect

may have different characteristics. Further study needs to be conducted to explore the

possible new characteristics



4. Conclusions

In this paper, a 3D horizontal stratified model is used to study the EM fields excited by
earthquakes due to the PZ effect. The coupled equations of seismic and EM waves are
solved in the frequency-wavenumber domain through the Global Matrix method, then
the solution in time-space domain is obtained by the Hankel transform and the inverse
Fourier transform. Numerical experiments are separately carried out to investigate the
characteristics of the piezoelectric EM responses.

The results show that two kinds of EM signals can be produced by the earthquake
due to the PZ effect. One is the early-EM signal, including the EM wave directly
generated by the source and that converted from a seismic wave at an interface. The
early-EM signal starts at the moment of the earthquake eruption because the EM wave
travels much faster than the seismic wave. It possesses great significance to earthquake
early warning. The other is the co-seismic EM field associated with the seismic wave,
which arrives at the observation synchronously with the seismic wave and carries the
information of the underground medium.

The numerical experiments suggest that the P wave can produce both horizontal
and vertical electric fields as well as horizontal co-seismic magnetic fields but no
vertical magnetic field. Whereas the SH wave can produce both horizontal and vertical
magnetic fields as well as horizontal electric fields but no vertical electric field. In
addition, the EM responses generated by the fault slip source in the half-space and

three-layers models show that there are co-seismic electric and magnetic signals



accompanying the Rayleigh wave. For an M, =6.1 earthquake the co-seismic
electric fields reach ~10 pV/m, which can be observed by the current instrument. The
co-seismic magnetic fields are ~10 nT, which are weak but still within the detectability
of some precise magnetic sensors.

We analyze the sensitivity of the co-seismic EM fields to the rock conductivity.
The results show that both the conductivities of the shallow layer where the receiver is
located and the deep layer have impact on the co-seismic EM fields. The co-seismic
electric field decreases approximately linearly with increasing shallow conductivities.
The co-seismic magnetic field hardly change with the shallow conductivities unless the
conductivity is fairly high (>0.1S/m).

The co-seismic EM fields might be influenced by the conductivity of the rock of
the deep layer when the interface is shallow (i.e., the top layer is thin). In this case, the
horizontal components of the co-seismic electric fields decrease as the conductivity of
the deep layer increases, but the vertical component barely changes with the
conductivity. The radial and vertical components magnetic fields barely change either
as the conductivity changes except for fairly high conductivities (>0.1S/m). Besides,
the tangential component of the co-seismic magnetic field associated the P wave will
decrease when the conductivity of the deep layer increases. The tangential magnetic
components associated with S or R waves behave differently comparing to that with the
P wave. They reach the minimum when the conductivity of the deep layer is equal to
that of the upper layer where the receiver is located (in this situation, the two-layers

model becomes a half-space model). In other words, the tangential magnetic fields



associated with S and R waves tend to be enhanced when conductivities of the upper

and the lower layers are different.
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Appendix A. Derivation of the Analytical Expressions of the

Eigenvalues and Eigenvectors of Matrix A

The coupled equations of the seismic and EM waves due to the piezoelectric effect can
be decoupled into two modes of derivative equations, i.e., €q.(22) for the PSVM mode
and eq.(23) for the SHTE mode, which are both equivalent to two-dimensional
equations. The eigenvector of the system matrix A is essentially the fundamental

solution of the displacement-stress-electromagnetic responses generated by the down-


https://figshare.com/s/114da2dba1c0b2ed7a06

and up-going waves in each layer, which can be analytically derived using the plane

wave theory.

If we regard the subscriptsas S—>Xx, T —Yy and R— 2z, eq.(22) is equivalent
to the following equations satisfied by the 2D PSVTM mode waves propagating in the

x-z plane, where x points to the horizontal direction and z points to the downward

direction:
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Eq.(23) is equivalent to the following equations satisfied by the 2D SHTE mode
waves propagating in the x-z plane
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In addition, three components of the polarization vector p caused by the piezoelectric

effect can be expressed as

p, = —ZdOTXZ , (A15)
p, = —ZdOTyZ , (A16)
p, =-d,7, +2d,7,, . (A17)

Based on the plane wave theory, we derive the fundamental solutions of the
displacement-stress-electromagnetic responses of PSVTM and SHTE mode waves

propagating in the x-z plane.

A.l. Displacement and Stress Fields Produced by Seismic Waves

A.1.1. Displacement and Stress Fields Produced by PSV Waves

The piezoelectric effect in the rock is not strong thus the feedback of the
electromagnetic wave to seismic waves can be omitted. Therefore, the displacement

and stress fields can be solved from the elastodynamic equations, namely, eqs (Al)-



(AS). Considering that the P and SV waves propagate in the x-z plane the displacement
field can be expressed as

u=Vg+Vx(ye,), (A18)

inwhich ¢ and y are potential functions related to the P and SV waves, respectively.

The potential functions ¢ and y have the plane wave solutions of the

iot

following forms (the term e is omitted for convenience)

¢= A+Peikx+i;/Pz +A—Peikx—iypz
(A19)

= AV gilcrir®z | p-SV gikciz®z i
in which A'" and A™ denote the amplitudes of the down-going P and SV waves,
A" and A denote the amplitudes of the up-going P and SV waves. i is the
imaginary unit. k is the horizontal wavenumber. y° and »° denote the vertical

wavenumbers related to P and S waves, respectively.

v = %K, (A20)

2
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V, and V are velocities of the P and S waves. @ is the angular frequency.
Substituting eq.(A19) into eq.(A18) and combining eqs (A3)-(AS) we obtain the

displacement and stress fields produced by the PSV mode waves,

u, ik ik —ij/s i},S A+Peikx+i7pz
u, iyP —iyP ik ik AP | (A22)
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A and G are lamé constants. k° isthe wavenumber of the P wave,

kP =2 A23
V. (A23)



A.1.2. Displacement and Stress Fields Produced by SH Waves

Now that the SH wave propagates in the x-z plane, its displacement has the plane
wave solutions, i.e.,

Uy _ AFSH eikx+i;/sz i A—SHeikx—inz. (A24)

The stress field can be yielded using eq.(A10). Combining them we obtain
Uy 1 1 A+SH eikx+iysz
= .. s o (A25)
Ty, G|7/ _G|7/ A-SH gikeir’z
A" and A" denote the amplitudes of the down- and up-going SH waves,

respectively.

A.2. Electromagnetic Fields Produced by Seismic and

Electromagnetic Waves

To derive the EM fields generated by the seismic and EM waves, we introduce the

scalar potential A of the magnetic field

H =L1vxA, (A26)

Y7,

where 4 is the magnetic permeability of the vacuum. Vx(E—iwA)=0 is

obtained by substituting eq.(A26) into eq.(3), and then E—iwA can be expressed by
the gradient of a scalar ¢ and thus we have

E=-Vo+ioA. (A27)

Then we substitute eqs (A26) and (A27) into eq.(4), and apply the Lorentz gauge,

V-A—-iouép=0. (A28)

The electric field thus can be expressed as



E=-

—— +ioA, (A29)
loue

By omitting the ambient current (i.e., J, =0) we obtain the following equation
VCA+K™K™MA =ioup, (A30)

kEM

where is the wavenumber of the EM wave, i.e.,

KM = Jouz | (A31)
and p is the polarization vector due to the piezoelectric effect.
The solution of the inhomogeneous equation eq.(A30) can be expressed as a
superposition of a particular solution and a general solution of the following
homogenous equation

VCA+K™MK™MA=0. (A32)
A.2.1. Particular Solutions: EM Fields Generated by Seismic Waves

The particular solutions are caused by the polarization vector contributed by the
seismic waves. Let p”, p% and p* be the polarization vectors contributed by P,
SV and SH waves, respectively, and suppose A", A% and A% be the

corresponding solutions of eq.(A30), i.e.,

VA" +k™MK™MAP =icoup®, (A33)
VEAY +k™MKMAY =ioup® (A34)
VEAS + kKM AT = iqup®™ . (A35)

It is easy to verify that the following expressions
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respectively satisfy equations (A33), (A34) and (A35), where

kS =2 A39
V. (A39)

Then we obtain the electric and magnetic fields for the P, SV and SH waves,
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Combining eqs (A3), (A15), (A17) and (A22) we obtain p°
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Substituting eq.(A43) into eq.(A40) we finally obtain the plane wave solutions of
the electric and magnetic fields generated by the down- and up-going P waves,

EF =Ee +E’e

zZ 71

(A45)



~ 2d,Gky” (3kk — 27y " —2k™Kk™)
o g(kEMkEM _kPkP)

EP

(A+Peikx+iypz _ A—Peikx—iypz ) . (A46)

o 2d,Gy"y" (3Kk —2"y® + 2k ™K ) - 2d Gkkk ' k =
z g(kEMkEM _kPkP)

(A+Peikx+iypz N Afpeikx—inZ) , (A47)

o e 2d,Gak(4y"yP —kKk)
H :Hyey: kEMkEM _kPkP

(Ae™r™ ¢ AP e (A48)
Substituting eq.(A44) into eq.(A41) we obtain the plane wave solutions of the
electric and magnetic fields generated by the down- and up-going SV waves,
EY =E}e, +E)e,, (A49)
where

v 2dOG(4k2757/S —k?* £ K2KEMKEM _ysyskEMkEM)
X _g(kEMkEM _ksks)

SV ikx+iy® —SV ikx—iy®
(A+ el +|yz+A eI I;/Z) ,

(A50)

o  —20,8ky® (47°7° —kk —3Kk™K™)
P g(kEMkEM_ksks)

SV L ikx+iy® —SV Likx—iy®
<A+ el +|yz+A elxwz),

(A51)

2d,0Gy° (4kk —y°7°) o o
SV SV = 0 +SV Aikx+iySz SV Aikx—iy°z \ &
H™ =H"€, = BB 51 S (A et L AT e )ey.

(A52)
For the SH wave, p* can be yielded using eqs (A16) and (A25) in the form of the
plane wave solutions, i.e.,
P =pje,, (AS3)
where

pSH _ —2d0Gi}/S (A+8Heikx+iysz _ ASHgikx-ir®z ) (A54)



Then we get the EM fields generated by the down- and up-going SH waves after

substituting eq.(A53) into eq.(A42),

2 G S L .. s
ESH _ ESHey _ kiﬂ(l)(aéMﬂ_ kUS/kS (A+SH eIkX-H;/ z A—SH eIkX—I}/ z)ey’ (ASS)
HS = 1S+ He | (A56)
where

2d GlCO}/S}/S + ikx+iySz - ikx—iySz
H " =kEM‘l’(EM_kSkS(ASHe 77 AN ) (A57)

-2d Gia)k}/S +SH LikeriySz —SH Like—iySz
H." =kEMkOEM_ksks(ASHe AT ) (AS8)

A.2.2. General Solution: EM Fields Due to EM Waves

We are going to derive the homogeneous general solution of eq.(A32), i.e., the EM
fields generated by the EM waves. Notice that A in eq.(A32) is the potential function
of the magnetic field only with two independent components.

Similar to eq.(A19), in terms of the EM waves traveling in the x-z plane, we take
Ax and A4, as two independent components and let them possess the following plane

wave solutions, i.e.,

(A59)

A( _ A+xeikx+iyEMz +A—xeikx—iyEMz
Ay _ A+yeikx+iyEMz +A—yeikx—iyEMz ’

where »®™ denotes the vertical wavenumber of the EM wave. Then we get the

magnetic field by substituting eq.(A59) into eq.(A26),



s EM s EM
0 0 - ' ' A+xeikx+iyEMz
H H
;. EM s EM A—Xeikx—i;/EMz
H=| 2 ¥ 0 0
u U A+yeikx+iyEMz i (A6())
0 K K A—yeikx—iyEMz
H U
And we obtain the electric field by combining eqs (A27), (A28) and (A32),
1
E:—ﬁVXH. (A61)
s

Then we yield the plane wave solutions of the electric field by substituting eq.(A60)

into eq.(A61),
_(j/EM )2 (7EM )2 0 0 n A+xeikx+i;/EMz
E--—| o 0 (k™) (k™) A_Xei_kx_i_ywz (A62)
logu A+ye|kx+|y z
—k}/EM k]/EM O O o
i ] A—yelkx—ly z

From eqs (A60) and (A62) we find that A™ and A™ are only associated with

E.,, E, and H y» 1., the TM wave. Therefore, we obtain the plane wave solutions of
the TM wave,
EM EM
E, 4 -7 AFTM giocriy ™2
E, |=| K —k I (A63)
N N A—TM elkx—ly z
H, wE  WE

Similarly, A™ and A’ are associated with H, , H

, and E ,ie., the TE wave,

E a, a, iy i EM

y élM EILMI A+TEe|kx+|y z
HX |77 ATE ikx—iyEMz |’ (A64)
H, k Kk €

where A"™, A™ and A", A™ denote the amplitudes of the down-, up-going

TM and TE waves.



A.3. Eigenvectors for the Seismic and EM Waves

Equations (A22), (A25), (A46)-(A52), (A55)-(AS8) as well as (A63) and (A64)

present the plane wave solutions of the displacement-stress-EM responses. From these

expressions we obtain the corresponding eigenvectors of the seismic and EM waves,

Le., [ux,uZ v Teg1 Tpys Es Hy]T for the PSVTM mode:

d+P —

dF=

d+SV —

_ " -
iy”
—2Gky"
—(xikpkP +267P)/P)
2d,Gky® (3kk — 25"y " —2k™K™ ) |’
g(kEM K EM _kPkP)
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(A65)

(A66)

(A67)
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EM T
d*TMz[O, 0o 0 o0 Z— 1} (A69)

and

EM

)
d™ :{o, 0o 0 o -L_, 1] (A70)
weE

And the corresponding eigenvectors of the seismic and EM waves, i.e.,

[uy,ryz, Ey, HX]T for the SHTE mode:

Giy®
d+SH — 2doa)2/,lG|]/S (A71)
kEM kEM _kSkS
2d,Giwy®y®
kEM kEM _kSkS

1
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EM
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and
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Appendix B. The Derivation of the Source Term

Here we derive the expressions of the source term S in the cartesian coordinate system.
Since this paper focuses on the electromagnetic anomalies caused by earthquakes, the
influence of the external current source on the calculation is not considered here, hence

we omit J in the following derivation.

B.1. The Derivation of the Point Source Term

We first present the expressions of the body force density f of the point source in the

cylindrical coordinate system, i.e.,

S

S%

f,=(f,c0860+ fyosinﬁ)ﬂé(e)é(z—zo)
o6

n
fgz(fyocose—fxosine)ﬂ (0)5(z2-1,), (B1)

r

z 4

f, = f0@5(9)5(z—20)

where 0 (X) is the Dirac Function, f,, f, and f,, are three components of the
body force density in cartesian coordinates.
Substitute eq.(B1) into the surface harmonic coordinate transformation formula,

i.e., eq.(11), we have



fsm (Z’k)ZTIO
nym(z,k):Tf
fonled)= [ 7

f(r,6,2)-

f(r0,z)

(r,0,2)-

5¢(r.9)

T (r.0)]

R (r,0)

*rdrde
“rdrd@ |

“rdrd@

(B2)

Notice that there are only three values of m in the above equations, m=0 and 1.

The source term S thus can be determined through the body force density f,

S=

f,+Af,,

(B3)

where A is eq.(27) or eq.(30) for PSVTM or SHTE mode of waves correspondingly.

Finally, we obtain the expressions of the source term for PSVTM and SHTE

modes of waves in the Cartesian coordinate system:

S PSV

0
0

1. 1 1 1

_ (Elfxo + E fyojdm1 +(—E|fxo + 5 fyo]@ml
fzoé‘m,o

0
0
0

1 1. 1 )

(5 fo— E'fy0j5m,1 + (E fo+ _Ifyojdm,l

0
0

; (B4)

(B3)



B.2. The Derivation of the Seismic Moment Tensor Source Term

Similar to B.1, we initially present the expressions of the seismic moment tensor source

in the cylindrical coordinate system,

M, M, M, cosd sing O|M, M, M, [cosd -sing O

M, My, M, |=|-sind cos¢ O|M, M M, |sind cosé O ,

M, M, M, 0 0 1M, M, M, O 0 1
(B6)

and the relationship between the moment tensor and the body force density,
F=—M-Vo5(r-r,). (B7)
Substitute the above two equations into eq.(B2), and notice m=0,+1,+2 here. Then
we get the expressions of the moment tensor source term in the cartesian coordinate
system after combining eq.(B3) and some derivations.
The PSVTM mode source term:

i 1
L M Xz (5m,1 - é‘m,—l) +E M yz (§m,1 + 5m,—1)

2G
;Mzzé‘mo
A1+2G '
ik 22 ik k
SPS\/TM _ I?(Mxx_FMyy_l_'_ZG Mzzjém,o-’_Z(Myy_Mxx)(é‘m,2+§m,2)+Z(Mxy+Myx)(5m,2_5m,2)
K .
E(sz _sz)(é‘m,l_é‘m‘—l)-’—%(,vlzy - My )(5m,1+§m,—1)

el i V [
E(A+2G) M

do@M,, (8, = 8,, ) +ide@M , (5,,+3, ;)

(B8)

and the SHTE mode source term:



1 i

z M xz (§m,1 + 5m,—l) + E M yz (5m,—1 - 5m,1)
k ik ik
SSHTE = Z(M xx M yy)(5m,—2 - §m,2) + IZ M Xy (5m,2 + 5m,—2 + 25m,0) + IZ M yX (5m,2 + 5m,—2 - 25m,0) :
0
—ido@M , (8, + 5 ) +doM , (8, —6,.,)
(B9)
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Tables and Figures

Table 1

Parameters of the Solid Rocks

Parameter Variable (unit)  Rock 1 Rock 2 Rock3  Rock A
Density p (g/em?) 2.2 2.5 2.8 2.8
Velocity of P wave Vp (km/s) 5.1 5.9 6.5 6.5
Velocity of S wave Vs (km/s) 3.0 3.5 3.9 3.9
Conductivity o (S/m) 0.01 0.01 0.01 0.001
Permittivity ¢ (F/m)x1071° 6.2 6.2 6.2 6.2
Permeability u (H/m)x107 4n 47 4n 47

Thickness h (km) 2 7 / /




S

Figure 1. The schematic diagram of the 3-D horizontally layered model. x-, y- and z-

axes denote northward, eastward and downward directions, respectively.
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Figure 2. Schematic diagrams of the simulation models. (a) and (b) are full-space
models; (c) half-space model; (d) three-layers model. A rectangular array of 10201
receivers is arranged on a plane perpendicular to z-axis in (b), which is used to observe
the direct EM wave generated by the source. The depths of the receivers are 0.1m in (c)

and (d).
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Figure 3. Seismic and EM wavefields generated by an explosive source in a full-space
model. (a) - (c) are three components of the displacement field; (d) - (f) are three
components of the electric field; (g) - (i) are three components of the magnetic field.

The direct EM waves are amplified 10° times.
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Figure 4. The amplitudes distribution in a horizontal plane of the direct EM waves
generated by the explosive source. (a) - (¢) are three components of the electric field;

(d) - (f) are three components of the magnetic field.
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Figure 5. Seismic and EM wavefields generated by a center of rotation source in a full-
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The direct EM waves are amplified 10* times.
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Figure 6. The amplitude distribution of the direct EM wave in a horizontal plane
generated from the SH source. (a) - (¢) are three components of the radiated electric

field; (d) - (f) are three components of the radiated magnetic field.
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Figure 10. Seismic and EM responses generated by a fault slip source in a three-layers
model. (a) - (c) are radial, tangential and vertical components of the displacement field;
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radial, tangential and vertical components of the magnetic field.
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Figure 11. Seismic and EM responses calculated from different conductivities. The red
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components of the electric field; (d) - (f) are three components of the magnetic field.
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Figure 13. EM responses calculated by specifying the conductivity of the second layer
in a two-layer model with 0.01 S/m (red) and 0.05 S/m (blue), respectively. (a) - (c) are
three components of the electric field; (d) - (f) are three components of the magnetic

field. The conductivity of the first layer is kept as 0.01 S/m.
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Figure 14. Variations of EM fields with the conductivity of the second layer (o, )

changed in a two-layers model. (a) - (¢) are three components of the electric field; (d) -

(f) are three components of the magnetic field. The thickness of the first layer is 100 m,

and the conductivity (o, ) 1s 0.01 S/m. When o, =0,, the two-layers model is

equivalent to a half-space model.



2 2 _ 2_
10%4 (a) 103 (p) . 1036 s
10'4 10'4 —— 5 104 —— 8
= —— R —— R
E - -
= 0 £ o] £ 0]
3 10 S 10 s 10
= 2 El
w 10" ~ 107 —~ 10"
E W e
£ 102 — p & 1024 & 10%
D E £
107 —— R 10° 104
107 ‘ ‘ . , 10" ; . . , 10 . ; ‘ ,
-4 -3 2 -1 0 -4 -3 2 -1 0 -4 -3 -2 -1 0
log(c) (S/m) log(c) (S/m) log(c) (S/m)
" ) 10%1 () 0%
— P
. -5 -5
ﬁ105- e § 10 —— 2 10° —— 5
d e 3
@ 10° o 10 o 10
% X 1
@© @© ©
£ 1S £
1074 107 1074
10°® - - . . 108 - r - . 108 - v . .
-4 -3 2 -1 0 -4 -3 -2 -1 0 -4 -3 -2 -1 0
log(a) (S/m) log(s) (S/m) log(s) (S/m)

Figure 15. Same as Figure 14 but the thickness of the first layer is changed to 5000 m.



