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Abstract

Seismic and electromagnetic imaging methods both provide the geophysi-
cist with different types of medium parameters. Seismic methods are
sensitive to the elastic properties of the medium, while electromagnetic
methods are sensitive to the electric properties. In porous-saturated me-
dia, these two wave fields occur as a coupled system, which is known as
"seismoelectrics’. This coupling is caused by physical interactions at the
grain surface boundary and is a function of several medium parameters,
such as dynamic permeability. This medium parameter is valuable to
the oil and gas industry, as well to the field of hydrology. By conducting
a seismoelectric survey it would theoretically be possible to provide an
extra control on this medium parameter. However, both practice and
theory have shown that this coupling mechanism also results in a low
signal-to-noise ratio. A possible solution to this problem would be to
apply interferometric Green’s retrieval, which is a technique based on
stacking of cross-correlated data. This approach has been proved suc-
cessful for the SH-TE mode in 1D. The SH-TE mode forms together
with the P-SV-TM mode, the total seismoelectric system. In this the-
sis the first steps are taken towards the proof that this technique could
also work for the P-SV-TM mode of the system. This is supported by a
modelling experiment of 2D homogeneous space solutions of the seismo-
electric P-SV-TM mode for different configurations and an evaluation of
the effects of cross-correlation on these responses. This evaluation turned
out that the unwanted artefacts observed in the interferometric retrieval
are generated by cross-correlations between P-waves and SV-waves.
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Chapter 1

Introduction

Electromagnetic and mechanical wave fields are two very powerful physical phenomenons,
which both aid the geophysicist in imaging the Earth’s structure. The electromagnetic
waves provide us with information on the electric properties of the investigated medium,
such as electric permittivity and conductivity, whereas mechanical wave fields can provide
us with valuable mechanical properties, such as bulk density and other elastic medium
parameters. One way to obtain both mechanical as electric properties, is by conducting
independent electromagnetic and seismic surveys of the medium. Another way to obtain
both, is by considering the coupling possibility of these two different wave fields within
the investigated medium. The field describing this coupling of both wave fields, is known
as ’electrokinetics’, which has been developed since the first experiment was conducted
by Reuss in 1809 which reported such a coupling. Afterwards, a long history of attempts
followed in order to develop a theory to explain this electrokinetic phenomenon (for a re-
view of this history, the reader is referred to [9]). A key moment occurred in 1994, when
Pride |7] came up with a full set of equations which coupled Maxwell’s equations to the full
elastodynamic wave theory in 1994. This theory was experimentally validated by Schoe-
maker et al. in 2012 [9]. Seismoelectrics does not only provide a great potential due to
the ability to obtain both relevant wave field responses by conducting a single survey. In
addition to that, the seismoelectric SP coupling coéfficient could be derived from such a
measurement. This coupling coéfficient depends on several valuable medium parameters,
such as the dynamic permeability. The dynamic permeability is a valuable medium param-
eter to the oil and gas industry, as well as to the field of hydrology. However, it is exactly
this valuable coupling factor which causes the complications in seismoelectric applications.
Due to the fact that the coupling factor is of a relatively low value, the conversion of one
wave-type into another via this mechanism decreases the amplitude, resulting in a low
signal-to-noise ratio. In order to make it possible to retrieve this coupling coéfficient from
seismoelectric surveys in practice, it is required to apply a technique to this phenomenon
in order to improve this signal-to-noise ratio. An interesting technique, presented in 2004
by Wapenaar [12], is the principle of interferometry, based on the reciprocity theorem of
the correlation type [4]. It prescribes an elegant way of cross-correlating traces of shot
gathers of the acquired data and a subsequent stacking of those cross-correlated gathers,
in order to obtain a desired signal from that data. The basis of this technique was founded
by Claerbout [3], who pioneered in this field by obtaining the reflection response from the
auto-correlation of a transmission response for a 1D medium. Wapenaar [12]| extended
this for 3D inhomogeneous media, as well as for any class of wave phenomena, including
the seismoelectric wave field system as formulated by Pride [7]. The improvement of the



signal-to-noise ratio by use of this technique depends primarily on the amount of sources
used. One way to increase this amount is by conducting a passive measurement of uncor-
related noise of a sufficient length of time. In Appendix F of the paper by Wapenaar and
Fokkema [15], an interferometry scheme is provided for Pride’s |7]| seismoelectric system
of equations. In 2009, de Ridder [5] used this scheme to numerically validate that signal
retrieval of a seismoelectric response is theoretically possible for the SH-TE mode in a 1D
layered medium. The objective of this thesis is to validate the same for the seismoelectric
P-SV-TM mode in a 2D homogeneous medium. For that, it is required to exactly formulate
the interferometry relation with homogeneous Green’s functions derived from Pride’s [7]
system of equations. Subsequently, a detailed analysis of these Green’s functions of the
2D P-SV-TM system was undertaken with the objective to improve the understanding of
this seismoelectric mode and possibly discover where the errors observed in the modelled
interferometric retrieval are caused by.



Chapter 2

Seismoelectric wave theory

In this Chapter the details of the seismoelectric coupling mechanism at a micro-scale are
explained, as well as the effects of this coupling in the case of the presence of an interface.
Subsequently, the consequences of simplifying a 3D medium to a 2D medium are explained
with the purpose of introducing the seismoelectric wave equation system of the P-SV-TM
mode in 2D.

2.1 Seismoelectric coupling at the electric double-layer

In this section the relevance of the electrokinetic coupling mechanism is explained with help
of the microscopic electric double-layer model [8]. In a fluid saturated porous medium, ions
are adsorbed on the grain surface, resulting in an immobile layer of surface charge Q on the
grain surface, referred to as the Stern layer. This surface charge is counteracted by charge
of opposite valence provided by the fluid electrolyte surrounding the grain surface, referred
to as the diffuse layer. This mobile fluid phase layer can be moved relative to the immobile
Stern layer of the solid grain surface due to a pressure gradient. This pressure gradient can
be established by either a longitudinal P-wave or a transversal S-wave travelling through
the medium. The result of this, is a relative movement of charge, referred to as a streaming
current. This streaming current, in turn, results in a charge build-up which is consequently
counteracted by a conduction current, due to the formed electric field acting in the opposite
direction of the streaming current. This results in the oscillatory storage and release of
electric energy in the form of free charge, which effectively decreases the conductivity. In
equation 2.5, which describes the modified Ampere’s law for electrokinetic systems, can
indeed be seen that the coupling term I:é effectively reduces the conductivity of the original
Ampere’s law. This dependent electromagnetic field propagates at the same speed and
frequency as this mechanical wave and is referred to as the ’coseismic’ field [8]. However,
this electromagnetic field is not a real electromagnetic wave, because in the continuous
storage and release of electric energy is not a function of electric permittivity, but purely
of the oscillatory pressure gradient. As stated by Pride [7] the coupling mechanism is
assumed linear, for which reason reciprocity applies. This means it is as well able to convert
electromagnetic waves into seismic waves. In this case the oscillating electric field strength
due to the electromagnetic wave polarization induces movement of the mobile diffusive
layer relative to the immobile grain surface. This relative movement of particles induces
a pressure gradient which moves inherently along within the electromagnetic wave. This



pressure gradient will propagate at the same speed and frequency of the electromagnetic
wave through the medium. This dependent form of a mechanical wave is referred to as the
"coelectric’ field [9].

2.2 What happens at an interface

In the previous subsection the generation of dependent fields was discussed. In seismoelec-
tric wave propagation it is also possible for an independent wave to be generated from a
wave field of a different type. However, this can only occur at an interface across which
either the mechanical or electrical properties of the medium change. For the generation of
an independent electromagnetic diffusive field from a mechanical wave, the mechanism at
an interface is as follows: The free charge separation induced by the mechanical pressure
wave experiences asymmetry due to the change in properties at the interface and a part
of the conduction current is not completely counteracted by the pressure wave oscillation.
This gives rise to a resultant oscillatory conductive current. This oscillating current acts as
an electric dipole source, which has the ability to generate an independent electromagnetic
diffusive field. However, due to the relative low frequency of the initial mechanical wave,
this electromagnetic wave is more of a diffusive nature. This is because in general even
at ultrasonic frequencies, order of a few MHz, the electromagnetic field is dominated by
the electric conductivity and hence behaves as a diffusive field. The other way round it is
also possible, an incident electromagnetic wave can generate an independent mechanical
wave at the interface. The oscillating pressure gradient induced by the electromagnetic
wave experiences asymmetry at the medium interface. Due to that, there is a resultant
force acting at the interface, which acts as a dipole source for a mechanical wave. This
mechanical wave will inherit the electromagnetic frequency of its original generator, but
its speed is now equal to the mechanical wave speed of the medium. This wave speed
is considerably lower than the electromagnetic wave speed. If the initial electromagnetic
wave is of a frequency, which exceeds the order of MHz, the resulting seismic wave would
have a wavelength of the order of the grain size, or even smaller. Therefore, the electroseis-
mic theory is not valid for frequencies above a few MHz, because the wave length should
always be much bigger than the grain size. Therefore, seismoelectric theory is only valid
for a frequency range up to the order of 10° Hz [8].

2.3 Electrokinetic wave fields from 3D to 2D

In this thesis the electroseismic system will be investigated in 2D, which has significant
consequences for the mechanics of the seismoelectric system, as well as for the geometry
of the propagating wave field as is given by the 2D Green’s function.

2.3.1 Seismoelectrics in 2D

In the 3D world the grain boundary surface can have any spatial orientation. This gives a
great diversity of coupling possibilities, because in the seismic as well as the electromagnetic
world different wave field types are defined by their polarization. This is of course not
the case for dilatational wave fields, P-waves, because then the particle displacement is
simply in the same direction as the direction of propagation in an isotropic medium. Shear



waves on the other hand are transversal in nature. In this case, for a certain direction
of propagation the polarization is in any direction in the plane perpendicular to the wave
vector. In the case of an anisotropic medium this fact is non-trivial, because the wave
velocity now depends on the polarization direction and possibly also on the propagation
direction. This is why the shear wave field is divided in two modes, which form two end
members of shear wave polarization. One is the wave polarized in the plane of propagation,
referred to as the vertically polarized shear wave. The other end member is referred to as
the horizontally polarized shear wave, which is purely polarized in the plane perpendicular
to the plane of propagation. In an anisotropic medium the fields polarized in a direction
in between these two perpendicular planes of course can also have a different wave speed,
but in this theory it is assumed that this wave can be expressed as a superposition of
the two [11]. Electromagnetic waves are geometrically similar to shear waves, in that the
changes in the electric field strength are also perpendicular to the direction of propagation
[6]. However, an important difference is that the electromagnetic wave is also characterized
by an oscillating magnetic field strength, which is always perpendicular to the electric field
polarization. In the same way as for shear waves two main modes are defined for the
electromagnetic wave field as well. The transverse magnetic field is the mode in which the
electric field oscillates in the plane of propagation, naturally the magnetic field oscillates
in the plane perpendicular to it. The other mode is the transverse electric field, in this
case the electric field oscillates in the plane perpendicular to the plane of propagation. The
magnetic field vector lies within the plane of incidence in the latter case. In the case of a
3D isotropic medium, P-waves, SH-waves and SV-waves all have the possibility to induce
a pressure gradient perpendicular to the grain surface and induce a relative movement of
the charged diffusive layer, generating a coseismic electromagnetic field. And vice versa,
both TE and TM wave fields can generate all of the possible mechanical waves. However,
in this thesis the 2D isotropic case is addressed. In this case, the grain surface is a 2D
function of position in the 2D plane and a constant in the dimension perpendicular to
that plane. The diversity of coupling possibilities is restrained accordingly, which results
in an effective decoupling of the two modes of the seismoelectric system, SH-TE and P-
SV-TM. If a P-wave would be generated in this 2D medium, it can only induce a pressure
gradient in the direction along the 2D model plane, which is the plane of propagation.
The pressure gradient can generate an electric field oscillation in the plane of the medium,
which is the coseismic TM mode. At an interface, the pressure gradient could generate
an S-wave with a polarization directed along the plane of the medium, which is therefore
a vertically polarized S-wave. In turn, it is also possible for the SV-wave to generate
a coseismic electric field of the TM mode, but this happens via induction. Because of
this, the coseismic electric field of an S-wave is in general weaker than the coseismic of
a P-wave [8]. The SH-TE mode can only be generated completely independently of the
P-SV-TM mode. The SH-TE mode establishes a horizontally polarized shear wave, which
accelerates the charged mobile layer of the EDL in the xo-direction. This effectively results
in an electric streaming current in this direction. According to Ampere’s law (2.5), this
electric current induces a magnetic flux, which rotates spatially around the electric current
direction. In turn, as dictated by Faraday’s law (2.6) this magnetic field flux generates
an electric field variation perpendicular to the medium plane. This varying electric field
vector represents the TE-mode of the electric field [6]. In this thesis only the P-SV-TM
mode will be analysed in 2D.



2.4 Wayve fields in 2D

In the 2D world wave fields require a different formulation than wave fields in 3D. In the
3D world a wave field can be visualized as a spherical wave front which expands with
increasing time and thereby decreases its amplitude due to the geometrical spreading of
the wave energy. However, in a 2D medium it is required that all wave field vectors are a
constant function of the x5 - direction, which is the direction perpendicular to the medium
under consideration. In order to meet this requirement, the original 3D spherical field is
integrated over this constant spatial direction. The result of this, is a wave field which can
be visualized as a field which is induced by an infinite line source directed in the constant
2o - direction. The wave front of this wave field is of a cylindrical shape, of which the
long axis coincides with the imaginary line source. Such a cylindrical function can only be
represented in integral form as a modified Bessel function of order zero. Refer to Appendix
A for this Bessel function expression, including its spatial derivatives [1], which will be
required later for the derivation of the seismoelectric Green’s functions in 2D.
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2.5 Derivation of the wave equations for the coupled P-SV-
TM mode in 2D

Macroscopic equations describing the P-SV-TM mode in a 2D homogeneous and isotropic
domain are derived in order to clarify the complex coupling mechanisms and the generated
wave fields associated with this system. In a 2D model, any spatial variation in the xo-
direction is zero. In order to obtain the P-SV-TM mode all field components belonging to
its complementary mode, the SH-TE system, are set to zero, which are:

e Transverse Electric components Fo, H; and Hj

(e)

e Transverse Electric source components J, ’, Ji" and J3"
e Horizontally polarized elastodynamic components v3, T12, T32, T22 and ws
e Horizontally active elastodynamic source components fo, hi2, hso and hao.

The medium for which the equations hold is porous-saturated, homogeneous, isotropic
and dissipative. The derivation is based on volume averaged Maxwell’s electrodynamic
equations [6] and Biot’s elastodynamic equations [2|, as formulated by Pride [7]. Biot’s
equations [2| for a porous medium are represented by two sets of equations: elastodynamic
propagation in the fluid phase and in the solid phase, which are coupled to each other
due to the existence of boundary conditions for the particle motion fields at the grain
boundaries [2|. In Pride’s system of equations, Biot’s equations for the fluid and solid
phase equations are averaged over a volume, which size exceeds the grain size scale, but is
smaller than the minimum wavelength [7]. Biot’s equations are also coupled to Ampere’s
law of Maxwell’s equations. The underlying principle of this theory lies in the theory of
the EDL, as explained in section 2.1. These coupling mechanisms described here will be
explained further with the help of the governing equations.

11



2.5.1 Basic equations

The equations presented in this section form together the coupled set of first order macro-
scopic seismoelectric equations for the P-SV-TM mode in 2D. All derivations are done
in the Laplace domain for the special case when the real part of the Laplace parameter
is zero, which is also known as the Fourier domain. In the subsequent paragraphs these
equations will be combined together into higher order equations, in order to clarify the
wave behaviour of this system. The symmetry properties of the stress, strain and stiffness
parameter tensors, which are valid in an isotropic domain, are applied at all times [11].
Note that in case of a vector equation, only the non-zero components are displayed, which
are in most cases the first and third component. However, if a vector equation occurs
which is of an alternative structure, it will be explicitly noted which non-zero components
are displayed in those cases, or whether an equation is of scalar nature. The source terms
will exclusively be written on the right hand-side. The following substitutions are made,

s = iw (2.1)
= oo — %) (2.2)
¢ = M+ su (2.3)
£ = nL/k (2.4)

Here, the velocity of the particles in the fluid phase and in the solid phase are defined as
o/ and ©°, respectively. The filtration velocity is given by @. The fluid viscosity is given
by 7, the porosity by ¢ and the dynamic permeability by k. The electric and magnetic
bulk conductivities are given by ¢ and ¢". The bulk magnetic permeability is given by
p. The Laplace parameter is given by s, which is equal to the imaginairy unit multiplied
with the angular frequency, w.

Generalized Ampere’s law [6],

63f12+ (5‘6+85—£g> El +fw1 = _jle’ (2.5&)
—61]?2 + (&e + se — Eé) E3 + éﬁ)g = —jg’, (2.5b)
In equation 2.5 H represents the magnetic flux, E the electric field, J¢ the electric dipole

current and J™ the magnetic dipole current.

Faraday’s law [6], all components of this vector are zero except for the zo-directed compo-
nent,
O3y — 01 B3 + CHy = —J5", (2.6)

In this medium there are two phases, a solid phase and a fluid phase. The equations de-
scribing the particle motion can be formulated separately for each phase in the microscopic
approach [2] . However, in this representation of the system all equations are averaged over

12



a volume much bigger than the grain size, therefore containing both phases [7] . By av-
eraging the two particle motion equations over this volume and adding them together, a
relation is found which describes the motion of the bulk material, which encompasses both
fluid as solid phase,

spt; + spiy — 171 — Osti3 = f}, (2.7a)
spty + splivs — Os733 — 01731 = f3, (2.7b)

In equation 2.7 7 denotes the specified component of the traction matrix. The medium
parameters p and pf, denote the bulk and fluid densities, respectively, and f° denotes the
bulk force.

The equation for the averaged relative fluid motion is found by subtracting the averaged
solid motion from the fluid motion, scaled by the fluid density, and averaging the result
over the fluid phase,

spl o2 + (wl - ﬁEl) +oup=fi, (2.82)

sp7 5 + 2 (iby = LEs) +0p = f, (2.8b)

ESNIS RS

In equation 2.8 the p denotes the pressure and ff the force acting on the fluid phase. An
important note is that these two equations of motion 2.7 and 2.8 are simply a result of
linearly combining the two modified equations of solid and fluid motion from Biot [2], by
either adding or subtracting them, before averaging over the volume. Because of this, all
equations describe the physical effects on the bulk.

The volume-averaged deformation matrix equation for the bulk reduces to 4 components
in the 2D P-SV-TM system,

— 5711 + 811110105 + S11339305 + C (81101 + B31d3) = S1i11hi1 + Siizshss + C4,  (2.9a)

— 5733 + S33330305 + S33110105 + C (O11d1 + O31d3) = Ssazzhaz + Szznhin + Cq,  (2.9b)

— 5713 + S1313 (9305 4 0105) = 251313013, (2.9¢)
— 5731 + S3131 (9105 4 0305) = 253131 hai, (2.9d)

The symbol S denotes a component of the stiffness tensor and h denotes a strain source.
Equations 2.9a and 2.9b represent the two normal components of the stress tensor, active

13



in the x1- and z3- directions, respectively. These are in turn coupled to the fluid phase
particle velocity by the filtration velocity. Equations 2.9¢ and 2.9d represent the two shear
stress components, which are equal in magnitude, but differ in direction: one is acting on
an arbitrary ;- directed plane in the z3- direction, and the other is acting on an arbitrary
x3- directed plane in the x1- direction. The shear stress components are responsible for
the independent shear wave propagation (in combination with the equation of motion 2.7),
because of their ability to form a rotational acceleration of particles.

Scalar volume-averaged deformation equation for the pressure field in the bulk,

sp + C (0101 + 0303) + M (011 + O31d3) = C (iln + 333) + Mg, (2.10)

The elastic medium parameters are denoted by C' and M. The volume injection rate is
denoted by ¢. This equation together with the equation of motion describes the propaga-
tion of a diffusive dilational wave, referred to the P-wave of the second kind. The wave
equation is derived in paragraph 2.5.3.

2.5.2 The electromagnetic wave equation

By substituting the ¢ Hj component of Faraday’s law 2.6 into Ampere’s law 2.5 the electric
field wave equation is obtained, which is coupled to the filtration velocity,

O3 (61E3 — 83E1> + ¢ (5‘6 + s€ — fzé) El + Céﬁ)l = _lee + agjgn, (2.11a)
o (63E1 - 81E3) +C <&e + s — f/é) Eg + Céd}g = —ng — aljén, (2.11b)

By taking the divergence of equation 2.11 it can be shown that ,

(&e +ose - ﬁé) (alﬁl + agE”g) + € (B + Oyig) = — (81Jf + agjg) , (2.12)

which shows that in a homogeneous isotropic fluid the electric field, the divergence of
electric sources is linearly coupled to the divergence of the filtration velocity. When the
electromagnetic sources are omitted this can be understood more intuitively in that a rela-
tive fluid motion is opposed by an electric field vector, simply because the relative motion
of the surface ions at the EDL results in a electric field gradient in the opposite direction.

Equations 2.11 and 2.12 will be used to show that the elastodynamic wave equations are
coupled to the electric wave equation. The filtration velocity plays the key role here.

2.5.3 Dilatational waves of the second kind coupled to electromagnetic
waves

The elastodynamic wave equation for the fluid phase is derived by substituting the pressure-
strain relation 2.10 into the equation of motion 2.8,

14



82pff)f - Co; (31@‘19 + 8317;) + sn (@1 — E/El) /iﬂ — Mo, (611171 + 831?)3)

= sf{ = C0n (hnr + hay) — Mg, (2132)

2 p ’U3 Cos (811]1 + 83’1)3) + sn (w3 — LE3> /k‘ MOos (61w1 + 83’(1)3)
= sff — coy (im + 1333) — Msq. (2.13b)
The filtration velocity and its divergence in 2.13 are eliminated by substituting electric

field equations 2.11 and 2.12. This results in a relation which shows the coupling of the
electric field strength to the relative particle velocity in the solid,

s2pl o5 — €Oy (9105 + D505

- EZ {47183 <81E’3 . 83E1> +(6° + s¢) El} + - (66 286 ~ L§> o, (alEl v a3E3)

= Sflf —C0Oy (illl + ilgg) Mo:q + fk <J1 C_la?)j;n)

1 (61jf + 83j§> , (2.148,)

s2pl 05 — CB3 (9105 + D505

- ‘fz [(181 <83E1 . 81E3> + (6° + s¢) Eg} + - (66 +;€ _ L§> B (alEl + 83E3)

= sfg — C0g (311 + }A133> — M0O3q + zcz <j§ + C_laljgn)

M 7e Te
-0 (aljl + 83J3) . (2.14D)

The wave equation for the divergence of the electric field strength coupled to the divergence
of the particle velocity is obtained by taking the divergence of 2.14, resulting in a scalar
wave equation describing the coupled dilatational wave of the second kind,

|20 = C (87 +83) | (9nor + Bsy)

7 0+ ) - (&EHZ: K) (03 + 03) | (nF1 + Oy )

=5 (éhflf +83f§c> — (07 +03) [C (ibn + ﬁ33) +M§]

S A N M N N
% (alJf + agjg) -7 (92 + 03) (81Jf + ang) (2.15)
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In line with Biot [2], the rotation is also applied to the equation describing the wave
propagation. In the purely elastodynamic case in Biot’s paper [2]| the rotation gave zero,
because there this equation described the wave propagation in the fluid phase and the
perfect fluids are unable to sustain a circulation. To see whether rotational waves exist in
the wave equation of the volume averaged form of the relative movement between fluid and
solid particles, the curl must be taken of 2.14. This does not result in zero. The curl of
the 2.14 results in a vectorial equation, for which the components in x1- and z3- directions
are zero, but the o component is given by,

82pf (83{)‘; — 81@§) — EZ [C_l (8% + (93?) — ((AT6 + 86)} (81E3 — 83E1>

—s(aufl — o ff) + zz (05 — 015 — 1 (3F + 03) J| - (2.16)

When we analyse the left-hand-side terms we see that the electromagnetic wave operator
acts on the curl of the electric field. However, no shear wave operator acts on the curl of
the particle velocity in the solid. When we would ignore the source terms on the right-
hand-side, we would have an independent electromagnetic wave, which induces a dependent
circulation of the particles of the solid. This coupling of the electromagnetic wave to this
particle circulation depends highly on the fluid viscosity, because this medium parameter is
multiplied with the electromagnetic wave equation in 2.16. According to that, an increase
of fluid viscosity, when assuming all other parameters remain constant, will yield a stronger
rotation in the particle velocity field. This dependent rotational flow, is referred to as the
coelectric field. The coelectric field cannot exist without the electromagnetic wave, except
at the source location.

2.5.4 Dilatational waves of the first kind and shear waves coupled to
electromagnetic waves

The traction vector components in the equation of motion 2.7 are eliminated by substituting
the deformation equation 2.9,

§2p0§ — 01 (S11110105 + S11330305) — S131303 (0305 + 0195)
+ S2pfﬁ}1 - Coy (8112)1 + 6312)3)
= 5f1 — 8111101711 — S113301haz — 28131303013 — CO1G  (2.17a)

s%p0§ — O3 (S33330305 + S33110105) — S313101 (0105 + 9305)
+ S2pfl@3 — 0(93 (6112)1 + 8312)3)
= sf3 — S333303ha3 — S331103h11 — 25311303013 — C3G  (2.17b)
From 2.17 the filtration velocity and its divergence are eliminated using again equations
2.11 and 2.12. At the same time the stiffness parameter constants S are substituted for,

so that the solid particle velocity and its divergence can be written explicitly. The result
is the vectorial wave equation for the electric field coupled to the particle velocity of the
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bulk, given in equation 2.19. From this equation onwards, the following medium parameter
substitution is made in order to simplify the equations,

¢=06°+se— LE (2.18)

$2pis — [KG +qUn) /3] 01 (0105 + 505) — GU) (92 + 02) 3
s 2pf
5 ~ ~ ~ A
= sf1 — S111101h11 — S113301h3z — 25131303h13 — CO1q
s2pf
3

(C 10, (31E3 - 63E1) + §E1> + (31E1 + 53E3)

+

(J1 - 133j;”> —Cgal (81jf+a3j§> (2.19a)

$2p5 — [Ka + GU /3] 0 (0105 + 0505) — GUT (93 + 03) 03
spf

(C e (33E1 61E3> + CE?,) +

(31E1 + 33E3>
= 5f3 — S333303h33 — S331103h11 — 28311301 h13 — Cds

n g”f <J3 + o ) . ?83 (81j1€+63j§) (2.19b)

The wave equation for the divergence of the electric field strength coupled to the divergence

of the particle velocity is obtained by taking the divergence of 2.19. This wave equation
describes coupled dilational waves of the first kind,

[s°p — H (8 + 03)] (015 + 0385) — ; > [s% 0 (07 + )| (0B + 0y )
=5 <51f1 + 33f3> — 07 (5111171011 + 51133333) — 4813130193713 — 02 <53311il11 + 53333ib33>
—C(2+02) g+ [s2pf —C (2 + ag)] (015 + agjg) (2.20)

In order to observe for this wave equation the coupled vertically polarized shear wave as

well, the curl must be taken of equation 2.19. In the resulting vector equation only the
component in the xo- direction is non zero,

(20— GUT (0% + 38) | (9505 — 0123)
2 f R .
ST e (@2 4 02) — o <81E3 . 63E1>
§
=5 (33f1 - 31f3) +2G (31337133 - 3331311)
!
52 p [

+ 2L o g0 — oy Jg — ¢t (02 + 02) jgﬂ] (2.21)
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The curl operation eliminated all divergence terms of the wave equation 2.19, as well as
the terms related to the bulk modulus K¢. The equation resembles 2.16, but it contains
now an elastic shear wave operator acting on the curl of the particle velocity in the solid
and a wave operator, that contains both the electromagnetic parameters and the coupling
coefficients, that acts on the curl of the electric field. This is not surprising, because this
wave equation is derived from an equation of motion 2.7, which is the volume-averaged
form of the fluid and solid equations of motion added together [2|, and shear waves can
sustain in the solid phase.

What has been done in the preceding paragraphs: first the two elastodynamic vecto-
rial wave equations are derived from the two different equations of motion 2.8 and 2.7.
Subsequently the electric field wave equation coupled to the filtration velocity is substi-
tuted in the two wave equations. This resulted in coupled particle velocity-electric field
vectorial wave equations, 2.14 and 2.19. By taking the divergence of these wave equations
the dilatational wave behaviour can be analysed, alternatively the curl can be taken in
order to analyse the transversal wave behaviour. In the following paragraphs we continue
to simplify these two sets of wave equations to one main wave equation.

2.5.5 Derivation of the P-SV-TM mode Green’s function

We use the divergence wave equations 2.15 (electrically coupled P-waves of the second kind)
and 2.20 (electrically coupled P-waves of the first kind) to find separate expressions for
the divergence of the electric field and the divergence of the particle velocity, in the three-
dimensional wavenumber domain. Equations 2.15 and 2.20 in the wavenumber domain are
given as,

[Spr +C (K + K3)

—

i (k1 + ksiis)
- EZ (c+L€) + M (k3 + k?,)] i (kB + ks By )
k‘1f1f + k3f;{) — (kf + K3) (C (7111 + 533) + MC?)

= s1

A~ N

&1 (S;’ + M (K2 + k§)) i (k:ljf + k;gjg) . (2.22)

%0+ H (K + K3)] i (k11 + katy)
- 2 (207 +C (1 +83)| i (kB + ks By
= si <k1f1 + k‘zfz) — k7 (51111511 + 511337133> — 481313k 1 k3has
— k3 (53311511 + 533337L33) —C (ki +k3) ¢
+é [Spr +C (K2 + kg)} i (k;ljf + k:gjg) . (2.23)
Subsequently, the equations 2.22 and 2.23 can be written in matrix form, due to the

resemblance between their left-hand-side terms, which contain the divergence of the particle
velocity and electric field,
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{Ll —ng/g] [ ik10y + ikgvs ] B [ X ] (2.24)

Ls —§L1/€ ik1E1 + ikgEg o X5

Where, Ly = s*pf + C (k} + k%) and Ly = (s*p” (1 +i§/g) + M (ki +k3)) and Ly =
s2p+ H (k? + k3)

The expression 2.24 expresses the divergence of the electric field and the particle velocity
in terms of sources and medium parameters. The vectorial wave equations 2.14 and 2.19
contain these divergence terms, which can now be rewritten as source terms and put on
the right-hand-side, resulting in the following vectorial wave equations in the wavenumber
frequency domain, the relative fluid particle velocity coupled to the electric field,

w S ST r-
s%%rf&(ﬁ+%+¢+QQEwa&u

L1 X, — Ly X LsX, — L1 X
= Cliky =202 ! (ST’—M§>H§1§3 L iae

L% — LoLs Ck L% — LolLs
+ Sflf + Ciky (7111 + 7133) + Mikiq
SN ([ fe —1:7. m % ye ye
+ g (J+ ¢ ks y) + e (kuJg + ksJs) - (2:250)

S A A [
s2pl by — éf:{ (/{% + ng, + (s + C§L> E3 = Xq13

L1X1 — LyX. L3Xi — L1X
= Cliky =L =222 | ) (5” M<> iy L3 — InXa

L2 — LyLs Ck L2 — LyLs
+ Sfé{ + Cliks (;LH + }VL33) + Miksq
S < . ¥m — je ye
+ ?Z (Js = ¢ ik g + M (kakaJ5 + Kk3J5) - (2.25D)

as well as the volume averaged bulk particle velocity coupled to the electric field,

2 f y
(§p+aﬁﬂw?+@ﬁﬁy—zz(ﬁ+w§+CQE1=X@J

G(fr) L1X1 - L2X2 82pf §L3X1 — L1X2
= | K ik 12 _oc) ik 222 e
< c+ 3 1k 12— Lol +¢ < c §)z 1g L7 — Lol

+ sf1 + ik <S1111/u111 + 51133533) + 281313ik3hi3 + Ciky§

SQIOf je —1. im C Je je
- (J+ ¢ ks 3) + oh (ki J5 + ks J5)  (2.260)
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2 f 5
(32/) +GUM (k2 + k:%)) U3 — Sﬁfg (k% + k2 + () B3 = Xoo3

GUm) L1 X — Ly X 2pf L3X| — L1 X
:<KG+ iky— 2 ! <5” —Oc)ikgfg L 102

3 L2~ LyLs L2~ Iyl

+ sfs + iks <511117L11 + 533337133> + 2813130k1 b + Cliksg

s2pf
£

+ <J3 g—lmlj;”) +(£k3 (/cljf+k3j§) (2.26b)

X11 and X9 represent the source terms, including the rewritten divergence terms, which
are presented in Appendix B.

By substituting the particle velocity of the relative fluid wave equation into the bulk wave
equation, an equation describing the electric field variation is obtained,

(k7 + k3 +73) (k7 + k3 + &) Evs

I: 2
= CS <k1+k3+G( )>X1113+

felL
é)( C) Xoo1s (2.27)

This equation encompasses the entire set of equations for the 2D SV-P-TM mode, expressed
in terms of the electric field component.

The equivalent expression for the particle velocity can be obtained by substituting the
electric field vector of the fluid wave equation into the bulk wave equation, which results
in,

(K + k3 +3) (ki + K3 +vEar) D1
ksp

= (kT + K3 + ¢s) Xuii +

GfT (k% + k?2, +¢(s+ i/é)) Xooi (2.28)

1
GIr
This equation encompasses the entire set of equations for the 2D SV-P-TM mode, expressed
in terms of the bulk particle velocity field component. Note that the operators in the left-
hand-sides of both second order wave equations 2.27 and 2.28 are equal. Therefore, both
wave equations have an equal Greens function solution, G, which represents the total
mechanism behind the coupling of SV to TM wave fields. Note that the right-hand-side
terms of equations 2.27 and 2.28 are quite different. This difference arises from the fact
that the coupling mechanism leading from a certain source to a resulting electric field
disturbance occurs in a completely different manner than the coupling mechanism leading
from the same source to a solid particle velocity field disturbance. For example a bulk
dipole force can yield a mechanical wave field directly, but will never directly generate an
electric field. The latter can only happen indirectly via the coupling mechanism at the
electric double layer. Therefore, the mechanism leading to the electric field distortion is of
a different nature than the mechanism leading to the particle velocity disturbance. These
mechanisms can be analysed exactly by deriving the Green’s functions describing the Ej
and v1 field responses due to each different source type. These expressions are obtained in
the next section.
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2.6 Solutions to the Green’s functions for all sources

The expressions describing the horizontal component of the electric and particle velocity
impulse field responses due to any specific source type are obtained by setting all other
source functions to zero, except for the one in question, which is set to one (Delta dirac
function in space-time domain). Furthermore, the total Green’s function G is substituted,
which incorporates the Green’s functions for the TM and SV wave fields. The Green’s
function describing the coupled P-waves, G pp, is substituted as well. Both resulting ex-
pressions for the electric and particle velocity horizontal components contain all possible
seismoelectric wave fields of the P-SV-TM system: the fast dilatational, slow dilatational,
vertical polarized shear and the transverse magnetic mode of the electromagnetic wave
fields. This is because in principal any disturbance of the EDL has the potential to gener-
ate these four wave fields. However, the extend in which each of these fields are generated
varies depending on the source type and measured field component. In all expressions dif-
ferent weighting factors apply on these four wave fields, which consist of combinations of
the medium parameters. The weighting factors can be considered as factors, which define
the strength of the coupling of that specific source type to the evaluated field component.
In Chapter 4 these coupling factors are analysed exactly by modelling the four different
wave fields for each specific source and receiver couple. In this section spatial derivatives
acting on the constituent Green’s functions of the different expressions are analysed and
a physical interpretation is given. Although the expressions are derived only for the hori-
zontal component of the measured field, the vertical component of the field is occasionally
discussed as well. In most cases the structure of this vertical component can be easily de-
rived from the horizontal component field by simply changing the component of the spatial
derivatives or adding extra terms. To see the details of this redundancy between compo-
nents, as well as the specification of the coupling factors active on the Green’s functions,
refer to Appendix B. For notational convenience, the ’solid particle velocity’ is referred
to as the ’particle velocity’ and is denoted without the subscript ’s’; as v, from this point
onward.

2.6.1 The force acting on the bulk

The reaction of the x-component of the particle velocity as well as the electric field strength
to a force acting on the bulk phase of the medium is analysed here. This mechanical force
behaves like a dipole. The bulk refers to the volume-averaged combination of both the
solid and the fluid phases in the medium, therefore in principle this force is acting on both
phases.

The x1-component of the bulk particle velocity field generated by an xj-directed force
acting on the bulk is given by,

Gt =CY ikyiki Gs + Clilyikiik Gpag + Cpylikyiky Gps + Cplikyika G py
Cey' G+ ity Gan (2.29)

The same field component generated by a x3-directed force acting on the bulk,
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Gvofs = CYy iksiky Gs + Cylyiksik Gag + Chyliksik G ps + Cpyiksiki Gpyp  (2.30)

Observe that both force components generate the divergence of all four wave fields. Due
to the horizontal spatial variation of this divergence the particles of the bulk are brought
into a horizontal movement. The vertical component of the particle velocity vector would
be activated due to the vertical spatial variation of this divergence. Note that only the
horizontal component of the bulk force has the ability to generate an isotropic shear wave
and an electromagnetic wave. This is visible in equation 2.29, which contains two scalar
SV and EM Green’s functions, which are not present in equation 2.32. In fact, the vertical
component of the force vector also contributes to these two wave fields, but only to the
vertical component of the particle velocity. No spatial variation is required when the force
acts parallel to the receiver direction. The structure of the Green’s function relating the
bulk force components to the horizontal electric component is equivalent to the particle
velocity relation,

GBI =M Vikyik Gs + Copftikviki Gpae + CpoTikiiki Gpg + Chi likiiki Gy
+ O G+ oML Gan (2.31)

GETs = CEMPikyiksGs + Cpy P ikiiksGn + CppPikiiksGps + Cpp ik iks Gy
(2.32)

The difference lies in the constants operating on the intrinsic Green’s function. The ques-
tion is whether this electric field is a dominated by the coseismic field, generated by the
particle motion induced by the bulk force by the process discussed for equation 2.29 and
2.30, or whether it is dominated by an actual electromagnetic wave field which is generated
directly at the source location, due to source to field conversion. In Chapter 4 on Green’s
function analysis the different contributions per field will be modelled in order to constrain
this.

2.6.2 The force acting on the fluid phase

This dipole force is in reality not an independent force, because it is in fact an intrinsic
part of the bulk force. However, it is still of interest to examine it separately in theory.
Note that the structure of the Green’s functions due to the fluid phase force and the bulk
force are the same. This is not unexpected considering that the fluid force forms a part
of the bulk force. The actual difference between the effects of these forces can only be
analysed exactly in the modelling experiment in Chapter 4

The particle velocity field due to this force acting on the fluid is given by,

> f f > f 5 f v f v
G = O ik Gs + Ol ikika G + Cpy? ikiki Gps + Cpy ik ik Gy
V™ o~
+ ol Gs+ oot Grm (2.33)
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GUHI3 = O ikyikyGs + Ol ikvikaGar + b ikaiksGpy + Cpb! ik Gy
(2.34)

The electric field strength is given by,

9 f fo. < fo. < fo. 5 fo,o. =
GELA = C’gll’f tk1ik1Gg + nglei ik1ik1Gey + ng’f 1k1ik1Gps + Cg}’f ik1ik1Gpy
f v f v
+Ci T Gs+CEvl Geu (2.35)

GV = OB ikyikyGs + CEa ikviksGpns + OB ikyiksGpy + CEN ikyiksCpg
(2.36)

2.6.3 Volume injection rate

This source type encompasses an injection of mass into the medium, which results in a
source of a monopole nature. This implies that this source does not have a certain specified
direction, as is the case for dipole source. The particle velocity field component is coupled
to this source type as follows,

GV = C§Miky Gs + CyikyGuu + Cpyiki G s + Cpiky Gy (2.37)

The vertical particle velocity component has a similar structure as this equation, but for
the fact that the horizontal spatial derivative acting on each of the four wave fields as we
seen in 2.37 would be replaced by a vertical one. Therefore, the total particle velocity wave
field is coupled to this volume injection via the generated divergence of all wave fields. In
other words, due the omnidirectional character of this volume injection the EDL is moved
in all directions in the 2D medium, thereby generating all four wave fields. Except for the
difference in the coupling factors, the electric field component shows the same structure as
the particle velocity,

GElg _ C’gl’qiklég + ngl\/}qihéEM + Cg;’qiméps + Cg}’qiklépf (2.38)

2.6.4 The shear strain sources

As explained in section 2.5.1 there are two strain sources hi3 and hz; which together deform
the framework of the bulk in a rotational sense. The resulting particle velocity component
is related to the generated fields as follows,
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GUrls = GO M3k ik iks G + Ol Pikyikyiks G+
Cvi’hl?)i/ﬁi/ﬁi/{gépg + Cvl’hlgikliklikgépf
’Ul ,h13 v1,h13 A
+ C Zk‘3G5 + Cpirs k3G em (2.39)

As well for the electric component, which has the same structure,

CrB1his CEl h13 zklzkjlzk3Gs + C’g%/[llgzkliklikgéEM
=+ CEl hlglkllkllk‘gGPs + CEl hlglkliklik?)épf
+ CEl M3 G+ C’ 2 ks C s (2.40)

In both equations the rotational deformation is coupled to the horizontal field components
via the vertical spatial variation of the SV and EM wave fields. The field components
seem to be coupled as well via the divergence of the double rotation of all four wave fields
generated at the EDL. This can be interpreted from the ikiikiiks terms acting on all
constituting Green’s functions. These terms would be substituted by iksikiiks when we
would be looking at the vertical component of the measured fields.

2.6.5 The tensile strain source

The tensile strain source deforms the medium framework in perpendicular directions, with-
out any angular deformation. The generated fields due to both components of the tensile
strain source are analysed here. The effect of the horizontal component on the particle
velocity wave field is as follows,

évl,hll — CvlshHZlePs + Cv hll'llePf + Cvl hlllleS + Cvl h1l ZkléEM
+Cby, 1ikrik1ik1G ps + Chg, siksiksiki G ps

+CPby, 1ikiikiikiGpy + Clpy, siksiksikyGpy

+C%y, 1ik1ik1iki G sy + Clhy, siksiksiki Gy

+C:éMk1ik1iklik1éEM + Cféngikgikgz’kléEM

For the operators on the shear terms in the hgs source greens function, the double k terms
simply have to be switched, the rest stays the same.
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GV = P M ik Gps + Ch ik Gy + Coy iki Gs + Cpiyy ik G
+C'*psk3zk:12k:12k:1Gps + C*Pskllkglk‘gikléps

+Cby gikrikiikiGpy + Clby, yiksiksikiGpy

+CP8y, sikiikyiki Gy + Clay, yiksiksiki Gy

+Cl b sikrikiik G pn + Clhy, iksiksik Gpg

The field due to both components consists of the horizontal part of the divergence of
all wave fields, because when we would measure the vertical particle velocity field these
single horizontal derivatives would be replaced by single vertical derivatives. Therefore,
this part of the field expression has a similar structure as the field generated by a volume
injection. This is as expected, because a tensile deformation of the medium affects the
volume, for example strain acting equally from all sides on the system would result in a
total volume decrease. If the strain would be of an extensional nature their acting would
result in a volume increase, which is comparable to a volume injection into the system.
However, the total of 8 extra terms containing third order spatial derivatives indicate that
the tensile deformation of the framework is of a more complex nature than the volume
injection and therefore quite unique. These terms are also dependent on the direction of
the tensile deformation: the constants acting on the iksiksik; terms in the hq; field act on
the ik1ik1ik, terms in the hss field, and vice versa. The electric field component generated
by this tensile deformation has the same structure as its particle velocity equivalent,

GELMY = Op UMk Gy + Cp ik Gpyp + CEPM ik Go + CEL M ik G
+CE,, 1ikiikyiki G ps + CLB,, giksiksikiGps
+CLp p iknikiiki G py + CLBy, yiksiksiky Gy
+CEy ikiikiiki Gy + Oy, giksiksiki Gy

+ OB vikvikyiki Gpas + OBy siksiksiki Gpu

GELISS = Op M ik Gy + Cp ik Gpyp + CEM ik Gs + CEy M ik G an
+C*Psk3@k711k1%k1GPs + C*pskllk‘ng’gik‘léps
+COB, sikikyikiGpy + CE; yiksiksikiGpy
+OB, sikiikyiki Gsv + OB, (iksiksiki Gsy

+CE v sikrikyiky G as + Clpg, iksiksik Gy
(2.41)

2.6.6 The electric dipole source

This type of source is a dipole which acts on the bulk, which raises the expectation that
the effect of this electric dipole is similar to the force dipole source. Here this similarity
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will be analysed for the structure of the formula’s. The particle velocity field component
generated by an electric dipole acting on the bulk is,

Gt = O kil Gps + Cpy ikiik Gpy + Coy” ik ik Gs + Clpyfy ikrika G g
+ O Gs+ Cuy Gan (2.42)

éUthe = CP lkllkngs + CPf Zkllkngf + CSl ZkllkgGs + CEMI ZkllkgGEM

(2.43)

s

As expected, the structure is the same as for the field generated by the dipole force in 2.29
and 2.30. The same observation goes for the electric field generated by the electric dipole
source,

éEl,Jf = CEl Je Zklllesv + CEMl lkllleEM + CE Jelklikléps + Cg}"]eikliklépf
+ Oyl + Cl Gy (2.44)

GEISs = CEl JelkllkgGsv + CEMl lkllk;;GEM + C Jelklzkngs + CPf Zkllkngf
(2.45)

However, here only the structure with respect to the abundance of the various fields and
the spatial derivatives acting on each of them are analysed. The effects of the medium
parameter operators will be shown in Chapter 4.

2.6.7 The magnetic dipole source

The magnetic source is particularly interesting for this 2D medium, because it acts in the
horizontal direction which is invariant here, the xo- direction. However, due to the fact
that the flux of a magnetic field has the intrinsic property to generate an electric field which
circulates this magnetic flux vector, the effects of this specific source are quite significant.
Because of this, the magnetic source is not directly affecting the medium, but via the
generation of this rotating electric field. The structure of the generated particle velocity
field is as follows,

~ m .i/ é - é
G’Ul,J2 — W 2 flk3 EM S

Note that in this case only two wave fields are generated, the electromagnetic wave field and
the vertical polarized shear wave field, which are the only two divergence-free wave fields.
This is because the effective source in this case is the rotation of an electric dipole. This
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source is of a rotational nature and therefore only has the ability to generate rotational
wave fields such as the EM and SV wave fields. However, due to this rotational nature
this source does not have the ability to generate dilatational P-waves, which are curl-free
wave fields. In fact, when we would analyse the effect of this source on the vertical field
component as wel we would observe that the vertical derivative is replaced by the negative
horizontal derivative. In other words, the magnetic dipole generates the rotation of these
two wave fields. For the particle velocity field the amplitudes of the EM and SV waves
are the same strength, but have opposite polarity. The generated electric field component
shows the same structure, but the amplitudes of the two fields cannot be as easily evaluated
as for the particle velocity case. The electric field due to a magnetic dipole is as follows,

Gs — Gpu

GPE = ((8%p/GUT) = 73) — ks® (p\D)? ) (nGY)) 55—
7s —TEM

(2.46)

The difference between these amplitude factors will be analysed in the Chapter 4.
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Chapter 3

Interferometric Green’s function
recovery for the 2D P-SV-TM mode

In this chapter the theory of interferometry is briefly outlined. An interferometric relation
for the P-SV-TM mode in a homogeneous, dissipative 2D medium is derived for the first
order equations system according to the mathematical scheme presented by Wapenaar in
2004 |15]. The Green’s functions as derived in the previous chapter are used to model this
interferometric relation. The result of this interferometric retrieval is showed at the end of
this chapter.

3.1 Interferometry

To understand where the concept of interferometry comes from, it is worth to evaluate a
simple optic laser beam interferometry problem before we proceed to the application of this
basic theory in seismoelectric wave fields. Useful characteristics of a laser beam are that the
propagation path of its energy is constricted to a specific direction in the form of a Gaussian
beam, as well as that its frequency spectrum is limited to a single frequency, which remains
constant over a significant length of the laser beam, referred to as the ’coherence length’.
This gives us the advantage to analyse the behaviour of only one monochromatic ray, in
stead of having to deal with a full omnidirectional wave field. Additionally, the refraction of
the monochromatic laser beam will also not result in an omnidirectional wave field, due to
the monochromatic properties of the laser. Schuster et al. [10] addressed a simple optical
example of a laser light beam illuminating an irregularly shaped lens from below (figure
3.1). As the beam propagates through the lens, it leaves the lens at point A. However, part
of the energy of the beam is reflected at position A, as well as at position r at the bottom
of the lens, resulting in the beam leaving the lens again at position B. Of course, part of
the laser beam can continue to form multiple reflections until all of its energy has been
attenuated, but here we only evaluate the laser beams leaving at positions A and B. When
these two laser beams leaving at A and B were to interfere together they will produce an
interferogram, also referred to as the intensity of the summed wave fields. The form of
this interferogram is only dependent on the phase difference between the beams leaving
at A and B. This phase difference is caused by the fact that the beam at B experienced
two reflections in the lens as well as a longer propagation path through it than the beam
leaving at A. In other words, the interferogram is a measure of the difference between
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the propagation paths of A and B. In addition, because these paths propagate through
the lens, this interferogram can provide us useful information about the properties of the
lens, for example its thickness as well as its properties that control the speed of the light
beams, without requiring any information about the emitted source laser beam [10]. In
2004 Wapenaar [12] proved that this principle of interferometry can also be applied to the
complex seismic world. Before I continue to explain this concept introduced by Wapenaar
[15], a few analogies will be shown between interferometry of this simple optic experiment
and the complex seismic world [12]. The emitting laser beam is replaced by a seismic
source, for example a point source of volume injection. The acoustic wave field emitted by
this source travels through a homogeneous, isotropic, acoustic medium and is measured at
two different positions at the boundary of the medium, resulting in trace recordings A and
B. Instead of a single ray path leaving the medium at two different positions, we have now
a full diverging wave field of which we sample two ray paths at receiver positions A and B.
We produce an interferogram of these two sampled ray paths by simply cross-correlating
the two traces. In the frequency domain this effectively comes down to a multiplication of
the spectrum of one trace with the complex conjugate of the spectrum of the other [14].
This process results in a trace which reflects only the phase difference between the two
received rays and is not at all depending on the position of the source. This effectively
comes down to a subtraction of one ray path from the other, leaving only that part which
the two ray paths do not have in common. Depending on which trace is conjugated in
the frequency domain, cross-correlation yields either the causal or the a-causal version of
this phase difference, because it is a non-commutative process [18] . For a more intuitive
understanding, refer to figure 3.1 from Schuster [10], where two direct raypaths received at
A and B are depicted. Subtracting one from the other results in a vector pointing from A
to B, which is effectively the same as a direct wave measured at B, due to a virtual source

at A.

Interferogram

e

Figure 3.1: Concept of creating an interferogram from a direct arrival at position A and the
reflected arrival at position B. Figure obtained from Schuster, 2004 [10]
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3.2 The reciprocity theorem of the correlation type

In 2006 Wapenaar and Slob [16] developed the concept of the interferometric Green’s
function retrieval, based on the reciprocity theorem of the correlation type. I will address
this theorem now by linking it to Schuster’s [10] interferometric theory as described above.
Imagine, a heterogeneous, lossless domain D of arbitrary shape bounded by boundary
0D. Within this domain two receivers are present, which measure field responses coming
from sources anywhere inside as well as on the boundary of the domain (figure 3.2). This
case is very complicated compared to the laser beam case where we had only one source
location as well as only two ray paths to compare. The objective for the complicated
case we have here is to obtain from the total measured field, the direct response at one
of the receivers due to a point source at the other receiver position. This is in fact the
same as quantifying the phase difference between the total fields measured at both receiver
positions. In order to end up with this phase difference, it is required to cross-correlate the
two received signals due to each source present in the domain. The cross-correlation of the
responses to all sources, measured at the two receiver locations, are summed up, resulting
in a stack of the total retrieval. This is done by integrating the cross-correlated fields over
the entire domain. A practical advantage of this method is the fact that we sum all the
cross-correlations, resulting in a high signal-to-noise ratio. It is therefore desirable to have
a large amount of sources. In the case of a passive measurement, when noise sources are
used, a great number of sources is achieved by measuring over a sufficiently long time.
In Appendix C the reciprocity theorem of the correlation type is derived. Here it is also
shown how an interferometric relation can be derived from that theorem for the retrieval
of a specific Green’s function. In the next section this interferometric relation will be
used to model the interferometric retrieval of the causal Green’s function which relates the
horizontal component of the particle velocity field impulse response at a receiver position
to the horizontal directed electric dipole impulse source. For this retrieval, the particle
velocity responses as well as the time reversed electric field responses to all source types
derived in the previous Chapter 2, are required.

Figure 3.2: Concept of creating an interferogram from a direct arrival at receivers A and B, due
to sources spread out over the entire domain. Here, only the sources on the boundary are depicted.
Figure is obtained from Wapenaar et al. 2011 [17]
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3.3 Interferometry relation

In Appendix C the full derivation of a specific interferometric relation C.29 from the
reciprocity theorem of the correlation type is given. This interferometry relation is modelled
by inserting the Green’s function solutions, as derived in Chapter 2, into the boundary
integral of this relation. This has been done with success before in 1D for the other SH-TE
mode by de Ridder in 2007 [5]. An important finding of this research was that the domain
integral is not required for the retrieval, because it only gave a slight amplitude error.
Based on this finding, the same assumption is made that the domain integral is negligible.
De Ridder also discovered that the mechanical sources form the strongest contribution
to the boundary integral [5]. Due to erroneous results concerning the field responses to
the tensile strain sources, these specific Green’s functions are left out. These adjustments
change the interferometry relation C.29 into the following approximation of the relation,
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3.4 Reciprocity theorem of the convolution type

The paper by Wapenaar 2004 [15] can also be used to derive a reciprocity relation of the
convolution type. However, in this section the reciprocity relation will be derived according
to the method presented in the paper by Wapenaar in 2005 [13]. This approach starts out
with the following seismoelectric interaction quantity in 3D,

0 |eijiubi aHe,p — eijeHiaEi B — 05 470 g + 75 405 g + Wj AP — Pat;B (3.2)
The product rule for partial differentiation is applied to this quantity. Subsequently, the
first order seismoelectric coupled equations for the 3D system are substituted in this in-

teraction quantity [13]. The domain integral is taken of this interaction quantity and the
assumption is made that the medium parameters are the same for both states,
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(3.4)

The boundary integral on the left-hand side vanishes when we assume that the medium is
isotropic, homogeneous as well as unbounded. The relation is further simplified when we
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assume we have a 2D domain with a line boundary, which contains two states in which
we specify only the sources or wave fields of interest of the P-SV-TM mode. In state A a
particle velocity field is active due to an electric dipole source at position z4. In state B
an electric field is generated by a bulk force at position xp. All source and field have the
same orientation. This results in the following integral relation,

/j;AEm,Bd%:/ 05 4 f pd’a (3.5)
D D ’

If the sources of both states are replaced by impulse sources, the fields in each state
change into Greens functions generated by this impulse source at the location x4 or zp.
For example, by changing the electric dipole source in state A into an impulse source at
location x4 turns the particle velocity field in state A into a Green’s function due to this
specific electric impulse at 4. The same happens for the field and source in state B, which
gives the following reciprocity relation,

GEVI (24, 25) = GV (25, 2.4) (3.6)

Note that the electric field Green’s function is only nonzero at x 4 and the particle velocity
Green’s function is only non-zero at x g, which is due to the fact that both are multiplied
in the integral with the impulse function of the other independent state. This reciprocity
relation is of great relevance to the modelling experiment in the next section, because it
dictates that the causal and a-causal Green’s functions should form together a asymmetric
signal around the zero time. This is because in the source function § used for the derivation
of the interferometric relation the J{ is defined with a minus sign in front, while f} is
positive.

3.5 Modelling of the interferometric Green’s function retrieval
for a circle boundary

The Green’s function representation is modelled for a 2D porous saturated, homogeneous,
dissipative and isotropic medium. Thereby, both the left-hand side and the right-hand side
are implemented and compared to each other. The success of the interferometric retrieval
depends on whether these two implemented expressions coincide. The medium parameters
are specified in table D.1 in Appendix D. The boundary of the medium is modelled as a
perfect circle with a radius of 500 meters. The receivers x4 and xpg are put at a horizontal
offset of 160 meters such that their middle point coincides with the circle’s center point
(figure 3.3). A total of 3600 uncorrelated sources are equally distributed over the circle
boundary. The modelling experiment is conducted in the frequency domain, whereby
the Green’s functions are each convolved with the same source wavelet, a Ricker wavelet
with a radial frequency of 800 radians per second. Thereby, Green’s function responses
are computed at the two receivers due to impulse sources distributed regularly over the
circle boundary. For each source position the horizontal component of the particle velocity
response at x4 is cross-correlated with the same component of the electric field response at
xp. Actually, several cross correlation are done for different source types at each position,
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as is specified in the boundary integral of the relation 3.1. In figure 3.3(a) it is shown what
the result is of such a cross-correlation of a single source at the boundary. The boundary
integral over all the sources is taken by simply stacking all cross-correlation results. This
should hypothetically yield a resultant electric field response at xp due to an impulse bulk
force source at x4 plus a time reversed particle velocity field response at x4 due to an
electric dipole. A schematic representation of this is given in figure 3.3(b). The Green’s
functions used for the interferometric modelling are all convolved with a Ricker wavelet of
800 radians per second. Therefore, the left-hand side is convolved with the square of the
Ricker wavelet in order to validate the comparison to the cross-correlated Ricker wavelets
in the right-hand side.

X-—>
(0,0) ©0)

L
<N

(a) (b)

Figure 3.3: Green’s responses are computed at receivers x 4 and xp due to all sources distributed
regularly over the circle boundary. In figure 3.3(a) an example is given of a cross-correlation of
the two responses at x4 and zp due to a single source at the boundary. The schematic result of
integrating over all cross-correlated source responses is given in 3.3(b), where the orange vector
represents the left-hand side of equation 3.1.
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3.5.1 Modelling result and interpretation
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Figure 3.4: Interferometric retrieval is plotted in blue. The retrieval is about five times weaker
in amplitude than the left-hand side (red), therefore it is multiplied by a factor of 5.

In figure 3.4 the result of the left-hand side of the implemented equation 3.1 is plotted
in red. The two Green’s functions in the left-hand side should be exactly reciprocal and
therefore symmetric around the point of zero seconds, according to the reciprocity relation
3.6. However, the time-reversed Green’s function of the particle velocity response to an
electric dipole source contains an extra event at arrival time of 0.08 seconds, which is not
visible in the causal Green’s function. For the specified distance between x4 and xg of 160
meters this arrival time corresponds to an SV-wave, which has a speed of 2.027 - 103 ms™—!
as specified in table D.1. The causal electric field response to a bulk force does not show
this extra SV-wave event, which would mean it would have to show a distinct coelectric
SV-wave. As described by Pride and Haartssen [8] the coseismic electric field of an SV-
wave is much weaker than the coelectric field of a fast P-wave. According to that fact,
this Green’s function GP1-f1(Zg,Z4,w) gives a plausible result. And according to that,
the Green’s function G*"1"~/1(Z4,Zp,w) must be incorrect, due to this extra unexpected
SV-wave arrival. In order to analyse the rest of the relation further, the reciprocity relation
3.6 is used to substitute for this incorrect Green’s function. This changes the relation 3.1
into the following,
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This relation 3.7 is implemented in the same model as described for the previous result in
3.3 and results in the interferometric retrieval given in figure 3.5. The causal and a-causal
arrivals of the left-hand side at respectively, 0.05 and —0.05 seconds are exactly reciprocal
as prescribed by 3.6. This arrival time of 0.05 seconds corresponds to the arrival of a
fast P-wave, which has a speed of 3.122 - 10° ms™'. An important observation of these
anti-symmetric P-wave arrivals is that they each have a total of 5 zero crossings. The inter-
ferometric retrieval is plotted in blue. The retrieval also shows two anti-symmetric events
at 0.05 and —0.05 seconds. However, these events each have a total of 4 zero-crossings.
Refer to section 3.6.4 for a detailed interpretation of these wavelet shape discrepancies.
Another clear observation of figure 3.5 is that the interferometric retrieval contains several
extra events which are not present in the left-hand side.
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Figure 3.5: The Green’s function describing the response of the particle velocity field to the
electric dipole source is substituted for by using the reciprocity relation 3.6.

3.6 Differences in contributions to the interferometric retrieval

When analysing the cross-correlation pairs in equation 3.7 it can be observed that only
responses to sources of the same character are cross-correlated. For instance, only electro-
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magnetic responses are cross-correlated, never an electromagnetic response with a response
to a source acting on the bulk. In fact, we can distinguish three main classes: bulk source,
fluid phase source and electromagnetic source responses. In this section the interferomet-
ric relation is modelled again, but now only the cross-correlation pairs belonging to one of
these three classifications is activated, in order to find out which class of source types form
the main contribution.

3.6.1 Electromagnetic sources

For this experiment only the electric and magnetic dipole sources are not set to zero.
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Figure 3.6: The cross-correlation terms containing only responses to electromagnetic sources
contributed to the interferometric retrieval here. Note that the contribution hardly existent

The field responses to the electromagnetic sources hardly give a significant contribution to
he retrieval of the exact left-hand side.
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3.6.2 Fluid phase sources

For this experiment only the dipole force acting on the fluid phase as well as the monopole
volume injection source are not set to zero.
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Figure 3.7: Only the cross-correlation terms containing the responses to sources acting on the
fluid phase are modelled here. Their contribution is much stronger than the contribution form the
electromagnetic source responses as shown in figure 3.6.

The fluid source responses do contribute to the interferometric retrieval of the P-wave
arrivals, with an amplitude of the order 10™'*. These responses are also contributing to
the two causal events at about 0.03 and 0.15 seconds, which are not found in the exact

left-hand side signal.
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3.6.3 Bulk sources

For this experiment only the dipole shear strain source as well as the dipole force acting
on the bulk are not set to zero.
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Figure 3.8: Ounly the cross-correlation terms containing the responses to sources acting on the
bulk are modelled here. Their contribution is the strongest to the interferometric retrieval.

When examining figure 3.8 it can be seen that this interferometric retrieval of only the
bulk force responses gives the biggest contribution to the left-hand side P-wave arrivals,
with an amplitude of the order 107!°. It can also be observed that the bulk forces are
responsible for the strong a-causal events at about -0.03 and -0.15 seconds, which are not
represented by the left-hand side signal. These a-causal events have a stronger amplitude
than their causal equivalents observed in figure 3.6.
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Interpretation

The interferometric retrieval did not yield an correct retrieval of the left-hand side of
equation 3.7. However, there is still some resemblance, because the retrieval does contain
an anti-symmetric signal at arrival times -0.05 and 0.05 seconds just as the exact left-hand
side shows as well. However, there is a difference in the wavelet shapes, because the left-
hand side contains five zero crossings, while the retrieval contains four. In section 3.6.4 this
problem is further explained. The final clear inconsistency between the retrieval and the
left-hand side are caused by the four extra events found in the retrieval. The two causal
events at about 0.03 and 0.15 seconds are a result of the responses to the sources acting
on the fluid phase (figure 3.7). The two a-causal events at about -0.03 and -0.15 seconds
are a result of the responses to the sources acting on the bulk (figure 3.8). In Chapter 5
a possible explanation of these extra events is presented, based on the detailed analysis of
all field responses which will be undertaken in Chapter 4.

3.6.4 Wavelet shape analysis

Although the interferometric retrieved P-wave events do arrive at the same time as the
anti-symmetric left-hand side signal, there is a clear discrepancy visible in the shape of
the wavelets between the interferometric retrieval and the left-hand side. The shape of
the wavelets in the figure 3.5 can now be compared to the Ricker wavelet and its time
derivatives of different orders in order to find out what causes this shape difference. In
figure 3.9 a Ricker wavelet is depicted , as well as its first, second and third order derivatives
in time. The centre frequency of this Ricker is 100 radians per second, which is 8 times
lower than the Ricker used for the modelling. This lower frequency is used for this purpose,
because it enables better identification of the specific shape.
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Figure 3.9: Ricker wavelet with center frequency of 100 radians per second and its derivative
with respect to time for the first, second and third order.
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When comparing the left-hand side signal in figure 3.5 with the Ricker wavelets in figure
3.9 it matches best with the shape of the wavelet in figure 3.9(d). It has the same amount
of peaks and is asymmetric as well. Therefore, the left-hand side anti-symmetric fast
P-waves can be interpreted as third order time derivatives of the Ricker wavelet. The
shape of the interferometric retrieved P-wave arrivals resembles the shape of the wavelet in
figure 3.9(c) most. It has the same amount of peaks and shows symmetry. Therefore, the
interferometric retrieved P-wave arrivals resemble the second order time derivative of the
Ricker wavelet. This is not in accordance with the interpretation that the left-hand side is
the third order derivative of the source wavelet. The conclusion is that the interferometric
retrieval matches the left-hand side only in that it shows as well two anti-symmetric P-
wave arrivals. But the amplitude of the retrieval is 5 times too low and it seems that its
differential order is one too low compared to the left-hand side. Another discrepancy is
that the interferometric retrieval shows several extra artefacts, which are not represented
by the left-hand side. The only way to discover where these difficulties are coming from
is by evaluating the cross-correlated terms separately. In the next Chapter 4 all Green’s
functions contributing to the interferometric retrieval will be analysed separately in order
to discover where the difficulties arise from.
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Chapter 4

Analysis of the 2D homogeneous
Green’s function solutions for the

P-SV-TM mode

In the hope to shed light on the discrepancies encountered during the interferometric
modelling in the previous chapter, a detailed analysis is undertaken of the relevant Green’s
functions used there. In section 2.5, the analysis of the Green’s functions showed that
in principal every source type has the ability to generate all four P-SV-TM mode wave
fields, except for the magnetic dipole which does not generate P-waves. However, from the
structure of the Green’s functions alone it could not be established which of the constituent
wave fields are actually detectable. By modelling the responses separately the actual effect
of the different sources on the horizontal component of the electric and particle velocity
wave fields of the P-SV-TM mode can be analysed. The modelled 2D medium is of a
dissipative, homogeneous, isotropic and saturated porous nature and can be regarded as a
surface spanned in the horizontal x1- and vertical x3-directions. The medium parameters
used for this experiment and the wave speeds are denoted in Table D.1. The horizontal
component of the field response due to a single source is modelled at a single receiver
in three different configuration set-ups. This means that the receiver represents for all
situations a horizontal receiver vector. The source vector is either directed in the horizontal
or the vertical direction, with an exception for the volume injection source, which is a
monopole source, and the magnetic source vector, which only has a component in the
direction perpendicular to the model plane. The source and the receiver are placed at
a distance of 200 meters at a horizontal offset, a vertical offset and a diagonal offset, as
is defined more precisely with codrdinates in (figure 4.1). For this configuration and the
specified medium parameters the arrival times corresponding to the fast P-wave and the
SV-wave are 0.065 and 0.1 seconds, respectively. The electromagnetic wave field is always
observed as an instantaneous arrival, due to its significantly larger wave speed compared
to the other wave fields (table D.1). The slow P-wave is not displayed nor discussed,
because it is negligibly small in all cases with an amplitude of the order 10715, The
Green’s functions are convolved with a Ricker wavelet with a center angular frequency of
600 radians per second. Additionally, an interpretation will be made of these modelling
results. Amplitude radiation maps of only the detectable constituent wave fields are shown
additionally to support the interpretation of the field responses. In an amplitude radiation
map the maximum of the absolute value of the amplitude is given of the field response as
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(a) Horizontal configuration (b) Vertical configuration (c) Diagonal configuration

Figure 4.1: The red lines indicate the two possible source directions analysed here, the horizontal
and the vertical component. The codrdinates of the source position are (0,0) for all configurations.
The green line represents the receiver vector. The black line represents the offset between source
and receiver, which is 200 meters for all configurations. Receiver cotrdinates for 4.1(a) are (200,0)
and for 4.1(b) (0,200). For the diagonal configuration in 4.1(c) the offset is diagonal and the
corresponding receiver codrdinates are (141.42,141.42)

a function of the angle of the offset vector between source and receiver. Therefore, when
looking at this polar plot the source can be imagined to remain at the center of the polar
plot while the receiver is varied along the circle boundary. The maximum amplitude values
for the angles of 0, 90 and 315 degrees correspond to the configurations of the horizontal,
vertical and diagonal offset as described in figure 4.1.
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4.1 Analysis of the horizontal component of the particle ve-
locity response

In this section the response of the horizontal component of the particle velocity vector to
all relevant source are analysed.

4.1.1 Modelled response to a bulk force

The bulk force is a source of a dipole nature. It is active on both the solid framework
and the fluid phase of the medium. The effects of the horizontal as well as the vertical
component of the force on the horizontal component of the solid particle velocity field are
analysed here.

When the receiver is aligned with the horizontally directed force, two events can be dis-
tinguished in figure 4.2(a). One event arrives at 0.067 seconds, which corresponds to a
fast P-wave arrival. The second arrival corresponds to an SV-wave, because it arrives at
0.1 seconds. When the receiver is put at a vertical offset only, the P-wave reduces to an
almost insignificant amplitude compared to the SV-wave (factor of 1000 smaller), which
remains unchanged (4.2(b)). In the case of an offset at 45 degrees, both events can be
distinguished again (4.2(c)). However, in this case the P-wave has a smaller amplitude
than in figure 4.2(a). The SV-wave retains the same amplitude strength of about 1107
ms~for all configurations. In the case of a vertically directed force, for both horizontal
and vertical offsets this force has no influence at all on the horizontal component of the
particle velocity field (figures 4.3(a) and 4.3(b)). However, for the diagonal configuration
both a P-wave and an SV-wave arrival can be distinguished (4.3(c)). The amplitude of
the SV-wave is about 10 times smaller than the amplitude of this wave in the case of a
horizontally directed force for the same configuration (4.2(c)). However, the P-wave has
the same amplitude as the P-wave event in figure 4.2(c).
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Figure 4.2: Particle velocity field response to the horizontal component of the bulk force

Interpretation of the observations on the bulk force response

The horizontal directed force generates an SV-wave which is detectable at all three different
receiver positions. This implies that this force generates an SV-wave with a horizontal
polarization. The horizontal force also generates a fast P-wave, however this P-wave does
not influence the particle velocity field for the vertical offset configuration. In fact, it has
a maximum amplitude for the horizontal offset and a smaller amplitude for the diagonal
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Figure 4.3: Particle velocity field response to the vertical component of the bulk force

offset. This specific fast P-wave field is examined further by looking at its radiation pattern
in figure 4.4(a). This figure shows a typical dipole field. The effect of the dilatational
particle motion decreases for an increase in the alignment angle, and indeed becomes zero
for a vertical offset at 90 degrees, which is in line with are modelled results. The results
for the vertical component of the bulk force are quite different, in that it only generates a
horizontal particle movement when the receiver is positioned in the diagonal configuration.
For this configuration both a dilatational P-wave and a transversal SV-wave are detected.
In the radiation pattern of the fast P-wave field can be observed that this vertical force
on the bulk does not generate any horizontal movement at source-receiver alignments of
either 0 or 90 degrees, which corresponds to the horizontal and vertical offset configuration
(4.4(b)). The influence on the horizontal particle movement increases for angle values in
between the horizontal and vertical offset angles. For the SV-wave radiation pattern, the
same interpretation holds as for the P-wave (figure 4.4(c)).

4.1.2 Modelled response to a force acting only on the fluid phase

This dipole force acts purely on the fluid phase of the medium, which is different from the
bulk force, which acts on both the fluid and the solid phase.

The horizontal component of the force acting on the fluid phase generates only a de-
tectable SV-wave for all configurations. The amplitude of the SV-wave arrival varies with
the orientation of the source-receiver alignment. The amplitude is strongest in the case of
the horizontal offset configuration, with a value of approximately 3-107% ms™! (4.5(a)). For
the vertical offset configuration, the amplitude diminishes to the order of 10~ (4.5(b)).
For the diagonal configuration the amplitude is about half of the amplitude modelled for
the horizontal offset (4.5(c)). The vertical component of the force acting on the fluid phase
also generates only a detectable SV-wave. This wave field only affects the particle velocity
field when the receiver is placed in the diagonal offset configuration (4.6(c)).

Interpretation of the observations on the response to the fluid phase force

The force acting only on the fluid phase is actually not a source type which can be simulated
in reality, because applying a force to a medium will always affect the solid phase as well.
However, theoretically it is interesting to look at this force type, because if it acts only
on the fluid phase it can be seen as a microscopic acceleration of only the mobile fluid
layer of the EDL inside the pore spaces. Our observations of the horizontal component
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Figure 4.4: Radiation patterns for the particle velocity field are shown: in (a) the radiation
pattern of the P-wave field generated by the horizontal force component, in (b) the radiation
pattern of the P-wave field generated by the vertical force component and in (c¢) the pattern of the
SV-wave field generated by the vertical force component.
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Figure 4.5: Particle velocity field response to the horizontal component of the fluid force
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Figure 4.6: Particle velocity field response to the vertical component of the fluid force

of this force indicate that accelerating the EDL in the horizontal direction generates an
SV-wave with a horizontal polarization. In the radiation pattern of this SV-wave field
can be seen that the amplitude of this polarization is strongest in the direction of the
force. A possible explanation of this SV-wave field is that the force acting in the horizontal
direction on the fluid EDL causes an acceleration in that direction. Due to the fact that
all equations are volume averaged over a volume containing both fluid as solid phases, a
directional acceleration purely in the fluid phase can be translated directly to the solid
phase, in the same direction. In the case of the force acting on the EDL in the vertical
direction the same thing would happen, because of the isotropic and homogeneous nature
of the medium. However, the vertical particle velocity is not modelled here. But we do
see that this vertical directed source does have the ability to generate horizontal particle
motion, because this wave field is observed in figure 4.6(c). This can be explained by the
fact that any displacement of the elastic framework in a certain direction can induce a
displacement in a perpendicular direction, due to the interconnectivity of this elastic solid
framework.

4.1.3 Modelled response to a volume injection rate

This source can be regarded as a literal injection of volume into the fluid phase of the
medium at the source location. It is the only source of monopole nature discussed in this
thesis.
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Figure 4.7: Particle velocity field response to the volume injection
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This source only induces a detectable horizontal particle velocity wave field of the P-wave
type. This P-wave is however not detectable in the case of the vertical offset configuration
(4.7(b)). The amplitude is strongest in the case of the horizontal offset configuration
(4.7(a)) with a value of approximately 2.5-10~7 ms™'. In the other configuration in figure
4.7(c) the amplitude is a bit less with a value of about 1.5- 1077 ms~!.

Interpretation of the observations on the volume injection response

In the modelling results we observed that the volume injection only generates a detectable
dilatational movement of the horizontal component of the particle velocity field. In fact,
the total wave field generated by this source is a purely radially orientated dilatational
wave field. Therefore, the particle velocity displacement vector has in the whole medium
this radial orientation. This behaviour is caused by the monopole or isotropic nature of the
volume injection source, which we also observed in equation 2.37, which showed us that
the wave field is composed of the divergence of all constituent wave field types. This also
explains why this movement was not detectable when the receiver was placed at a vertical
offset: the particle velocity induced by this source is directed in the vertical direction here,
which is perpendicular to the receiver which measures the horizontal component only.

4.1.4 Modelled response to a shear strain source

This source deforms the medium by way of rotational shearing it at the source location.
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Figure 4.8: Particle velocity field response to the horizontal component of the shear strain source

For the horizontal offset configuration this source has no influence on the horizontal com-
ponent of the particle velocity field (4.8(a)). At a vertical offset a shear wave with an
amplitude of the order of 1073 is generated, as well as a P-wave with a considerably lower
amplitude of the order 10~%. For the diagonal configuration there is also an SV-wave gen-
erated, however its polarity is reversed in this case. The amplitude of the P-wave is much
stronger for this configuration. A close examination of the P-wave for both figures 4.8(b)
and 4.8(c), shows that there occurs a polarity switch for the P-wave as well.

Interpretation of the observations on the response to the shear strain source
In the section on the shear strain source in Chapter 2 I discussed the complicated third order

spatial derivatives acting on the constituent Green’s functions. In the modelling results we
observed a polarity switch between the vertical and diagonal offset for both the P-wave as
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the SV-wave. This polarity switch could be explained by the third order spatial derivatives
active on both P and SV-waves, as seen in the Green’s function 2.39. This complicated
pattern arises, due to the fact that the SV-wave field is actually a combination of a vertical
spatial derivative and a third order spatial derivative term (equation 2.39). In figure 4.9(a)
just the vertical derivative of the SV-wave field is shown. This tells us that this term is
not detectable at positions horizontally aligned with the source. In figure 4.9(b) the third
order spatial derivative of the SV-wave is shown. These radiation patterns together yield
the total pattern of the SV wavefield (figure 4.9(c)), which shows six lobes, each distanced
at 60 degrees from each other. From our observations of 4.8(c) we know that the polarity
switches for the diagonal configuration, which is at 315 degrees in the radiation pattern,
which could imply that the entire lobe at this angle is of opposite polarity with respect to
the lobe at 90 degrees. This radiation pattern is of a much more complex nature than for
instance in the case of a dipole force, which showed just four lobes of the same polarity
(4.4(c)). This increase of complexity arises from the fact that this source generates a double
rotation of the fields of which the divergence results in the particle velocity field.

0.0015

Figure 4.9: In figure (a) the SV radiation pattern purely due to the vertical derivative is shown.
In (b) the SV radiation pattern due to the third order derivative is shown. In figure (c) the total
SV radiation patterns is given, which is simply the summation of patterns in (a) and (b).
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4.1.5 Modelled response to a magnetic dipole

The magnetic dipole source is analysed here. This source is directed perpendicular to the
2D medium surface.
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Figure 4.10: Particle velocity field response to the magnetic dipole

In figure 4.10(b) and 4.10(c) the arrival of an EM-wave with an amplitude of the order
of 10713 as well as an SV-wave with an amplitude of the order 1072 are distinguishable.
However, for the horizontal configuration given in figure 4.10(a) there is no detectable
horizontal particle velocity.

Interpretation of the observations on the response to the magnetic dipole

According to Faraday’s law, the spatial rotation of the electric field is induced by a temporal
variation in the magnetic flux. Faraday’s law dictates that the orientation of the curl of the
electric field is opposite to the magnetic flux vector. The magnetic dipole source generates a
a magnetic flux varying in time in the direction perpendicular to the 2D medium. According
to Faraday’s law, this results in an electric field which varies in a rotational manner in the
plane of the 2D medium. A schematic representation of this is given in figure 4.11, where
the magnetic flux direction is given by the black outward pointing vector and the generated
electric field direction is indicated by the red arrows. These electric field vectors generate

Figure 4.11: This figure illustrates the effects of Faraday’s law [6]. The magnetic dipole source is
denoted by the black outward pointing vector and the induced rotational electric field is denoted
by the red field vectors. In yellow the positions of the receiver for the three different configurations
are denoted by H (horizontal offset), D (diagonal offset) and V (vertical offset).

the electromagnetic wave field with a polarization which is parallel to these red vectors
in figure 4.11. In turn this electric field generates as well a particle velocity motion with
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the same spatial orientation. The effect of this could result in outward propagating SV-
waves. This could be better captured when looking at the schematic representation in
figure 4.11. Here, point H represents the receiver position in the case of the horizontal set
up. For this set up, the electric field vector is orientated in the vertical direction and this
could be an explanation why no horizontal component of the SV-wave is measured for this
configuration. When we look at the other set ups, denoted by points D (diagonal setup)
and V (vertical setup), the electric field vector clearly has a horizontal component. This
could also explain why for the vertical configuration the amplitude of the SV-wave is bigger
than for the diagonal configuration, because at point V, the full electric field vector points
in the horizontal direction, while for point D only a part of the field vector is horizontally
directed. The same interpretation goes for the EM-wave which has the same polarization
direction as the SV-wave, but is detected by the particle velocity receiver as the coelectric

field.
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4.2 Analysis of the horizontal component of the electric re-
sponse

In this section the response of the horizontal component of the electric field is analysed for
the same sources as in the previous section. The electric dipole, which was not considered
in the previous section due to erroneous results, is included for this case.

4.2.1 Modelled response to a bulk force

When examining the electric field response to the horizontally directed bulk force in figure
4.12, a P-wave arrival can be observed for all three configurations. The amplitude of the
P-wave is about 3 - 1077 Vm~! for the horizontal offset configuration (4.12(a)). For the
vertical configuration the amplitude decreases to a value of about 7 -1 0—9 Vm™!. For the
diagonal configuration the amplitude is about half the amplitude of the P-wave for the
horizontal configuration. There is also a detectable EM-wave observable in figures 4.12(a)
and 4.12(b). The amplitude is the same in both case, with an absolute value of about
3-107Vm~!. However, the polarity of the EM-wave in 4.12(a) is negative as opposed to
the positive polarity observed for the EM-wave in 4.12(b). The vertical directed bulk force
only generates a horizontal directed electric field when the receiver is placed in the diagonal
configuration (4.13(c)). It generates a fast P-wave with amplitude of a bit less than 21077
Vm~!. Additionally, an EM-wave is detected with an amplitude of approximately 3 -107°
Vm~! and a reversed polarity with respect to the EM-wave seen in figure 4.12(b).
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Figure 4.12: Electric field response to the horizontal component of the bulk force

E1 response to f3 E1 response to f3 E1 response to fa

Horizontal offset Vertical offset x1 0-7 Diagonal offset
2

o
3
o
13

(=)

Amplitude [ Vm™"]
o

Amplitude [ Vm™"]
o

s
&
Amplitude [ Vm'"]

N

S
o

S
[N
S
N
&
S
N

0.1 0.2 -0.1 0 0.1 0.2 -0.1 0
Time [s] Time [s] Time [s]

(a) (b) ()

0.1 0.2

Figure 4.13: Electric field response to the vertical component of the bulk force
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Interpretation

From the observations can be seen that the horizontal component of the bulk force gen-
erates a dominant fast P-wave. The coseismic field, which travels intrinsically with this
P-wave, is detected by the horizontal electric field receiver for all configurations. The
strongest response is measured when the source and receiver are aligned. It is interesting
to compare this observation with the particle velocity field response to the same bulk force
component in section 4.1.1. In figure 4.2 could be seen that the SV-wave is the dominant
field in all configurations and the P-wave is of a much smaller amplitude. Apparently,
the electric receiver detects no coseismic field of this strong SV-wave, but instead mea-
sures the coseismic field of the much weaker P-wave of 4.2. This is consistent with Pride’s
theory (8|, which states that in general a shear wave generates a much weaker co-moving
electric field compared to the co-moving electric field generated by a P-wave, as discussed
in Chapter 2. The same explanation goes for the effect of the vertical component on the
horizontal component of the electric field for the diagonal configuration. The detection of
an EM-wave event for the vertical configuration, implies that the horizontal component of
the bulk force causes direct conversion into an EM-wave field. It is useful to examine a
radiation pattern of this field, because the amplitude variations of this field are difficult to
analyse when plotted together with the much more dominant coseismic P-wave field. In
the radiation pattern of figure 4.14(a) can be seen that the generated EM-wave creates the
same electric field amplitude for both the horizontal and the vertical configuration. The
reason why we cannot see the EM-wave event in 4.2(a) as clear as in 4.2(b) is caused by the
fact that the fast P-wave is much stronger in figure 4.2(a). Note that from the observation
of the polarity reversal of the EM-wave in figures 4.12(a) an 4.12(b) can be inferred that
the polarity of the lobe at zero degrees is reversed with respect to the lobe at 90 degrees.
An interpretation of this radiation pattern could be that this force generates an EM-wave
field which is equivalent to an EM-wave field which would be generated by a pure electric
dipole with the same orientation. Due to the prevalence of the charged mobile EDL layer,
the bulk force has the ability to convert into an electric dipole. This interpretation can be
verified further by looking at the radiation pattern of the EM-wave field due to an actual
electric dipole later in this section (figure 4.22(a)).

(a) (b)

Figure 4.14: The EM radiation pattern for the response of the horizontal electric field component
to the horizontal component of the bulk force
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4.2.2 Modelled response to a force acting only on the fluid phase

This dipole force acts purely on the fluid phase of the medium. The horizontal compo-
nent of the force acting on the fluid generates both a fast P-wave as an SV-wave for all
configurations. The amplitude of the SV-wave arrival is for all configurations bigger than
the P-wave. For the horizontal offset the P- and SV-wave amplitudes are about 1 - 10~%
and 1.5-107* Vm™!, respectively (figure 4.15(a)). For the vertical configuration both
amplitudes decrease with about a factor of 100 (4.15(b)). For the diagonal configuration
in figure 4.15(c) the amplitudes are about half the amplitude as seen for the horizontal
configuration in figure 4.15(a). The vertical component of the fluid force only generates a
detectable P- and SV-wave for the diagonal configuration in figure 4.15(c) with amplitudes
of about 5-107° Vm~! and 7-107° Vm™!, respectively.
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Figure 4.15: Electric field response to the horizontal component of the fluid force
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Figure 4.16: Electric field response to the vertical component of the fluid force

Interpretation of the observations on the effect of the fluid force

As opposed to the observation for the effect of the bulk force, we do observe for the force
acting on the fluid phase a coseismic electric field of the SV-wave field. In section 4.1.2
was observed that the fluid force generates a detectable SV-wave in the particle velocity
field. No fast P-wave was detected in the particle velocity field. However, the coseismic
electric fields of both an SV-wave and a fast P-wave are detected as seen in figures 4.15 and
4.16. This indicates that the coseismic field of the P-wave is apparently so much stronger
than the SV-wave that even when the fast P-wave is insignificantly small compared to the
SV-wave field, it is still detected. This is in line with the observations and interpretation
for the bulk force in section 4.2.1

93



4.2.3 Modelled response to a volume injection rate
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Figure 4.17: Electric field response to the volume injection

Examination of figure 4.17 shows us that the volume injection generates a fast P-wave
for both the horizontal (figure 4.17(a)) and the diagonal configuration (4.17(c)). The
amplitude of this P-wave is in both cases of the same order. However, the amplitude is a
bit lower for the diagonal configuration with 6-10~* Vm~! compared to 8 -10~* Vm™! for
the horizontal configuration. No wave field is detected for the vertical configuration (figure

4.17(b)).

Interpretation of the observation of the response to the volume injection

The monopole volume injection source generates a purely dilatational P-wave, which is
equipartitioned in all directions in this isotropic medium, as already explained in detail in
section 4.1.3. The coseismic field of this same dilatational field is detected by the electric
field receiver. This is simply because the charged particles contained in the mobile part
of the EDL move along with the dilatational P-wave, thus generating a variation in the
electric field strength in the same direction as the P-wave polarization.

4.2.4 Modelled response to a shear strain source
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Figure 4.18: Electric field response to the horizontal component of the shear strain source

For the horizontal configuration, the shear strain source does not generate any wave field
which affects the horizontal electric field component (figure 4.18(a)). However, for the
vertical configuration a distinct fast P-wave is visible with an amplitude of about 1-107!
Vm~! (figure 4.18(b)). Also a much smaller EM-wave can be distinguished with amplitude
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of the order 1072. Note that the shape of the EM wavelet is asymmetrical. For the diagonal
configuration in figure 4.18(c), a fast P-wave is observed with an amplitude about twice as
strong as in figure 4.18(a). No EM-wave is distinguishable here.

Interpretation of the observation of the response to the shear strain source

In section 4.1.4 we observed that this shear strain source generates a fast P-wave and an
SV-wave, affecting the particle velocity field, for the vertical and diagonal configurations.
Although both wave fields were of the same order, the shear wave appeared to be stronger
than the P-wave, especially for the vertical configuration. Here, for the electric field (figure
4.18), we observed as well no field disturbances for the horizontal configuration. However,
only the coseismic electric field is detected of the fast P-wave and not of the SV-wave. This
is because the fast P-wave generates a much stronger co-moving electric field compared to
the SV-wave, as already explained for the effects of the bulk force in section 4.2.1, where a
similar phenomenon was observed. The small EM wavelet observed for the vertical config-
uration in figure 4.18(b) is interesting because of its asymmetrical shape. This asymmetry
for the vertical configuration indicates that the field is generated via a spatial derivative
in the vertical direction of the source. In equation 2.40 in Chapter 2 can be seen that this
distinct EM wavelet for the vertical configuration could arise either from the third order
spatial derivative term or the first order vertical spatial derivative term. By examining
the radiation patterns in figure 4.19, generated by each of the terms separately, it can be
observed that for the angle of 90 degrees the third order spatial derivative term (figure
4.19(b)) yields a 10% times stronger amplitude than the first order term. Therefore, it can
be concluded that the EM wavelet in figure 4.18(b) is a result of the third order spatial
derivative of the EM Green’s function seen in equation 2.40.

(a) (b)

Figure 4.19: In figure 4.19(a) the vertical spatial derivative term of the EM wave field is shown,
where the amplitude is of the order 10~°. In figure 4.19(b) the third order spatial derivative term
of the EM wave field is shown, where the amplitude is of the order 1073.

4.2.5 Modelled response to an electric dipole source

In figure 4.20(a), the electric field response to a horizontal electric dipole is given for the
horizontal configuration. A strong EM-wave arrival of positive polarity and an amplitude
of about 7-107" V™!, as well as a weaker fast P-wave arrival with an amplitude of about
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1-107! Vmm~!, can be observed. For the vertical configuration in figure 4.20(b), only an
EM-wave can be distinguished with the same absolute amplitude value as the EM-wave
observed in figure 4.20(a). However, the EM-wave is of reversed polarity in this case. For
the diagonal configuration only a fast P-wave can be detected with an amplitude of about
5-1072 Vm~!. For the vertical component of the electric dipole can be observed that
it does not generate any disturbance in the electric field for both horizontal and vertical
configurations (figures 4.21(a) and 4.21(b)). For the diagonal set up, an EM-wave with an
amplitude of about 7- 107! V! is generated, as well as a weaker fast P-wave with an
amplitude of about 4 - 1072 Vm™".
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Figure 4.20: Electric field response to the horizontal component of the electric dipole
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Figure 4.21: Electric field response to the vertical component of the electric dipole

Interpretation of the observation of the response to the electric dipole

The horizontal component of the electric dipole source generates both an EM-wave and a
fast P-wave. The radiation pattern of the EM-wave generated by the horizontal component
of the electric dipole is given in figure 4.22(a). In section 4.2.1, the idea that the bulk
force has the ability to act as an electric dipole was introduced. This can be verified by
comparing the radiation pattern of the EM-wave of the horizontal bulk force in that section
in figure 4.14(a) with the radiation pattern for the same wave due to the same component
of the electric dipole here in figure 4.22(a). The shape of the radiation patterns are indeed
the same, except for the much lower amplitude in the case of the bulk force. This lower
amplitude can be explained by the energy loss caused by the coupling of the mechanical
force field into an electric field. However, the idea that the bulk force can generate the
same EM wave as an electric dipole seems plausible. The question is now whether this idea
also works the other way round, in other words whether an electric dipole source also has
the ability to act as a bulk force and generate a similar fast P-wave field. The radiation
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patterns of the fast P-wave field generated by the electric dipole in figure 4.22(b) and the
bulk force in figure 4.14(b) are compared. The shapes of the two radiation patterns turn out
to be the same. However, the electric dipole generates a fast P-wave with a much stronger
coseismic electric field than the coseismic field of the fast P-wave generated by the bulk
force. This is remarkable, because one would expect that the electric dipole generates a
weaker fast P-wave than the bulk force, because of energy loss during conversion. However,
a possible explanation could be that an electric dipole has in general a much stronger effect
on this type of medium than a bulk force.

(a) (b)

Figure 4.22: The EM radiation pattern for the response of the horizontal electric field component
to the horizontal component of the electric dipole is given in 4.22(a). Note the resemblance to the
radiation pattern in figure 4.14(a). There is also a resemblance between the radiation pattern of
the fast P-wave field in figure 4.22(b) due to the horizontal electric dipole and the radiation pattern
in figure 4.14(b).

4.2.6 Modelled response to a magnetic dipole
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Figure 4.23: Electric field response to the magnetic dipole

In figures 4.23(a) and 4.23(c) can be observed that the magnetic dipole vector only affects
the electric field for the vertical and diagonal configurations with amplitude values of
13-107° Vm~! and 9 - 107 Vm ™!, respectively. For the horizontal configuration there is
no electric field response to this source (figure 4.23(a)).
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Interpretation of the observation of the response to the magnetic dipole

The particle velocity response to this source type yields both an EM-wave and an SV-wave
for the horizontal and diagonal configurations as discussed in section 4.1.5. The amplitudes
of these fields were in the order of 107!2. In the case of the electric field response to this
source type (figure 4.23) only an EM-wave is detected, because the coseismic electric field
of the SV-wave is insignificantly small.
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Chapter 5

Discussion of results

In this thesis the first steps are take to retrieve a Green’s function by interferometry
of the P-SV-TM mode in 2D. Each dipole source type generates four fields, fast and
slow P-waves, a vertically polarized S-wave and a TM-mode electromagnetic field. The
magnetic source generates only an SV-wave and a TM-mode field. To better understand the
contributions from the different constituents per source type, a Green’s function analysis
of this complicated P-SV-TM mode has been performed. All field responses necessary for
the interferometric Green’s retrieval, as specified in equation 3.7, which is repeated here
as equation 5.1, were analysed for different configurations. By considering the effect of
cross-correlation on these field responses, the analysis of Chapter 4 can now be used to
evaluate the results found in Chapter 3.
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5.1 Possible explanations for the discrepancies observed in
the interferometric retrieval

The exact left hand-side of equation 3.7 results in an anti-symmetrical signal of P-waves as
observed in figure 3.5 . The interferometric retrieval of these P-wave arrivals, arises from
the cross-correlation of the coseismic field of the P-wave received at electric receiver B,
with the seismic P-wave received at the particle velocity receiver A (refer to figure 3.3 for
the model configuration). However, the responses at these receivers do not always consist
purely of a dominant P-wave arrival. On the contrary, as observed in Chapter 2, all sources,
except for the magnetic dipole, have the ability to generate all three wave fields. On top
of that, in Chapter 4, all these three wave fields were indeed observed, however which field
was actually detectable turned out to depend strongly on the source type as well as on
the geometry of the configuration. We think that the extra retrieved events as observed
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in figure 3.5 could be caused by the cross-correlation of P-waves with SV-waves. In order
to verify that, the time lags need to be known, which would result from cross-correlating
these two wave types, for different illumination angles. In table 5.1 these various time lags
are shown accordingly. As observed from the final interferometric retrieval the extra events
occur at + 0.15 and £ 0.03 seconds. In the table 5.1, can be observed that these arrival
times could result from cross-correlating signals which arise from sources at a horizontal
offset orientation. When increasing this angle of illumination from horizontal to finally
the vertical orientation, these two time lags will converge to the same time lag value of
0.09 seconds. The vertical configurations are not considered further in this discussion,
because no retrieved event at + 0.09 seconds is observed in figure 3.5. It will be assumed
that the time lag values as shown in table 5.1 will not change significantly as the angle
of illumination is varied between 0 to 30 degrees. Another assumption is that responses
due to the diagonal configuration (offset angle of 45 degrees) as observed in Chapter 4 are
comparable to configuration with an offset angle of 30 degrees. These assumptions enable
the examination of both horizontal and diagonal configurations from Chapter 4, for the
purpose of finding an explanation for the extra retrieved events.

Table 5.1: In this table the resulting time lag values by cross-correlating the specified wave types
coming from either sides of the circle are given in seconds. With ’illumination right’ or ’illumination
left’, is meant that the sources are located on the right- or left- half side of the modelled circle
boundary, respectively. With "horizontal’ is meant an illumination angle range of 330-30 degrees
and 150-210 degrees, for the right and left sides of the circle boundary, respectively.

Cross-correlated wave types | Horizontal illumination right | Horizontal illumination left
Pp ® SVy -0.15 s -0.03 s
SVp ® Py 0.03 s 0.15 s

5.1.1 Cross-correlation terms containing responses to the bulk sources

In figure 3.8 could be observed that the bulk source responses contribute significantly to
the P-wave retrieval. Except of the fact that the retrieval signal is of a different wavelet
shape as discussed in section 3.6.4. The bulk responses also contribute to the a-causal
artefacts at —0.03 and —0.15 seconds. It will be investigated now, from which of the four
bulk source cross-correlation pairs in equation 5.1 these artefacts could arise from.

The cross-correlation pair, which compares the particle velocity response to a shear strain
with the electric field response to a vertical bulk force is given by,

nléﬁvlgh?ﬂé?l,[s (5.2)

ZA,Z zZp,T

The electric field response due to a vertical bulk source is only non-zero for the diagonal
configuration. Therefore, the contribution of this term will only come from the areas of
the circle which are neither exactly vertically nor horizontally orientated with respect to
the receivers. Therefore, only sources from the diagonally orientated parts of the circle
boundary will contribute to this term. The particle velocity response to the shear source
for the diagonal configuration results in dominant P- and SV-waves of the order of 1073
(figure 4.8(c)). The electric field yields a dominant P-wave of the order 10~7, but the
SV-wave is of an undetectable amplitude (figure 4.13(c)). The result of cross-correlating
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the P-waves of both responses will be the phase difference between the P-wave arrivals,
which is due to the receiver offset, with an amplitude around the order of 1071°. However,
the extra SV-wave event in the particle velocity response causes extra artefacts in the re-
sulting cross-correlation. This is due to the extra phase difference which exists between P-
and SV- wave arrivals. From table 5.1 can be seen that the cross-correlation of a P-wave
received at B with a SV-wave received at A would result in a time lag of -0.15 and -0.03
seconds for sources located at the right and left sides of the circle, respectively.

The cross-correlation pair, which compares the particle velocity response to a shear strain
with the electric field response to a horizontal bulk force is given by,

ngéfvl,ghm GEvh (5.3)

T AT B,

For the diagonal configuration the particle velocity response to a strain source shows dom-
inant P- and SV-waves of the order of 1073 (figure 4.8(c)). For the same configuration
the electric field response to the horizontal bulk force yields only a P-wave of amplitude
order 10~7. This would yield the same result as the cross-correlation pair 5.2, but the con-
tribution is probably much less because the n3- component is very low for the horizontal
illumination angle range and zero for a purely horizontal illumination.

The cross-correlation pair, which compares the particle velocity response to a horizontal
bulk force with the electric field response to a shear strain is given by,

ngé”:vlafl GE12hs (5.4)

TA,T TB,T

For the vertical offset, the electric field response shows a dominant coseismic field of a
P-wave with an amplitude of the order 10~!. The velocity field shows an SV-wave of
amplitude of order 1079, but no detectable P-wave. I expect that cross-correlating this
coseismic P-wave with a seismic SV-wave has no significant contribution, because there is
no artefact observable at 0.09 seconds, which is the expected time lag for vertical configu-
rations. For the diagonal configuration the particle velocity field, a dominant SV-wave is
observed as well, but this configuration does also yield a detectable P-wave with an am-
plitude of the order 107! (figure 4.2(c)). The P-wave detected for the same configuration
for the electric field is of the order 10! (figure 4.18(c)). Cross-correlation of the responses
would therefore yield a P-wave arrival with an amplitude of the order 107!°, but due to
the much stronger SV-wave in the particle velocity field, bigger contributions will be made
to the a-causal artefacts at —0.03 and —0.15 seconds.

The cross-correlation pair which compares the particle velocity response to a vertical bulk
force with the electric field response to a shear strain is given by,

nlé*v1,f3él?1,%h31 (5.5)

TA,T TB,T

Only the diagonal offset orientation has the ability to generate a particle velocity field
due to the vertical bulk force, as observed from figure 4.3, therefore the cross-correlation
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only has a contribution for non-vertical and non-horizontal offset orientations. For the
diagonal offset, the particle velocity response yields both a fast P-wave as an SV-wave of
amplitude order 10710, In the case of the electric field response to the shear strain source
for this particular configuration (figure 4.18(c)), only the fast P-wave gives a dominant
contribution of order 10'. Cross-correlation of these two responses would yield a P-wave
arrival of the order 107'%. However, the dominant SV-wave in the particle velocity trace
again contributes significantly to the a-causal artefacts.

5.1.2 Cross-correlation terms containing responses to the fluid sources

In figure 3.7 could be seen that the cross-correlation of responses to volume injection and
force acting on the fluid phase contribute to the anti-symmetric P-wave retrieval, but not
as strongly as the bulk force responses did, as observed from figure 3.8. The fluid source
responses contribute mainly to the causal artefacts at 0.03 and 0.15 seconds, but also show
a slight contribution to the a-causal equivalents.

The cross-correlation pair, which compares the particle velocity response to a volume
injection source to the electric field response to the horizontal component of the fluid
force,

Elvfff)
TB,T

m GG (5.6)
The particle velocity field induced by the volume injection source produces for both the
horizontal and the diagonal configuration a P-wave amplitude of the order of 10~7 (figures
4.7(a) and 4.7(c)). The electric field response to the horizontal component of the force
acting on the fluid phase yields a P-wave amplitude of the order of 10~ for both configu-
rations (figures 4.15(a) and 4.15(c)). The co-seicmic field of an SV-wave of the same order
is detected as well. The cross-correlation of these two field responses would yield a P-wave
arrival with amplitude of the order 10~ due to sources located at horizontal diagonal
offsets. However, the extra SV-wave event observed in the electric field response will affect
the cross-correlation result. Nevertheless, it will not contribute to the a-causal artefacts as
was observed for the bulk force cross-correlation pairs, for which SV-waves were observed in
the particle velocity fields (which is the conjugate part of the cross-correlation pair). Due
to the fact that the SV-wave occurs for the fluid force cross-correlation pairs as a coseismic
in the non-conjugated electric field response, the resulting artefacts will now occur only in
the causal part of the resulting signal. Therefore, the coseismic SV-wave will contribute to
the causal artefacts observed in figure 3.7 at 0.03 and 0.15 seconds.

The cross-correlation pair, which compares the particle velocity response to a volume
injection source to the electric field response to the vertical component of the fluid force,

~ ~ (f)
naGrenCaGEnss (5.7)

TA,Z TB,T
The particle velocity field response is zero for the vertical configuration (figure 4.7(b)).

Therefore, only the diagonal configuration needs to be discussed here, which shows a de-
tectable P-wave with an amplitude of the order 10~7 for the particle velocity response
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(figure 4.7(c)). The electric field response to the vertical component of the bulk force
yields a detectable P-wave as well, of the order 10™%. It also shows a detectable SV-wave
of the same order. Cross-correlation of these two responses would yield a P-wave arrival
with amplitude of the order 10~!! for diagonal offset orientations only. The extra coseismic
SV-wave event will contribute to the causal artefacts at 0.025 and 0.16 seconds.

The cross-correlation pair which compares the particle velocity response to a volume in-
jection source to the electric field response to the horizontal component of the fluid force,
is given by

~ VN
n Gt GELCa (5.8)

TA,Z TB,T

For the horizontal and diagonal configurations the particle velocity response to the hor-
izontal component of the fluid force is dominated by an SV-wave with an amplitude of
the order 107 (figures 4.5(a) and 4.5(c)). For the same configurations, the electric field
response to a volume injection is dominated by the coseismic field of P-waves of the order
of 1073. The correlation between these two wave field responses will only result in a-causal
artefacts, because here we cross-correlate a coseismic P-wave with a seismic SV-wave. In
figure 3.7 you can see a slight contribution to the a-causal artefacts, which I think arise
from this specific cross-correlation.

The cross-correlation pair, which compares the particle velocity response to a volume
injection source to the electric field response to the horizontal component of the fluid
force,

rxor ff
oI5 GELCa (5.9)

TA,T TB,T

Only for the diagonal configuration, the particle velocity gives a response to the vertical
component of the fluid force (figure 4.6). This response shows a dominant seismic SV-
wave of the amplitude order 1072, The electric field response to the volume injection

source yields a coseismic P-wave of the amplitude order of 1073. As was the case for the

~ foa
cross-correlation term, anfvl’—f 1 GELCa this term will also result in a contribution to the

TA,T Ip,T
a-causal artefacts.
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Chapter 6

Conclusions

The original goal of this thesis was to obtain an interferometric retrieval of the exact left
hand-side. The resulting retrieval showed some resemblances to the exact left-hand side,
because the exact anti-symmetric P-wave signal was observed as well for the retrieval.
However, the retrieval amplitude was about five times lower and its shape indicates that
it is a second order derivative of a Ricker wavelet, in stead of a third order derivative
as is indicated by the shape of the left-hand side. The retrieval also showed four extra
events, which were not represented by the left hand-side. The detailed analysis conducted
in Chapter 4 made it possible to determine which source responses give the strongest con-
tribution to the desired exact retrieval and which contribute to the unwanted extra events.

The cross-correlation pairs which contain the field responses to sources acting on the
bulk give the strongest contribution to the interferometric retrieval. The cross-correlation
pairs containing the responses to the sources acting purely on the fluid phase have less
contribution to the retrieval, but not as negligible as the pairs containing the responses
to electromagnetic sources. The anti-symmetric P-wave arrivals which characterize the
Green’s function on the left hand-side of the interferometric relation 5.1, are retrieved
by cross-correlation of the electric coseismic fields of P-waves with seismic P-waves. As
was observed from the analysis in Chapter 4 these P-waves are quite abundant in most
of the responses. However, due to the abundance of SV-waves as well, the causal and
a-causal artefacts arise. The a-causal artefacts of the interferometric retrieval arise from
cross-correlating coseismic fields of P-waves received at xp with seismic SV-waves received
at x4, which are generated by sources acting on the bulk. The causal artefacts arise from
cross-correlating electric coseismic fields of SV-waves received at xp with seismic P-waves
received at x4, generated by sources acting on the fluid phase. Therefore, the fact that
dominant seismic or coseismic SV-waves occur in several field responses results in the ob-
served artefacts in the interferometric retrieval. The causality of these artefacts depend
on whether this SV-wave event is observed in the particle velocity field, which forms the
conjugate of the pair, or as a coseismic in the electric field, which forms the non-conjugate
of the pair. Whether the artefact appears at the absolute travel time of 0.15 seconds or at
0.03 seconds depends on from which side the receivers are illuminated.
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Suggestions for future research

The field responses to the shear strain sources turned out to contribute most significantly to
the interferometric retrieval modelled in this thesis. In spite of this strong contribution, the
retrieval’s amplitude was five times weaker than the exact left hand-side. This could be due
to the fact that the other source terms of the strain tensor, the tensile strain sources h11 and
hss, were not modelled in this thesis. It can be expected that these sources will have a very
strong contribution to the retrieval and therefore it is recommended to include them in any
future attempt to model the interferometric retrieval of a seismoelectric P-SV-TM mode
wave field. Another assumption made in this interferometric modelling experiment, was
that the domain integral of the interferometry relation is negligible. Including this volume
integral in the model could present a possible solution for the encountered inconsistencies
in the results.
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Appendix A

Spatial derivatives of the Bessel
function K

. . 1
G*P(xp,xs,5) = G*P(r,s) = o5 Kolyr) (A1)

Where, v = £ and r = V(@1 r — 21,5)% + (z3,r — 73,5)2. The receiver position is the
variable coordinate. The derivatives of the modified Bessel function of second kind and
order zero are given (Abramowitz and Stegun, 1972),
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Appendix B

Green’s function representations of
2D P-SV-TM mode wave fields

The full expressions for all Green’s functions discussed in Chapter 2 are given here. These
functions are found by substituting the relevant source type into the source terms of the
two second order wave equations B.5 and B.6.

B.1 Wave equations and source functions

The two second order wave equations 2.27 and 2.28 derived in Chapter 2 are repeated here,
respectively,

(k% + k3 + 7%) (k’% + k3 + %%JM) Ei3=

L 52 spl CL
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The full seismoelectric Green’s function consists of a coupled electromagnetic and elasto-
dynamic transveral Green’s function, Ggys and Gg, respectively,
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The second order wave equation for both the horizontal as vertical component of the electric
field, which can be selected by choosing either the 1 or the 3, respectively,
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The second order wave equation for both the horizontal as vertical component of the
particle velocity field, which can be selected by choosing either the 1 or the 3, respectively,
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The specification of the source terms X111 and X221 are given in the next section.
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B.2 Specification of the source terms affecting the horizontal
component of the field vectors
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By substituting each of these source terms into the Xj;; and Xoo 1 expressions for the
second order wave equations B.5 and B.6, the impulse response functions to these specific

sources can be found. These resulting Green’s functions are given in the next section of
this Appendix.



B.3 Particle velocity response to the bulk force
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B.4 Particle velocity response to fluid force
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B.6 Particle velocity response to shear strain
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B.7 Particle velocity response to tensile strain
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éL
Faypp = (=Cs*p/vby + CPvppviar + 52" (1 + =) Kavps = MEGapr)/(Vpy = Vi)
(B.79)
Zpmpy = (—=Cs*pvpp + CHYp v + 520" Kavps — CKavimes)/ (Vo — Vo)
(B.80)
s1
YPs - Al(’)/g' - V%M)[_Cgfy}%’s + CMKG’Y%S + (Cii( - M) (_OH/-YI%S + OKG’)/}%S)]
(B.81)

S
Ypr = Ai(vE — vEa)[=CPpy + CMKavpy + <Cl?< - M> (—~CHv$; + CKavpy))
(B.82)
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s2pf

¢s

Zps = A2('7]25M_'7§)[(_027]235+MKG7]235)(H_G)+< - C) (—CH~py + CKapy)]

(B.83)

s2pf
¢s

Zpf = Az(v%M—vi)[(—CzﬁaerMKm%f)(H—GH( - C> (—CH~py + CKavpy))

(B.84)

Operator on ik1G ps,

Cp™% = — (A1 (s = €I + As(C(s + LE) = vBar)(H = GT7)) Fpar ps

— (Al(@ —73)C + Ax(vE — C(s + LE)(H - Gf’")) Fs ps

2 f o
- (Ao = 008 = e 28 + Al =B (S - 1)) Zo

2 f .
- <A2<5<” — O)(C(s + L&) = v2as) + A1 (Ve — C6) <S” - M)) 2P
S Cks

+ YPs + ZPs

Operator on ilﬁé’pf ,

Cglfhu??’i” =+ (Al(%QEM — (6)C + As(C(s + LE) — vha) (H — Gfr)> Fenm,py

+ (A1(Cs =130 + A2(33 = Cls + LE)(H — 7)) Fs g

+ (4

2

O)2 = ¢ls + ) + A1 (s —12) (” - M)) Zs s

s*p
(s Cks
s1

2 A
— O)(¢(s + LE) — vEar) + At(VEs — €<) ( - M)) Zpm,pf

s2pf
¢s

+ (Az(
— Ypy — Zpy

Operator on ikq ég,

Ogy™% = 4 (A1(Cs = 13)C + Aa(n = C(s + LENH — G*1) ) Fip,
2 f R
" (A2<S PL )% — (s + L) + Ar(Cs — 2) (” - M)) Zs e

¢s Cks

— (A1(Cs =1B)C + A2(0F = (s + LE(H — G ) Fs g
s2pf N s
- (A2< Pl OV — e+ LE)) + Au(Cs — 2) ( L M)) Zsrs

¢ Che
1 7% —¢(s+ LE) sp’k ¢ —~3 Ciky
GI" % = YEu NG g = Vi

+ [H; H — 2G7"iky +
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Operator on ik1G g,

Cox % =+ (A (Bar = € + Ao(C(s + LE) = 1Ear) (H = GT7)) Fparps

ove

<A2< C” S ON(Cls + L) — ag) + A1 (har — C6) ( i M))ZEM,pf
S Cks

)(C(s + LE) — vEar) + A1(vEar — €6) (ngg M)> ZEM,Ps

¢s
( 1(VEar — €6)C + Aa(C(s + LE) — vEy) (H — Gfr)) Fem,py
2

1 C(C"‘QL@ 'YEM[H H_ ZGfT]ik‘l-f- sp knyM Cngkj
Gfr VEM Gl WEM

The triple operators on hij are defined separately,

4 L 4
Fpopaz = (MGI" 303, — 5 (1+§—)Gf7"§) (B.85)
2
Fpaie = (2050 + )62 4 kg - M6 2,) (B.56)
'r 2 2 FE éL 7‘4
‘[ 2 2
Fppise = (s2p" (1 + i)Gf’"3 + k2 — MGfrgy,%f) (B.88)
4
Zpsrz = (CGfrgV s— sl 3> (B.89)
ZPs,ka2 = (S2prfT CGfrg Ps) (B90)
4
pr7k12 = (CGfrg’YQf — S prfrg) (Bgl)
T‘2 '
Zppz = (s°p7G7 37 ca’ gﬁaf) (B.92)

Shear operator on k3G ps,

Clhar = = (A0 = G)C + As(C(s + LE) = Vha)(H = G7)) Fpypaz/ (0B, — v3ar)

— (A1¢s =)0 + A (0 — (s + LE)H = GI")) Fpopaz/ (B, —73)

2,f .
; (A2<3 L O)0 <l + 16) - (g = 3) ( il M)) Zpg 12/ (V35 = 12)
S Cks

s2pf N s
(4 = O+ 2O =5an) + Mlobas = 9) (S = M) ) Ziwsae /0b=a)
(B.93)
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Shear operator on ik:lik’%éps,

Clbas = — (A100Bar — C5)C + As(((s + L&) = vEar) (H = GT)) Fpape /(4 — 7En)

~ (A1(C = AB)C + As(33 — (s + LOYH = GI")) Fpypse/(vhs — 13)
2

# (4L = 0= s+ 1)~ Aries =) (S = M) ) Zioss/ 03 )

s*p! 7 57 2 2
<A2( oo C)(C(s + LE) — vEar) + A1 (Vaw — o) <Ckg - M)) Zpsis2/(Yps—VEM)

(B.94)

Shear operator on ikﬁ%épf ,

Clbpa =+ (Al(V?sM — C6)C + As(C(s + LE) — vy (H — Gfr)) Fpwz/(Vhs — VEur)
+ (A41(¢s = 1B)C + A (0F = (s + LOYH = GT) Fpppae/ (45 — 13)
32

f « S
- (A2( Clc) —O)(V2 = C(s + L&) — A1 (¢Cs —~2) <<:<—M>> Zpriaz/ (Vs —78)

52ﬂf ~ 81 2 2
+<A2( ce — O)(C(s+ LE) — vEu) + At(VEar — ) (Ck‘ M>>pr,k12/(7pf—’YEM)

(B.95)

Shear operator on ik%iklépf ,

Cibgs =+ (A1 (Vs — C)C + As(Cls + LE) = vEar) (H = G™)) Fppyae/ (vhy — 1)

+ (A1(G = 1B)C + A0 = (s + LOYH = GT)) Fpyize /(1B = 13)

s2pf . s
- (4L~ )03 =l + 1) - Al =) (L = ) ) Zogusn oy~ )

Cks
52pf N 81N 2 2
+<A2( o C)(¢(s + LE) — vEar) + A1 (VEwr — o) <<kg - M>> Fpyps2/(Ver—7EM)

(B.96)

Operator on ik{’ég,

Cibya = = (A1lCs = 1B)C + Ao(3E = C(s + LENH — GT)) Fpypz/ (1, — 73)
2 f .
n (—A2<8<” )R — (s + L6)) — Ax(Cs — ) (” - M)) Zpagiz) (b — 12)
S Cks
( (Cs —V2)C + As (73 — (s + LE(H — Gfr)) FPf,kl?/(’Yz%f — %)

2 S
- (L - OO0 = et 16) = (s =) (S M) ) Zogaan 5y )

(B.97)
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Operator on ik3ik; Gs,

Cibva = — (A1(Gs =1B)C + Ao(5F = Cls + LOYH = GI")) Fpype /(1 — 1)
2. f o
# (- = 003 = s+ 16) -~ Ales =) (5L = M) ) Zpusan /0, —
S Cks
+ (A1(Ge =130 + A2(0E — (s + LE(H = GT) ) Fpp o/ (v = 73)

2 S
- (L - 00 - et 16 - s =) (L

M>> ZPf,k32/(7123f —72)
(B.98)

Operator on ik:i)’éEM,

c*EMkl =+ (A1(Ear = €O + Ao(C(s + LE) = v3ar) (H = GT7)) Fpogaz/ (v = 7Ea)

( e C CO)C(s + £8) — ABar) + Ar(rhy — CO) <<z::7< - M)) Lz (Yo —Vonr)

( 1(VBar — €S)C + Aa(C(s + LE) — vEu) (H — Gfr)) Fpriaz/(Vbs — Yiar)

f
(A2< L = O)(cls + 6) — 7ur) + A (rag — 60 ( e M))pr,w/w%f—v%M>

(B.99)

Operator on ik%ikléEM,

c:]%;ng =+ (A1 (vEar — C)C + As(C(s + L&) = 43ar) (H = GT)) P /(43 — 7En)

+(a
(o

CO)C(s o+ EE) — 7B + Ar(y — CO) ( il M)) Lo 2] (Vs — 1orr)

’YEM ) + Aa(¢(s + f/é) - ’Y%JM)(H - Gfr)) FPf,k32/(’712>f - %ZEM)

O+ £E) — 7Bar) + Ar(hBay — CO) ( -

M> ) ZPf,k32/(7123f_71%3M)

(B.100)

le h11 CU1 hllzkléps + Clvglf’hlliklépf + Cg%}hlliklés + Cglj(/][ﬂlikléEM

+ Ch,, 1ikyik1iki G ps + Clh, giksiksiki G ps
+ Clpaikyikyiki Gpy + Clby siksiksikyGpy
+ C¥y yikyikyiky Gy + Clby, siksiksiki Gy

+C:éMk1ik1ik1ik1GuEM+ :éngikgik'gikléEM (B.101)
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For the operators on the shear terms in the hss source greens function, the double k terms
simply have to be switched, the rest stays the same.

Crol,h33 _ C}i’hllikléps n C}J)ljhniklépf n Cg%}huiklés n Cglj\’/][mihéEM
+ Clpy, sikiikiik1 G pg + Clbg, 1iksiksiky G ps
+ CVh sikiikiiki G pp + Cb iksiksikyGpy
+ Clvaikrikiiki Gy + Clhy, iksiksik Gsy

+ Clha sikikiiki G + Clhyy yikaiksikiGear  (B.102)

B.8 Particle velocity response to the electric dipole

This Green’s function gave erroneous modelling results, because it turned out an unex-
pected dominant SV-wave arrival. It requires a recalculation, starting from wave equation
B.6.

Fypnips = [ffspr(ﬁ;M — )+ (H — GI)(¢(s + LE) - 'Y%EM)U}
L 3 F SQCpElA}fyl%s .

2 : (= 1)CM712>37%M]

c—1 | 7. f B sn 32pf_ Ca
+¢t {ksp (Vi — €5) ( e M> + ( 2 C) (g(g+ Lé) fyzEM) n]
\2 3
[<(§pé —1)° ]5 T 242 (oM + pPH —2p/C) + (C? — HM)W%SV?EM] (B.103)

N — [l%spfc(ﬁm — () + (H — GI)(¢(s + LE) - V%M)n}

L s2CpP L2 .
sk S
#6710 (S - 0r) + P 0) (¢4 1)~ 2) |
EM Ckg Cg M
YAV $3
<(5p])«; D) st (oM + 0P H =20 C) + (€ - HM)ﬁ)ﬂ,%;M] (B.104)
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E

FEM,P — YEMPs (B.105)
TG (v = g (C? = HM)(Vp, — 73 5) (VB — Vi)
F
FEM7Pf _ YEMYPf (B106)

nGIT (Vg = V) (C? = HM) (v — b)) (Vbs = Vioar)

f]%M — A2 C 2 — —I—IAJA

s g —y S

Fpyn = P = C2 gM + APYEMQ C(2 é) (B.107)
77Gf’"§ Vs TEM Gf’f I's TEM

Frgr, = [ksp? C(Gs =3) + (H = &) (3% = (< + L]

L s2CpPlng, | oo
!d%sy’pfn - (T - DOMAEAG

ol 7o f . ﬂ_ 82pf _ B ~ A
¢! {ksﬂ (¢s = 75) (Cl%c M> (=0 (43 - ¢+ 1)) ?7]
!
[((gp}; - 1)831577 + 5293 (pM + pPH — 2p7C) + (C? — HM)%%W@] (B.108)

Fronps = [ksp! C(Gs = 23) + (H = GT) (33 = ¢(s + L)

20 BT 2
L s°Cp” Lyp -
C*I%53Pf77 - ff +(E - 1)CM7123f’Y§

e [rort =) (L - ar) 4 2 - 0) (33~ cleo+ 1)

+
ks s
(Pf)2 33077 2 2 E f 2 2 2
( oo 1) T Ves(pM + p”H = 2p'C) + (C° — HM)vpyvs|  (B.109)
F
Fsps = 15 e (B.110)
TG (Ve = V) (C? = HM)(Vh, — %) (Vhs — 73)
F.
Fs.py J5TE] (B.111)

— nGIT (v = ga)(C2 = HM)(vp, — b ) (Vp; — 73)
_ s TRM A5 —Cs O e+ 1€~

. . (B.112)
nGITE v — b GITE VE—VEu

sp'k [(5—1 C1)O2M 4 €7 (7’7 - M) (2 - HM)}
A= - She 1 (B.113)
nGIT(C? — HM) (v, — 'YPf)

[(1 _EYH — GITYOM — €1 (%@f . c) (2 - HM)}
B= (B.114)
GIT(C?* — HM)(vps — 7By)
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vl,J¢

Cg"' = (Fs,ps — Fs,py + Fs) (B.115)
o=t 1 (B.116)
S2 - GIr ’Y?@’ — '7]25]\/[ .
1,7¢
Conit = +(Fem,ps — Fem,pr + Fem) (B.117)
vige  CLs?p! 1
Cpamz = ~ap R (B.118)
1,J¢
Cpst = (Fempy + Fspp = vpp(A+ B)) (B.119)
Cpy”" = (vho(A+ B) — Fuaps — Fsps) (B.120)

Gt = O ihaiky Oy + Coh” ikyik Gy + Cob” ikyiki Gis + Cify iknika Car
O G+ O G (B121)

Gl = P ikyiksGpg + Oy ikiksGpyp + Coy” ikiiksGs + Cpiy ikiksGuy

(B.122)
B.9 Electric field response to the bulk force
_sMAp,C + (Ck - M) (sCypy — 8°pT) — Cs*p” (1 + %)
Fps = (L (B.123)
sGI™ (V& = viwr) (%%S - v%f) (C2— HM)
_sMp,C + (ﬁ - M) (sCvpy — s*pl) = Cs*p” <1 + %)
Fpy=CL (B.124)
SGI" (0% = k) (Vs = by ) (€2 = HM)
. .
6T (Mo, — 2P0 D) + (Cr, ) (- O)
Zps = CLsp’ (B.125)
GI" (V& = vEwm) (%2:5 - ﬁaf) (C2 - HM)
s2pf
(H =GP (sMay = %P (14 88)) 4 (sCv3, = 507 ) (321 =€)
Zps = CLsp’

GI" (4% = ) (7Be — 7hy) (€2~ HM)
(B.126)
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EL1,fl _ ~EL,f3 s%p — 7§Gf7" s%p — ’ngf’" Zps Zpy
Csy =Cyg = |Fpf—m—=5 —Fprs— 2 2 2 2 2
Tpr — Vs Tps — Vs Tps =75 Vpr — 75
(B.127)
ﬁstf
O L (B.128)
> GIT(v¢ = Vi)
E1f1 _ ~ELf3 _ G = s%p Veu G’ — 8 P Zps Zpf
Cean = Cpai Fpy =2 _ .2 Fps—=5 2 2 2 2
Tpf 7EM Tps 'YEM Tps —Tem  Tpf — TEM
(B.129)
f)s2pf
o7 A (B.130)
mai =GR~ )
2 2Afr 2 Afr 2
] G Zp G S Zp
CELIL _ ELS _ [Fps P2 Vs 2 \ Fp, JEM . P _Zps ]
— s Tps — Vs Tps — VEM Tps — TEM
(B.131)
CEV Z B = | Sp—sGTT  Zep o vuGT =S Zpy
Pf = —YPfT 5 2 2 2 FPfT o 9 T2 2
rf— 78 Ty — s T — VEM Ty — VEM
(B.132)

GELh CEl Mikyik G + CEl TGs + CE M1 YikyikiGpar + C’E ’fIGEM
+ Cgslf ikyik G ps + CPSJ mlllePf (B.133)

GETs = CEMYBikyiksGs + Oy ikniksGrn + Cha PikiiksGps + CEp PikyiksGpy
(B.134)
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B.10 Electric field response to the fluid force

C(sCyp, —s*p) + (7,1 - M) (sHyps — 5°p)

Fps = (L s e . (B.135)
sGIT ('Ys - 7EM) (’YPS - 7Pf) (C*— HM)
C(sCypy —s°p!) + (ﬂ — M) (sH%, — s3p)
~ k f
Fpp=CL — C; . . (B.136)
sGI™ (V& — vu) (’YPs - ’Ypf) (C*—HM)
2,f
. (H=GI") (sCvp, — $*pT) + (22~ — O) (sHA3, — s°p)
Zps = CLsp . 52 . 4; . i (B.137)
GIr (73 - VEM) (’YPS - 7Pf) (C*—HM)
2,f
. f(H—GfT) <SCVI23f—S3pf) —i—(sc’; -O) (SH’y]QDf—Sgp>
Zps = (Lsp 5 5 5 5 ; (B.138)
GI™ (V& — &) ('YPs - 7Pf> (C*—HM)
2 2mfr 2 2mfr
BLpf _ sp—5G s°p —15G Zp Zpy
Coi” = 2 _ .2 Fps — 2 _ .2 Fpf—— _S SRR R (B.139)
Tps — Vs Ty — Vs Tps — Vs  Tpr s
. 2 2Gfr
CEW —¢j 2P s B.140
e (B.140)
2 Gfr 2 2 Gfr _ g2 7 A
ngl\ﬂf = VEAQ/I 2 é pFPS - 7EA24 2 ° pFPf + 3 Ps2 ) sz (B.141)
Tps — TEM Tpr — TEM Yps = Tem  Tpf— TEM
2 fr _ o2
ElL,ff .2 'YEMG s°p
Ceniz = CLGfT(,Y% — (B.142)
2 20 fr 2 fr _ o2
ELpf _ sp—75G Zp Ve G — s Zp
Cps’ == et 55— I~ 55— (B143)
Tps — Vs Tps — 78 Tps — YEM Tps — TEM
2. 20 fr 2 fr_ 42
el sp—5G Zp Yeu G —sp Zp
CPff = T2 _S 7 Fpr— = _f 2 E]\24 2 Fpr+ — _f2 (B.144)
Ypr — s rf— s Ty — VEM r— TEMm

g ! Fo A f X fo fo
GELf _ CSI:JILf 1k1tk1Ggs + nglvf Gs + ngl\/jji ik1ik G + c{Ef]V; Gru
+ Cor ! ikyik Gps + OF P ikiikaGpy (B.145)
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< f f < f R Fo X fo X
GEVs = OEM ik iksGs + CEAY ikviksGaa + Cha? ikyiksGpy + Cp T ikyiksGpy

(B.146)
B.11 Electric field response to volume injection rate
FS,Ps =
(f,c <732pr7}2)S +s2CpP (1 + %)712;3) + (ﬁ - M) (—=s2pM~2, — (C? — HM)v% ~v2 + s2pf CH2,)
SGIT (12 = vhar) (VB —7y) (€2 = HM)
Fem,ps =
S (—s20/ Mo, + 52002 (14 203, ) + (G — M) (=s2pMrp, = (OF = HM)3 4Ey + 5207 O7)
SGI™ (0 = vur) (v = 7Bs) (C2 = HM)
(B.147)
Fspy =
cic (=s20/ Mgy +52CoP (Lt £y ) + (G = M) (=2pMABy = (02 = HMPR 2 + 5% O )
SGIT (0F =) (B, —vhy) (CF = HM)
(B.148)
Feym,pr =
Cf,C (—stfM'yI%f +s2CpF (1 + %)’ﬁgﬁ + (;il - M) (—stMWIQDf —(C? - HM)fy}%f'y%M + stfC'yIQDf>
SGI™ (v3 = vhar) (VR —73) (C? = HM)
(B.149)
Zs,ps =
. s
oot (H = GI™) (8207 MR, = $2CpP(14+ S£)93 ) + (525 = C) (M}, + (C2 = HM)yp o2 — 5207 Co3,)
sp
GI7 (0% = 7Bur) (v =7y ) (€2 = HM)
(B.150)
ZEM,Ps =
. o
ot ™) (=520 Mo, +2CoP (14 L0932} + (528 - ©) (=s2pM}, — (C? — HM)p v + 5207 C73,)
sp
GI7 (13 = var) (vBs = 7hy ) (€2 = HM)
(B.151)
Zs,pf =
. -
Chspt (H—G'm) (SQPfM"YIQ’f —s?CpP(1+ %M%) + (S{Z - C) (s2pM7} + (C% = HM)v} 7E — 520/ Cr3 )
sp
I (v =) (vBe By (C2 — HM)
(B.152)
ZEM,Pf =
. o
ot (H = GI7) (=s20I May +52CoP (14 EE)32 ) + (328 = ©) (=s2pMy — (C2 = HM)v} vhay + 5207 Coy)
sp

GIT (3 = v3u) (VB —73y) (C2 = HM)
(B.153)
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2. 2fr 2, A2 fr
E s*p —75G s*p —75G Zsp Zsp
CSLq: 2 S2 Fs.ps — 2 82 Fspyr+ — 52_ 2 f2
Tps —7s Tpr — Vs Tps — Vs  Vpf— s
LM s2p —~2GIT LsplC
: fr p2 752 o f’rC 2 g 2 (B.154)
sGI™ Y — Yo GI"(vs — vam)
2 fr_ o2 2 fr_ 42
Yem G —s7p YemG s°p ZpM,p ZEM,P
ngl\kq = EAQJ 2 Feum,ps — E]\24 2 Feavpy + 2 28 ) 2f
Tps — VEM Ty — VEM Tps —TeM  YPf — VEM
(LM 75 G = 5% (Lsp’C
GIr 2 2  GIT(A2 2 (B.155)
s Vs — VeEMm (Vs — VEum)
g SPp—7EGIT Zs,ps Ve GIT = s%p ZEM,Ps
Cps"=——% 2 1SPs T "5 2 = 2 2 EM,Ps — "5 2
Tps — s Tps — s Tps — VEM Tps — VEM
s
> Cke 2
(LS 42 (B.156)
$(Vps — 'Yj%f) °
2 2fr 2 fr_ &2
s°p —veG Zs.p YemG s°p ZEM,P
CEpt = "o Fypp+ oty + U " Clpn py + — g —
Tpr s Tpr s Tpr~ TEM Tpr ~ TEM
s
F (LS 43 (B.15T)
s(Vps — VPf)
éEl’q = Cgl’qiklés + ngl\fikléEM + Cgsl’qikléps + Cg}’qiklépf (B.158)

B.12 Electric field response to a shear strain

C(AMGT™2, — 452G pF (¢ + LE)) + (ﬁ - M) (4CGTTy2 — 4s?pfGIT
Fps = CL
SGIT (3 = 23ar) (Ve = 7s) (€2 = HM)

(B.159)

C(4MGfT'yI%f — 482GTT P (¢ + LE)) + (ﬁ - M) (4C'Gf7"'y]23f —4s2pfGIr

SGIT (73 = 13a) (Vs — 7y ) (€2 = HM)

A

Fpy = (L

(B.160)
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(H — GI7) (AMGTT~3, — 4s2GITpP (¢ + LE)) + (S?’f — C) (4CGTT2, — 4s?pf GIT

Zps = Ci/spf
GI™ (9% = Em) (71233 - '7123f> (C? — HM)
(B.161)
) — GI") (AMGTy}, — 45°GITpP (¢ + LE)) + ( (J) (4CGITE, — 4s?pf GIT
Zpy = (Lsp!
I (4% = 73ar) (Vs —73s) (C* — HM)

(B.162)

2 2~ fr fr
s7p —ve@G 52 2G Zp Zp
Cgll,hm _ PQ s  Fp,+ p2 s Fpi+ —5——— — / 5 (B.163)
Tps — s Tpf 75 Tps — Vs Tpy s
2 fr_ o2 Gfr 2 7
E1,h13 YeuG s°p Y s s2p P
Cpan ™ =25 ) Fps + 2 .2 Fpy—— )
Tps — TEM Tpr — TEM Tps — TEM
Z
L (B.164)
Ty — VEM
2. 2Afr 2 .2
s G Zp y s°p Zp
CELMS _ | P2 Vs S Fpe— T EM_ Dppg 4 51— (B.165)
'YPs — s Tps —7Vs  Tps — TEM Tps — VEM
fr 2 2
ELm3 _ 5 ,0 3G Zp v s2p Zp
Cpy" " = S Fpf+ — : 7~ 5 Fp— f2 (B.166)
Vpr = V3 Tpy — s TPy~ TEM Tpr — YEM
Lsof
0521,1113 _ 2( sz (B.167)
Vs —VEMm
Lsof
C}g}\g:’, _ 2C 592 (B.168)
Vs — TEM

GEvhe = L3k ik iksGs + Oy " Piks G+ Oy PikikiiksG par+ Cpyo iksGan
+ Cp M ikyikyiksGps + Cpp " PikyikyiksGpy  (B.169)
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B.13 Electric field response to a tensile strain source

CL 1

A=
GI™ (V& = Voar) (Vs — 1B )(C? — HM)

PN

&L
T)KG’YI%'S - MKG’V%'V}%’S)/(’YI%S - 7%')

(B.170)

Fsps = A(=Cs’plyp, + CPrp g + s°p" (1 +

Zs,ps = A(=Cs’pypy + CHYD 7S + 5°0' Kavpy — CKavanhs)/ (vhs — %) (B.ITL)

5
Fpa,ps = A(—Cs*plvpy + C2vp vpar + 5207 (1 f)Kmps MEcVinves) ! (Vps — Yiar)

(B.172)

Zpm,ps = A(—Cs*pypy + CHYD BN + 520" Kavbs — CEcYiMPs)/ (Vhs — Vo)
(B.173)

A A

L
Fspy=A(=Cs°plvp; + C*yp e + 570" (1 + ?)KG’K% - MKavévps)/ (Vb — 73)
(B.174)

Zs,py = A(=Cs’pvpp + CHYp V% + s°0T Kave — CKavévpy)/(vpy —78)  (B.175)

éL
Fgypp = A(=Cs*p/ ’YPf +C? ’YPf’YEM + 2P (1 + T)KG’Yz%f - MKG’YJ%JM’Y%f)/(’Y}ZDf — V)
(B.176)

Zonps = A(=Cs’pvhy + CHYBpviar + 52T Kavby — CKavEuvps)/ (Vbs — Viur)
(B.177)

2 A2 Gfr

Vp, = DEa =~ 0807 [—0371%8 + CMKarp, + (;: - M ) (~CHp, + CKG%?DS)]
S

(B.178)

S

2 2\ S
Ypy = (Vem —735) A {_03%23]( + C’MKGm%f 4 ((: — M) (—CH’y]%f + C’KG'yl%f)]
S
(B.179)
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Operator on ik; G ps,

) 2 Gf'r 2
CELML _ (’YEMSPC + sp! (H — Gf’“)> Fem,ps
S

2, _~2qfr
_ (S'OZSGC — sp! (H — Gfr)> Fs ps

3¢ F\2 2. 20 fr
+<Hp>_gﬁ_8ﬂ7ﬁ’<%_wo>@ﬁ
Cs s Cks
30,12 2 fr_ g2
- (S a4 M ETEIE () ) g Y
Cs s Cks

Operator on épf (equal to the negative of the G ps operator, and all v, replaced by %%f)v

‘ 2 Gfr _ 82
C}g},hn,w S <’VEMSPC + spl (H — Gf’")> Feypy
2 QGfr

+ (S'OZSC — spl (H — Gfr)> Fs py

3¢ .F\2 2. ZGfT
_ <S('0)—Cspf_ SP—sY < 51 —M)) Zs,pf

¢s s Chs

$*(p!)? VEm G —s%p [ sn

S\ ogpf £ JEMET TSP ST ) ~Y,
+ e sp’ + . Che EM.Pf — LPf

Operators on G,

N 2, _~2GTT
05‘1171111,33:_’_(8/)39C_Spf(H—GfT)> Fs ps
3¢ .F\2 2, _ ~20fr
(B EmRE (51)) g,

Cs S Cks
2, ~2GTT
(B e - ) Ry
s°(p/)? s°p —18GT" ( sn
n _Csf_S<A —M)>Z
(S&-cw s \dhe o

| R
CELA1L33 ¢L C(s*p —2GI") — pf[H; H — 2G'7])  (B.180
52 sGI™ (V¢ = viar) ( (5% =15G) = 57 [ }) ( )
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Operator on ik1G g,

2 fr _ &2
Yo, G s°p
0511\41;11 ;33 -4 <EMSC 4 Spf(H — Gfr)> Fewm,ps

83 f\2 GfT_SQ S
+<<p> o mEMSp(zv M))ZEM,PS

Cks
P fr

< C+sp/(H-G )> Fenpy
3(p)? / ’YEMG”—SP< | )>

—Csp/ + EM—— = M) )Z

( . ic EM,Pf
CELMIZS ¢L (C(’y,%;MGf’" — 8%p) + s%p! [H; H — 2Gf7"}) (B.181)

EM?2 SGfT(’ygv _ ’Y%M) )
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Operators on triple spatial derivatives of all greens functions,

4 ‘L 4
Fpop = AMGT 29p, = 5%p"(1 4 i)Gf"B)
‘L 2 2
Fpsys = A(s°p"(1+ i)Gﬂg + K= MG 20,
4 L 4
Fppgm = AMG onpy — 5% (1 + i)Gf’"3)
£L

2 2
Fppgs = A(s*p"(1+ 22)GT S + kY = MGT" 2ohy)

<
frd o 2 foprd

Zpsj1 = A(CGT 57ps — s°p' GU7 )
2 foufr? w2 o

Zpsks = A(s"p’ G 3 CG g’YPs)

4 4
Zppm = A(CGT 29p; = 1 GT73)

2 2
Zppws = Al GIS = CGIT o))

Operator on k3G ps,

2 fr_ o2
E1,h11 You G sp Fpg i
C ——( f(H—GfT)>2_52
Yps — VEM

(203G iy Frain
S 72 _,.YZ
Ps S

+<W—Cspf—82’0_’ﬁq(;ﬁ<8n _M)>ZPs,k1
N s\ )b

(B gy O (1))
G s Cks
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(B.183)

(B.184)

(B.185)

(B.186)

(B.187)

(B.188)

(B.189)

_ Zpsk1
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Yps — YEM



Operator on ik‘%ikléps,

2 Gl — s )
Cf]};hél - _ (MC +spf (H — Gf?“)) %
k —
S Tps — VEM

2. 2Gfr F
_ <S P o sp! (H — GfT)> — Ps’k32
S Tps — Vs

3(,F\2 2, _~2GTT VA
+<S () syl - EPT8 <8}7 _M>> Zpsis
<§ $ Ck§ Tps — Vs

SO o f o MG = (s Zps 3
- —Cspi 7~ 22
s $ Cks Yps — VEM

Operator on ik%épf7

2y Gl — 8 )
cf];}h}ll — (’VEMSPC +spf (H - Gfr)> . vak12
k —
S Yy — VEM

2 ZGfr F
+(Sp s C'—Spf(H—Gfr)>2sz
s TPy~ s

. <s3(pf)2 syl - s’p —2GI" < sn M>> Zpy 1
¢s s Cks Vb — V3

N <S3(Pf>2 _ospl + Teu G’ — 5% < N _ M>> ZpfkL
(s s Cks Vi~ Vium
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Operator on ikzgiklépf,

E1,h11
C ) —

2 fr _ o2
v, G s%p Fpyis
ohs =+ (MSC+spf(H—Gfr)> _~PhkS

2 2
Tpr ~ TEM

2 20 fr

s G F

+ (wc_ spf(H—Gfr)> %
s Ypr — s

30.f\2 2. 2Gfr VA
_<8 (') _Cspf_w<337_M>>m
s s Cks Tpr — s

N (s3(pf)2 _CsprrM < il _M>> _Zptks
¢S $ Cks Vor = Vem

Operator on ik:i”é’g,

E1,h11
2, _~2qfr F
+ (wc spl (H - Gfr)> Froin_
S Tps — Vs
(B gy 2RO () Fran
(s s Cks Vhs — Vo

2, _~2G7T F
_ (wc —spl (H — GfT)) i
s Ypr — s

s3(pf)? ;s —EGIT sy Zpf K1
s s Cks Tpr — s
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Operator on ik3ik; Gs,

ELh11 _
C*SVk?) -
2, ~2qir F
+ (wc —sp (H — Gﬁ)) B
S Tps — s
3(,)2 2, _~2@Ir A
_ (W_cSpf_w(Sﬁ _M>>2Ma2
Cs s Cks Tps — Vs

2, _~2GTT F
B (wc o Gf”)> Lpris
s Ypr — s

(EE gy o= AG (1) T
Cs s Cks ’Y}Zaf_Vg‘

Operator on iki”éEM,

E1,h11
C*EMkl -

2 Gfr *82 F
+ <Wf’g+8pf(H— Gfr)> %
S Tps — VEM

30 .F\2 2 qfr — g2 Z
s s 5
+ (W—Csprrwp <37—M>> e
Cs s Cks Tps — TEM

2 Gfr_ 2 F
_ <Mc+gpf(H— Gfr)> %
s Tpy — VEM

SN o p ., YEMGT = (s 2Pl
- e spl+———— | = — 2 2
< s Cks TP — VEM
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Operator on ik‘%ikléEM,

E1,h11 _
C*EMkz =

2 GIT— g2 F
N <Wf’g+8pf(H_ Gfr)> _Fraks
S Yps — VEM

3(,f)\2 2 Gf'r 2

s s s Z

( 2] —Csp! TYEMm P < i —M>) ; Ps,kzg
€9 s Cks Tps — TEM

Fpys

_ <7125MGfT —5°p
S

C +sp! (H - GfT)> o ——
pf— TEM

s3(p/)? Conf Ve GIT — s%p (s Iy Zptis
B e el G o
S s Cks Tpr — TEMm

GELIL _ gBLML e Gy Cg}’hllikqépf + OBk G 1 CELMY i Gy
+ CEL, yikyikyik G ps + OB, giksiksiki G py
+ ijil’fkliklikflikléPf + Cfﬁfkgikgikgiklépf
+ CEYy yikyikiiki Gy + CLy giksiksiki Gy

+ C*EElelikliklikléEM + C*EElegik?,ikSikléEM

For the operators on the shear terms in the hss source greens function, the double k terms
simply have to be switched, the rest stays the same.

GELMSS = CE M ik Gpy + CE M ik Gpp + Cop" ik Gs + CE ik G
+ CE, sikiikiikiG ps + OB, yiksiksiki G ps
+ CEB; sikiikyik1 G py + CLBy, yiksiksiki Gpy
+ CEYy sikyikiiky Gy + CLy, yiksiksiki Gy

+ CEy, sikiikiiki Gpag + CEgyp iksiksiki G
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B.14 Electric field response to an electric dipole

. (L 1
GI™ (V& = voar) (s — 1p)(C? — HM)
2 20 fr
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B = 2217

S

Bss = Bey = sp’

B _ V%MGfr - S2p
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3. f 2fM+ C];‘
S S S
e N il / by — CMyp e + >

Fsps =
S,P é_k é_ é.
‘L
s2C0pF (1 + i)) + M pf
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o $2pM + snH/k MH
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(s°p)*  25°/C , C? 5 5 ( Sl
+ — — ~ s+ —=7ps75)A — — M)Bg —
é é TP ¢ VPsV5) (Ckg )Bs1 — (

+

£L)

s3pin N s2pI M + snC/k

s2p/

Fspf=(——%= Vpr — CMyp % +
f éh 3 Pf PfYS

s2CpP (14 >=2) + s2Mp/ c

£

S>

§

3 2 7
s s“pM + snH/k MH
- ézn + & éc L / ’7]23f A 7]23]”7,%‘

§
(s*p!)? _ 25°p/C c?
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sm 5%p
n oy + St (L - anBs - (°

§ § § Che
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Vbr + ——p15)A(CBs1 — (H — G)Bgy)

(B.190)

(B.191)

(B.192)

(B.193)
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AA

§L)

. 4 E §L)\
s3pf s?pf M + snC/k s'pr(1+ )p
Feum,ps = (— Py 2r il / Vps — CM~p VoM + .
&k 3 §
‘],
s2CpF (1 + 67)) + s2Mp/
- g Vbs + ¢ Vb v2)A(CBpa + (H — G)Bgas)
son | $*pM +snH/k o,  MH , ,
+ (=== + z Vps — — 7 VPsYEM
§k § 3
(s*p7)*  28%fC , C?, ( 81 s2p! )
G 2 e O 2 A (- M)Bean + (2~ 0)B
: : P z YpsVEM) (Ck:g )BEM1 + ( c )BEM?2
. 4B £L) ¥
Feupr=(——F—+ / Vb5 — CMAp i + >
£k 3 3
‘],
SQCpE(l%—L))—FSQMpf M
- g Vor + ¢ Vb 78)A (CBpyt + (H — G)Bear)
son | $*pM +snH/k o,  MH ,
t(=— + : Tpf— —z TPfVEM
Ek ¢ e
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F F, C
Cgll"]e S Lt N X - Y (s?p — 3G — spf )M (B.195)

Vbs =5 By~ M
Cg "1 =Y (s°p —13G7 T)% — Vs (p)? (B.196)
Feum,ps Feupyr C
chuTe — : : — Y (72, Gl = $*p+ spf = )M (B.197)
B =B VR M M
Craiy'* = +Y (hu G = %) + V() (B.198)
Bl e _ Fg ps Fewm,ps An2 C2ME — C2M (Vi —v2)GI"
pPs T T2 _ .27 2 _ .2 TPs ¢ s
Tps —7Vs  Tps — TEM
Vo r————(— — .
PIe ke s
CFlLJe _ Fspy Feu,py An2 C2ME — CPM (v —73)GTT
Pf T2 _ 2 2 _.2_ APy ¢ s
Tpr — Vs ey~ VEM
MH —C? sn (Vi —18)G"
e ! EM s B.200
Pr ¢ (Ckg ) S ( )

GBI = CfM kb Gy + CLy "1 Gy + Cpap ikiiki G
+ ngl\/éleGEM + Cgsl’]eik‘lik‘léps + Cg}’Jeikliklépf (B.201)

GEIs = CE ik iksGsy + CpypyikniksGuar + Cpy ' CikiiksGps+ CE 7 ikyiksGpy
(B.202)
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Appendix C

Derivation of the interferometry
relation

C.1 Derivation of the first order differential matrix equation
for the 2D P-SV-TM mode

In this Appendix the first order equations will be written in the following general form of
a matrix vector differential equation,

S/L'jﬁj + Bij’llj + CikD%kjﬁj = §z (Cl)

First of all, the grouped medium parameters are substituted back into the first order basic
equations, described in Chapter 1. Now, unfortunately it is not possible to substitute
the filtration velocity term in Maxwell’s equations by the fluid phase equations of motion,
which would eliminate the latter. This would be possible for SH-TE mode, but in this case
there is another coupling to the P wave, via the filtration velocity. Therefore we would
have to substitute for the filtration velocity also in the deformation equations, as well as
the solid phase equations of motion, which would result in second order equations, which
is not wanted for this purpose.

¢ = 0°4 se— ﬁf (C.2
¢ = 6™+su (C.3)
£ = nlL/k (C.

The first order system of equations for the 2D P-SV-TM mode,
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~ ~ L ~ L ~ ~
seBy + 6% — %OLOEl + %wl Y OsHy = —Jt,

~ ~ L ~ L N ~
seBs 4+ 6°Eg — %,CQE;), + 7]]%0 b3 — O Hy = —J§,
sy + 6™ Hy + 036, — 1By = —J",

spby + sp Dy — 01 — Bsm1 = fu,

spig + sp iy — Oymz3 — Oims1 = f,

—s711 + 511110101 + S11330303 + C (01101 + F3W3) Stithit + Siisshss + €4,
—5733 + 533330303 + 533110101 + C (0101 + F33) Sss33has + Sazi1hin + C4,
—5731 + Sa131 (D103 + D301) = 2S3131ha1,
spoy — %E1 + %1@1 +01p = fl(f)v

spDpg — %ﬁﬁg + %wg vosp = fO,

sp+C (81@1 + 83173) + M (811@1 -+ 831?)3) = C (iLll + /A133> + Mg,

N
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Q
=
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Il

(Kg + %G(fr))illl + (Kg — %G(ﬁ))ﬁgg +Cq
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7
féf)
C <iL11 + 333> + Mq
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(Kg + 3GUM)hyy + (K — 2GUM)hgs + O (C.7)
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The stiffness tensor parameters of the porous solid, S;jx;, are substituted for and matrix

C is written as follows,
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0 0 0 O

0
0
0
0

0
0
0
0
0

10 000
01000
001 0O
00010
0 00 01

0 00 O

0 0 0 O

0 00 O

el

0
0
0

00000 K+4G/3 K—2G/
00000 K-—2G/3 K+4G/
C

00 00O
0 00O0O
0 00 0O
0 00O0O

0 1.0 O

ct=

1 0 0 0 0

01 00O
00100
0 001O0
0 00 01

0
0

0
0

0
0

M(2G—-3K)+3C?
G—l

IG(BCT—M(G+3K))

3C2—M(3K+4G)
4G(3C?—M(G+3K))

000O0O0
00000
00000
00000
0 000O0
00000

3C

6C2—M(2G+6K)
3C

6C2—M (2G+6K)

3C2—M(3K+4G)
4G(3C?—M(G+3K))

3K)+3C?
4G(3C?2-M(G+3K))

M(2G—

0

00

o

0
3C
6C2—M(2G+6K)

3K+G
3CT—M(G+3K)

3C
6C2—M(2G+6K)

o

o

(C.12)

(C.13)

-0

03

0
0

0
0

0 O 0 03

0

0

0

2

03

o 0 0

03

2
0 0

03

0
2

0

0

(C.14)

(C.15)

C'A=4+4
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ClA=A=
e 00 0 0 0 0 0 0 0 0 |
0 0 O 0 0 0 0 0 0 0
0 0 p O 0 0 0 0 0 0 0
000 p O 0 0 0 p 0 0
000 0 p 0 0 0o 0 p¥ 0
3C%2-M(3K+4G) M(2G—-3K)+3C? 3C
000 0 0 1G(3C?—M(G+3K))  4G(3C?2—M(G+3K)) 0 0 0 6C2—M(2G+6K)
000 0 0 - M(2G—3K)+3C? 3C%2—M(3K+4G) 0 0 0 3C
4G(BCT—M(G+3K))  4G(3C2—M(G+3K)) 6C2—M(2G+6K)
0 00 O 0 0 0 G 0 0 0
000 p) 0 0 0 0 0 0 0
000 0 p¥ 0 0 0 0 0 0
3C 3C 3K+G
i 000 0 0 6C2—M (2G+6K) 6C2—M (2G+6K) 0 0 0 _SCQfM?rG+3K) ]
(C.16)
Cl5=5+#5 (C.17)
5= (C.18)
_ i ;
—J3
—Jy"
h
I3 )
—6MG((K+3G)hu+(K—2@)hs3+Cq) | 3C2(hii+hss+ )
4G(3C?2-M(G+3K)) _ 6C2—M (2G+6K) (C.19)
—6MG(K+4G)h11+(K—2G)hss+Cq) | 3C?(h11+hss+24q)
4G(3C?—M(G+3K)) _ 6C2— M (2G+6K)
F(f)
1
Aéf)
6CGh11—8CGhs3+(6C%—6KM—2GM)§
L 6C2— M(2G16K) i
Which is simplified by substituting S = K — %G — %2 and Ko = 5+ 2G,
Cl5=5+435 (C.20)
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I

(C.21)

s
Kchi14+Shss
2(Kc—G) (C.22)
Kchi14+Shss
2(Kg—G)
2h31
A(f)

1
#(f)
~ 3 ~
4Gh33—3Gh11

M (Ko+S)

+q

The inverse of C is applied to the entire equation C.1, resulting in the following vectorial
first order differential equation, which represents the entire 2D P-SV-TM system,

8121@']'@]' + Bijﬂj + Dx7kjﬂj =35 (C.23)

C.2 Derivation of reciprocity theorem of the correlation type

Now that the first order basic equations describing the P-SV-TM mode of the seismoelectric
system in 2D have been put in the system matrix form, we can easily manipulate it into
a reciprocity theorem of the correlation type [15]. Two independent physical states ua
and up are defined in the same domain D, enclosed by boundary, 0D. The ’x’ indicates
conjugation, meaning that all fields in state A are time reversed. For each state the location
of the source as well as the location where the generated field is measured can be defined
independently, as well as their own unique system matrix A and loss term matrix B.
However, we assume here that the two different fields affect the same domain, therefore
A and B are equal for both states. Another relevant assumption is that the flow velocity
of the medium is zero for both states. The interaction of the power spectrum of these
two fields can be quantified by a so-called interaction quantity of the form: D, ;4% ,ip ;
(for more details on interaction quantities, refer to Hoop et al. 1988 [4]). This interaction
quantity represents the variation of the cross-correlation or power spectrum of the two field
states in space. In [15], Gauss’ divergence theorem is applied to this interaction quantity
by integrating it over the domain and transforming part of the volume integral into a
boundary integral. The latter action is possible due to the spatial derivatives contained in
D, ;. The resulting reciprocity theorem of the correlation type in 2D is as follows,

/ alsp + 8hip = —7{ W Nyapds +/ 'y (B + BYipdx (C.24)
D oD D

We adjust equation C.24 such that we can represent all 11 different wave fields as a Greens
function generated by any of the 11 sources. To establish this, the source vector is re-
placed by a diagonal matrix containing spatial Dirac delta functions in the place of every
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source function §. Consequently, the field vector @ has to be replaced by an 11x11 - ma-
trix, containing 121 Greens function representations of all possible field response-source
combinations, which is as follows,

f

f

éEl,Jf éEl,.lg éEl,ng GE1.f1 GE1.f3 GE1,CH1 GE1,CH1 GE1.2h31 éEl’fl C';'Elvfg GE1.Cq
GEs. I ¢PBsJs gBs.Jyt GEs.fi GFEs.fs  GE3,CH1  3E3,CH1  (E3,2h3 QESvf{ @Es’f:{ GE3.Ca
GH2.J9§{ GH2,J§ GH2,J3" GH2,f1 GH2,f3 GH2,CH1 GH2,CH1 GH2,2h31 C";Hz,flf @szfg GH2,Cq
Gvi IS avi IS auidd @vidi @vilfs @ui.CHL  aui CHL  goizhar  gvnf]  gvnf] geird
avs-JIy Gvsi IS Gvs-J3"t Gvs.fi Gvssf3 Gvs,CH1 Gvs,CH1 Gvss2h3y G’Ug,flf G’U3,f3f Gv3.Cq
G=| gruiJf gmd§S gri Y aminfi @i fs grin.CHU o gmi1,CHL a7i1,2ha G“"ll’flf Gfllvf:{ GT11.Ca
Gmss I GTssJS G7ss Iyt GTasofi G7ssf3 G733.CHLl  (5733,CHL  (5733,2h31 é"SSvf‘lf G"rss,,f{ G733:Ca
Gt gmsJs GgTandyt Gmaifi gTsiifs GTs1.CHL o G731,.CH1  (3731.2h31 G731vf1f G”T31’f:{ G731,Ca
awi-Jy awi.J§ awi-J3" Gwi,f1 Gwi,f3 Gwy,CH1 Gwy,CH1 Gwi,2h3 Gwl,flf éwl,féc Gw1,.Cq
G"‘US:Jle C;“’3'J§ éw?,,Jé" Gws,f1 Gws\f3 Gws,CH1 Gws,CH1 Gws,2h31 éwgyf{ éwg,f:{ Gws Ca
Gp.Jf Gp,]§ ép,Jg"’ apif1 Gapif3 Gp,CH1 Gp.CH1 Gpi2h3t G.p,flf Gp,fgf ap.Ca
(C.25)

Each unique element of this matrix function is a Greens function representation of a com-
bination of a certain field and the source generating it. The substitution of this matrix into
C.24 and some rewritings, turns the reciprocity theorem into the following matrix function,

/ Gl Clopas = — 7{ Gy o NoClL i+ / Gopa(B+ BYGL, dPx (C.26)
D oD D

Matrix N, contains the components of the normal vector of the boundary of the domain.
It has to work on the field vector in parallel with the D, matrix, therefore it is equal to
D, where 0 is changed to n,

0 0 mn3 0 0 0 0 0 0 0 O
0 0 - 0 0 0 0 0 0 0 O
ng -ny 0 0 0 0 0O 0O 0O 0 0
0 0 0 0 0 n 0 ng 0 0 O
0 0 0 0 0 0 ngn 0 0 O
N, = 0O 0 0 m 0 0 0 0 0 0 0| (C27)
0O 0 0 0 mng O 0 0 0 0 O
0 0 0 mgm O 0 0O 0O 0 O
O 0 0 0 0 0 0 0 0 0 m
0O 0 0 0 0 0 0 0 0 0 ng
0O 0 0 0 0 0 0 0 n ng O

For the domain integral we the matrix summation B + BT needs to be defined,
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B+B' =

We select one el

2R (5 — 1) 0 0 00000 2% o0
0 WME-22) 0 00000 0 2L
0 0 2RG™) 0 0 0 0 0 0 0
0 0 0 00000 0 0
0 0 0 00000 0 0
0 0 0 00000 0 0
0 0 0 00000 0 0
0 0 0 00000 0 0

—2iS (1L 0 0 0000 0 2R 0
0 —2i(%) 0 00000 0 2R(2)
0 0 0 00000 0 0

ement from this representation in order to find an expression which can be

modelled. The selected element for this experiment is the Green’s function which relates
the x1 component of the causal electric field response at x; due to a 7 directed impulse
force on the bulk at z,. Selecting this specific element from the causal Green’s function
(state B), yields the following interferometric relation,

GEVIN(zg, T4, w) + G (T g, T, w)

*Ul,Jén El,Jf *v1,J§" El,J§ *Ul,Jf El,Jgn *v1,J§ El,Jén
Ta GQ_/’B - ani‘A Gi‘B + nngA Gi‘B — N1 TA GjB

O O O O oo oo oo o O

(C.28)

CH1 ~F 2h: E CH1 ~FE 2h F1,f- FE1,CH1
_i_an;l;h Gjé’fl—f-ngG;Zl’ JlGi;’fl—i—ngG;Zl’ Gj;’ﬁ—l—an;—;Zh BlGj;’fd—i-an;Zl’flG 1,

f
*v1,f3 ~E1,CH1 *v1,f1 ~E1,2h31 *v1, f3 ~E1,2h31 xv1,0q ~E1.f

_l’_

4 2R(6° —

Cq~Erf] w1, f{ By ,C s, f] VE1L.Cq 1o

1.2 e e L. wwi ) e
+ /D 2R(6¢ — ’7]% )G gl —1—22'%(77]% eMiiteiai

_i/2 * € € _Z; * f e m m
”ic GG 2@%(”1% )Gl GEL ooyt G R

ZA ZA TaA

_Z‘J v €
_ m("k )G ighy

TB

f f f
f1 + 2?}%(%)G;:f1 GEE;fl

L v e ! i ff !
- 2&(771% )G ghuss +23%(%)Gf;f3 GE s az? (C.29)
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Appendix D

Medium parameters

For further details on these medium parameters, the reader is referred to Pride [7].

Table D.1: Overview of the relevant medium parameters for the homogeneous medium. Note

that for the slow P- and TM- wave speeds the lower and upper frequency limit is given.

’ Property Unit Value Medium Dimension ‘
Porosity o 0.3 [—]
Pore fluid density Py 1.0-10% [kg m~3]
Solid density Ps 2.7-103 [kg m~3]
Shear modulus framework of grains GY" 9.0 - 10° [Pa]
Pore fluid viscosity 7 1.0-1073 [kg m~! s71]
Static permeability ko 1.3-10712 [m?]
Static electrokinetic coupling Lo 1.048 - 1078 [m? s~ V7
Tortuosity ar 3.0 -]
Relative perm. of the (pore) fluid ¢ 80 -]
Relative perm. of the solid €s 4 -]
Bulk electric conductivity o° 9.3-1077 [S m™]
Magnetic permeability 1 1.256 - 1076 [NA—2|
Fast P-wave speed vps  3.122-10° [m s™1]
Slow P-wave speed vps  1.636 —8.149 - 10! [m s™!]
SV-wave speed vey  2.027-103 [m s71]
EM-wave speed vey  7.257-10° —4.104- 107  [m s7!
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