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Chapter 1

Introduction

1.1 Historical overview of coupled elastic waves and
electromagnetic fields in porous media

In the field of global geophysics, seismology is the most important tool for imaging
the Earth, which makes use of the mechanical waves that are generated due to nat-
ural hazards like earthquakes. Also in the field of applied geophysics, which is con-
cerned with shallower subsurface imaging and characterization using data measured
at or below the Earth’s surface, seismic imaging plays the key role in exploration.
Increasing societal challenges such as environmental issues or the quest for natural
resources have sparked the continuous search for improved imaging and character-
ization techniques. Besides seismic waves, other types of physical phenomena are
therefore increasingly being exploited for geophysical purposes, both for global scale
and exploration scale purposes. Examples are electromagnetic methods like Induced
Polarization (IP) (e.g. Marshall & Madden (1959); Oldenburg & Li (1994); Revil
& Florsch (2010), MagnetoTelluric (MT) methods Cagniard (1953); Vozoff (1972);
Colombo & De Stefano (2007); Carbajal et al. (2012)), Ground-Penetrating Radar
(GPR) (e.g. Sambuelli et al. (1999); Guha et al. (2005); Kruse et al. (2006); Feld &
Slob (2014)) and Controlled Source Electromagnetics (CSEM) (e.g. Chave & Cox
(1982); Eidesmo et al. (2002); Constable (2010); Hunziker et al. (2011); Colombo
et al. (2013); Hunziker et al. (2014)). Furthermore, even within seismic wave stud-
ies, different approaches exist as well. Classically, only acoustic waves were being
used. In addition, elastodynamic systems are used to describe the pressure and shear
wave propagation. More complex systems are being studied increasingly as well, like
viscoelastic and poroelastic wave propagation (e.g. Carcione et al. (2010); Rubino
et al. (2015)). There have also been studies focusing on interactions between mechan-
ical wavefields and electromagnetic fields. Currently, we know two types of seismo-
electromagnetic effects. In 1936, Thompson (1936) showed that an electric field
change can occur associated to elastodynamic waves, since the mechanical disturb-
ances change the local resistivity of the medium. He demonstrated this using a setup
that actively generates a constant current between two electrodes and that measures
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the potential difference. While measuring, an elastodynamic wave propagates in the
medium, passing by the electrodes and creating a change in potential difference.
Thompson (1936) suggested that these measurements could be used to distinguish
the propagation direction of different arrivals (for example horizontal versus vertical
propagation). The second type of seismo-electromagnetic effect was first described
by Ivanov (1940), who discusses the coupling between mechanical waves and fully
coupled electromagnetic fields, where the electric and magnetic fields are influencing
each other. This is the type of seismo-electromagnetic (seismo-EM) phenomenon
that we investigate in this thesis. A theory for wave propagation of electrokin-
etic phenomena in fluid-saturated porous media was developed by Frenkel (1944),
in which he predicted the slow compressional wave and the seismo-electromagnetic
effect. He made a marginal error in the development of the Biot-Gassmann con-
stants and also only considered the electric effect and not the full Maxwell equations
(Pride & Garambois, 2005). Martner and Sparks reported in 1959 that an elec-
tric potential difference generated by seismic wave propagation in the subsurface
could be detected by electrode pairs (Martner & Sparks, 1959). A set of equations
was presented by Neev & Yeats (1989), in an attempt to extend Biot’s theory to
include the electrokinetic effects associated with the flow of fluid in poroelastic me-
dia. The theory was restricted to the resistive (low-frequency) domain in both fluid
flow and electrical conduction. The Onsager reciprocity conditions enabled ther-
modynamic consistency. They did not use the Maxwell equations and also did not
include the frequency-dependence of the transport equations. Using the principle of
volume-averaging, Pride (1994) derived a set of governing equations describing the
seismo-electromagnetic system in fully-saturated porous media, by coupling Biot’s
poroelasticity equations to the full Maxwell electromagnetic equations. This boosted
the geophysical research on seismo-electromagnetic phenomena. Several theoretical
developments and numerical modeling experiments (e.g.Haartsen & Pride (1997);
Haines & Pride (2006); Garambois & Dietrich (2002); Haines (2004); Haines & Pride
(2006); Revil et al. (2007); Zyserman et al. (2010); Sava & Revil (2012); Grobbe &
Slob (2013); Kroger et al. (2014); Grobbe et al. (2014, 2016a); Revil et al. (2015);
Grobbe & Slob (2016)), as well as field tests (e.g. Butler et al. (1996); Thompson
et al. (2007); Dupuis et al. (2007); Dean & Dupuis (2011a); Dean et al. (2012)) have
been carried out in attempts to better understand this complex physical phenomenon
and to develop applications for the geophysical community. Starting from the ba-
sic governing equations derived by Pride (1994), Haartsen & Pride (1997) derived
a set of eigenvectors for modeling seismo-electromagnetic wavefields in horizontally
layered, radially symmetric (1D), fluid-saturated porous media. To model 2D and
3D media, finite-difference (e.g. Haines & Pride (2006)) and finite-element schemes
(Zyserman et al., 2010) have been developed. Recently, Warden et al. (2013) have ex-
tended the theory to deal with partially-saturated media as well. Revil and coauthors
have developed and tested an alternative formulation of the seismo-electromagnetic
theory (e.g. Revil et al. (2003); Jardani et al. (2010); Revil et al. (2015)). In the
seismo-electromagnetic theory of Pride (1994), full coupling between the electric
and magnetic fields is considered, whereas Revil and coauthors make use of the well-
known quasi-static approach for electromagnetic fields, which exploits the fact that
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at low frequency (which seems to be applicable to the seismo-electromagnetic effect
where seismic frequencies are considered), the electric and magnetic parts are not
coupled. Hence, the curl-free electric field can be written as minus the gradient of an
electrical potential. Since seismo-electromagnetic phenomena are sensitive to a large
number of parameters, such a simpler representation of the system might be benefi-
cial for both our understanding of the phenomenon as well as for further developing
the technique towards imaging and inversion (e.g. Jardani et al. (2010); Mahardika
et al. (2012); Sava & Revil (2012); Revil et al. (2015)). However, for this approxim-
ation, a frequency-limit holds that depends on the measurement configuration and
the target depth. In seismo-electromagnetic phenomena, the actual coupling occurs
in transport equations that are constituents of Biot’s equations and Maxwell’s equa-
tions. Different assumptions can be made regarding the physical mechanisms that
underly the model. These assumptions have their effect on the actual model para-
meters. In the theory as presented by Pride (1994), and as adopted in our paper,
he assumes that no wave induced diffusion effects occur, that there are no chemical
gradients present (meaning that there are no free charges induced on the surfaces
of the grains), that there is no wave scattering at the scale of the grains, that there
are no piezoelectric or other anisotropic effects occurring and that the disturbances
that happen in the medium only have linear effects. Furthermore, the pore fluids
are assumed to be ideal electrolytes. It is important to realize that these postulates
that Pride (1994) states, affecting the dynamic coupling coefficient and permeability
as well as the electrical conductivity, are not per definition the correct ones. Revil &
Mahardika (2013) present an elegant alternative using other assumptions. This res-
ults in theoretical complex conductivity expressions that agree with experimentally
observed quadrature conductivities. Their formulation enables the investigation of
seismo-electromagnetic effects (so in this case no quasi-static approach is used) in
unsaturated porous media. Recently, Jardani & Revil (2015) extended the theory for
full coupling in two-phase flow media. For the purpose of this thesis, we desire that
all coupling effects (even very weak effects) are taken into account in our modeling.
To this end, we do not want to make any approximations regarding the Maxwell
equations, and prefer to model the fully-coupled Maxwell equations. In this thesis,
we build upon the theory as developed by Pride (1994), but alternatively we could
have followed the theory as formulated by Revil & Mahardika (2013).

Besides theoretical and numerical studies, laboratory studies have been car-
ried out in attempts to better understand the electrokinetic foundations of coupled
seismo-electromagnetics, the seismo-electromagnetic phenomenon itself and the re-
sponses that are to be expected (e.g. Jouniaux & Pozzi (1995); Zhu et al. (2000); Zhu
& Toksoz (2005); Revil et al. (2007); Allegre et al. (2010); Schakel et al. (2011); Haas
et al. (2013); Smeulders et al. (2014); Bordes et al. (2015)). By comparing laboratory
experiments with theoretical models, several aspects of electrokinetic and seismo-
electromagnetic theory have been validated (e.g. Bordes et al. (2008); Schakel &
Smeulders (2010); Schakel et al. (2011); Schoemaker et al. (2012); Smeulders et al.
(2014)). However, from all laboratory studies still no convincing match has been
obtained between modeled and measured data on actual rock samples. This might
imply that the theory still needs to be further developed. On the other hand, carry-
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ing out seismo-electromagnetic experiments in a laboratory setting is quite difficult,
and therefore easily prone to errors or deviations from theory. For single and mul-
tiple cylindrical pores in a sample, good results have been obtained validating the
analytical models for the transport equations (Schoemaker et al., 2012).

1.2 What can the seismo-electromagnetic effect
bring us?

The seismo-electromagnetic method is complementary to conventional seismics or
conventional controlled-source electromagnetics (CSEM). Conventional seismics can
hardly distinguish between e.g. water- and oil-saturated rocks. Due to the subsur-
face coupling between the elastodynamic wavefields and the electromagnetic fields,
the seismo-electromagnetic signals may provide both seismic resolution and elec-
tromagnetic fluid-sensitivity at the same time, potentially allowing to discriminate
between these different types of rock saturation (Schoemaker et al., 2012). Further-
more, several studies have already shown that the seismo-electromagnetic method
can provide us with supplemental information on crucial reservoir parameters like
porosity and permeability, as well as sensitivity to pore-fluid properties (e.g. Pride
(1994); Haines & Pride (2006); Revil et al. (2007)). This can potentially be used
for example to detect or monitor gas/oil/water or oil/water contacts (Revil & Ma-
hardika, 2013; Smeulders et al., 2014). Additionally, the seismo-electromagnetic
method has been proven useful for imaging and monitoring of aquifers and aquifer
contamination (Rosid & Kepic, 2005; Dupuis et al., 2007; Revil & Mahardika, 2013),
Vertical Seismic Profiling of glaciofluvial sediments (Dupuis & Butler, 2006), and for
exploration of glaciers, e.g. for mapping thin water-bearing strata or for monitoring
of ice fracturing (Kulessa et al., 2006). For these reasons, the seismo-electromagnetic
method is of interest to the oil and gas industry, as well as to e.g. hydrological in-
stitutes.

Recently, the seismo-electromagnetic effect is also studied for global scale applica-
tions, e.g. using seismo-electromagnetic phenomena for the detection of microcracks
prior to ruptures generating earthquakes (e.g. Fujinawa et al. (2011); Ren et al.
(2012b); Haas et al. (2013); Fujinawa & Noda (2016)).

We can distinguish two types of coupling in the seismo-electromagnetic phenom-
ena (e.g. Garambois & Dietrich (2002); Revil et al. (2015)). The first is the coupling
that occurs ‘inside’ the seismic wave or electromagnetic field, which is referred to
as the coseismic electromagnetic field or the coelectromagnetic mechanical field, re-
spectively. Since the coseismic field is generated locally, it can only provide us with
localized information at the location where the wave passes and is recorded, i.e. at
the receivers. This effect might therefore be useful for borehole applications, such
as discussed by e.g. Zhu et al. (2000); Zhu & Toks6z (2005). Another borehole ap-
plication might be to map the permeability close around the well with the purpose
of determining where to optimally perforate the well-casings.

The second type of coupling occurs when such a field encounters an interface
with contrasting medium parameters. An incident electromagnetic field or seis-
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mic wave reflects from and transmits through such an interface both electromag-
netic and seismic fields. This second type of coupling is referred to as the seismo-
electromagnetic conversion or interface response (IR) field. If we focus on the seismic-
to-electromagnetic conversion, this second-order coupling effect yields an independ-
ent electromagnetic diffusive field, which is generated whenever there is a contrast
in mechanical, hydraulic or electrical medium parameters. The electromagnetic dif-
fusion is characterized by the diffusion number, and the velocity-per-frequency is
several orders of magnitude higher than the seismic wave velocities. These diffusive
electromagnetic events will arrive almost instantaneously at the receiver level and
hence these IR events will show up in seismo-electrograms as more or less horizontal
events at one-way seismic traveltime (the seismic traveltime from the source to the
generating interface). The reciprocal, electromagnetic-to-seismic conversion, also
creates ‘flat” events, but now due to the fact that the incoming diffusive electromag-
netic fields have a velocity-per-frequency that is several orders of magnitude higher
than the seismic converted field velocity. These converted fields can provide us with
information at depth and are therefore of primary interest when exploiting seismo-
electromagnetic methods in industry. However, since these fields are second-order
coupling effects, their signal strength and signal-to-noise ratio is very low. Further-
more, other secondary effects could take place, such as effects due to gradients in
chemical potential and temperature. The IR fields might also be useful in borehole
scenarios, if the receivers are then located close to the target area of interest and
hence less amplitude losses will occur for the diffusive electromagnetic fields.

In addition to these two types of coupling, seismo-electromagnetic conversion
occurs directly at the source, where for example an instantaneous electromagnetic
field is being generated upon seismic source impact. This is sometimes referred to as
a third-type of seismo-electromagnetic signal (see for example Revil et al. (2015)).

These three types of seismo-electromagnetic coupling and their corresponding
seismogram and electrogram recordings are schematically illustrated in Figure 1.1.

Throughout this thesis, we will describe both the seismo-electromagnetic and
the reciprocal electromagneto-seismic effects with the term ‘seismo-electromagnetic’.
The source-receiver combination under consideration will make clear which effect we
are looking at.

1.3 Problem statement and thesis objectives

Currently, the major challenge of the seismo-electromagnetic method is the very
weak signal-to-noise ratio of the seismo-electromagnetic signals. For shallow subsur-
face applications, such as ground-water monitoring, field tests have proven that the
seismo-electromagnetic method can successfully be applied (Rosid & Kepic, 2005;
Dupuis et al., 2007). Despite possible borehole and near-surface applications, in
order to make the seismo-electromagnetic method feasible for energy industrial and
natural hazard applications, we need to find ways to improve the signal-to-noise
ratio of especially the second-order seismo-electromagnetic conversion effect. There
are only a few examples of promising field tests with deeper subsurface targets (e.g.
Butler et al. (1996); Thompson et al. (2007)). More field data tests of the seismo-
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Figure 1.1: Schematic of the types of seismo-electromagnetic coupling (modified from Schoemaker
et al. (2012)). A porous layer (layer 1), with some saturation, overlies a porous half-space (layer
2), that has contrasting medium parameters compared to layer 1 (panels (a) and (c)). The seismic
source generates a mechanical wave (labelled 1), that is recorded by geophones at the surface
(left part of panel (b)). This is the direct seismic wave. This wave also creates a co-propagating
coseismic electric field that is registered by the surface electrodes (right part of panel (b)). When
the seismic wave arrives at the interface separating the porous layers, the interface response field
is generated (labelled 2), that arrives instantaneously at one-way seismic time (orange event), and
is only recorded by the surface electrodes (right part of panel (d)). The third event is the source-
converted diffusive EM field (green arrows), that arrives around ¢ = 0 s, indicated by the green
event in panels (b) and (d).

electromagnetic method are certainly required to really bring this method to the
next level.

Several different attempts to boost the seismo-electromagnetic signal strength
have been made over the last couple of years, all with limited effect. Recently,
Sava & Revil (2012); Revil et al. (2013); Sava et al. (2014) have explored to use
seismo-electromagnetic focusing techniques to maximize the seismo-electromagnetic
conversion. In addition, more specifically dedicated seismo-electromagnetic pro-
cessing could help, as discussed in for example Butler & Russell (1993); Warden
et al. (2012). A brute-force approach is to use commercial hydraulic vibroseis trucks
to try and boost the signal-to-noise ratio of the seismo-electromagnetic data by send-
ing large amounts of energy into the subsurface (Dean & Dupuis, 2011a; Dean et al.,
2012; Valuri et al., 2012). Having strong sources is not always possible or desirable
and is likely to boost the noise-levels as well. Therefore, it may be beneficial to be
able to replace those strong sources by receivers. This is the principle of interfero-
metry. From an imaging point of view, it has been shown effective for a wide class of
phenomena, including purely seismic and electromagnetic systems (Draganov et al.,
2006; Wapenaar et al., 2008a; Schuster et al., 2004; Schuster, 2010). When applying
interferometry, responses recorded at different receivers are cross-correlated in order
to obtain the Green function between these receivers. It can include the responses
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of both passive and active sources. The cross-correlation process reorganizes meas-
ured data such that it may allow for improved imaging compared to the situations
where imaging algorithms are applied to the measured data directly. When having
downhole receivers, the virtual source method based on interferometric principles
(Bakulin & Calvert, 2006; Mehta et al., 2007a) has been proven useful. This leads
to the idea that seismo-electromagnetic interferometry can also help overcoming
the weak signal-to-noise ratio challenge. Initial studies applying interferometry by
cross-correlation on the SH-TE propagation mode in 1D scenarios, were successful
(De Ridder, 2007; De Ridder et al., 2009; Schoemaker et al., 2012).

It is important to realize that even if the signals would be stronger, the fact re-
mains that the seismo-electromagnetic effect is a very complex physical phenomenon
and hard to fully understand. Applying existing acoustical geophysical processing,
imaging, and inversion techniques to seismo-electromagnetic data can be very chal-
lenging, but is not impossible (Jardani et al., 2010; Mahardika et al., 2012; Chen &
De Hoop, 2014; Maas et al., 2015).

These two challenges lead to the key aim of this thesis, which is two-fold:

1. Increase our theoretical and physical understanding of the seismo-electromagnetic
phenomenon by analytically-based numerical modeling.

2. Investigate the potential of seismo-electromagnetic interferometry.

To be able to model the data for all possible seismo-electromagnetic source-
receiver combinations, a requirement for studying interferometry with seismo-
electromagnetic fields, we need to develop an analytically-based, layered-Earth mod-
eling code. To this end, we develop ‘ESSEMOD’, which stands for Electromagneto-
Seismic and Seismo-Electromagnetic MODeling. Our modeling code is developed in
a combined Fortran / C language, and compatible with the ‘Seismic Unix’ parameter
interface. To make it possible to compare the modeling results with typical seismo-
electromagnetic laboratory wave propagation experiments, we include fluid/porous
medium/fluid transitions in our modeling code.

1.4 Thesis outline

We start in Chapter 2 by introducing the theoretical aspects of the seismo-
electromagnetic phenomenon. We provide in Section 2.1 an overview of the govern-
ing seismo-electromagnetic equations that form the basis of this thesis. In Section
2.2, we rewrite the system of equations to capture the seismo-electromagnetic sys-
tem in a general differential field equation. We then present in Section 2.3 three
different eigenvector sets: a literature eigenvector set according to our preferences,
the power-flux normalized version of this eigenvector set, and an independently
derived alternative eigenvector set. We finalize this chapter by showing explicit
homogeneous-space Green’s function solutions in Section 2.4.

In Chapter 3, we describe the underlying theory applicable to coupled seismo-EM
layer-code modeling. Section 3.1 starts with deriving the Global Reflection Scheme
that is a crucial part of the algorithm of the layered-Earth modeling code. In Section
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3.2, we focus on specific modeling scenarios, by showing theoretically the implications
of having a pressure free-surface in the model, or fluid/porous medium/fluid trans-
itions. We then focus in Section 3.3 on how we deal with field composition and the
combination of the propagation modes. We also explain how we use Fourier-Bessel
transformations to transform the data from the horizontal wavenumber-frequency
domain to the space-frequency domain. We explicitly present all Fourier-Bessel
transformations for all existing seismo-electromagnetic source-receiver combinations.
We finalize this chapter with a note on 3D and 2D modeling with our code ‘ESSE-
MOD’ (section 3.4).

Chapter 4 is an overview of several numerical studies carried out using seismo-
EM layer-code modeling. In Section 4.1, we start by focusing on the numerical
validation of the three different eigenvector sets and several accuracy aspects of
these sets. We then, in Section 4.2, validate the results of ESSEMOD using the
explicit homogeneous-space Green’s function solutions of Section 2.4. We valid-
ate different aspects of the global reflection scheme of Section 3.1 using reciprocity
tests, shown in Section 4.3. Next, we present in Section 4.6 several numerical res-
ults for surface reflection and surface to horizontal borehole measurements. We
look at different source-receiver combinations. Furthermore, we carry out a feas-
ibility study focused on signal measurability. Section 4.4 then moves onwards to
modeling typical seismo-electromagnetic wave propagation laboratory experiments,
where a porous sample is placed in a water tank. We validate our modeling code for
fluid /porous medium /fluid transitions by comparing the purely electromagnetic part
with an independently developed electromagnetic layered-Earth modeling code. We
continue our validation in Section 4.5, by successfully comparing the results of our
code ESSEMOD with an independently developed layered-Earth coupled seismo-
electromagnetic modeling code (Garambois & Dietrich, 2002). In Section 4.7, we
explore the possible natural seismo-electromagnetic signal enhancements due to thin-
bed geological settings. After these numerical modeling studies, we move onwards
to carefully investigate interferometric synthesis with seismo-electromagnetic fields,
using cross-correlation based interferometry applied to the 2D SH-TE propagation
mode, presented in Chapter 5. We then discuss some methods and applications
of seismo-electromagnetic phenomena in Chapter 6. We first focus on our Multi-
Depth-Level Field Decomposition method (Section 6.1), which incorporates the re-
cordings at multiple depth levels in the process of field decomposition into up- and
downgoing waves and different field types. In Section 6.2, we then move on towards
inversion, studying the seismo-electromagnetic sensitivity using resolution functions.
We discuss some other potential applications of the seismo-electromagnetic method
in Section 6.3. We finalize the thesis by presenting the main Conclusions of this
thesis, as well as a brief Outlook, in Chapter 7.



Chapter 2

Theory of the
seismo-electromagnetic
phenomenon

2.1 Overview seismo-electromagnetic governing
equations

The set of macroscopic governing equations for the seismo-electromagnetic system in
an arbitrary inhomogeneous fluid-saturated porous medium were derived by Pride
(1994). We briefly recapitulate the starting set of equations used. Next, we express
the vertical variations of the field quantities for each propagation mode individually
in terms of a system matrix containing the medium parameters and the horizontal
partial differentiation operators acting on these field quantities, which forms the
basic formulation for seismo-electromagnetic layered-Earth modeling codes (Wood-
house, 1974; Kennett, 1983; Ursin, 1983; Wapenaar & Grimbergen, 1996; Haartsen &
Pride, 1997; Garambois & Dietrich, 2002; Ren et al., 2010; Hu & Gao, 2011; Grobbe
& Slob, 2013; Grobbe et al., 2016a,b).

Once we have successfully captured both the SH-TE propagation mode and the
P-SV-TM propagation mode in this format, we introduce the power-flux normalized
eigenvector system as derived starting from Haartsen & Pride (1997), followed by
the derivation of our own independent alternative eigenvector set, starting straight
from the system matrices for the SH-TE and P-SV-TM modes. Throughout this
thesis we use

flas,w) = / flzg, t)e I+t dt, (2.1)
as the definition for the forward temporal Fourier transform and

Fky, kg, x3,0) = / / Fzi,w)ethe®e drda,, (2.2)
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for the forward spatial Fourier transform. Here, w denotes the angular frequency
in [rad- s7!], ¢ is time, j indicates the imaginary unit, x; indicates the three spa-
tial directions of the right-handed Cartesian coordinate system (with the positive
xz-direction pointing downwards (depth)), and k,, with @ = 1 or 2, denotes the
horizontal wavenumber in those respective directions. The hat indicates a quant-
ity in the space-frequency domain, the tilde sign indicates a quantity in the hori-
zontal wavenumber-frequency domain. Note that these Fourier transform definitions
are opposite to the definitions used by e.g. Haartsen & Pride (1997). Through-
out this thesis, Latin subscripts can take the values 1,2 and 3, Greek subscripts
can take the values 1 and 2. The Einstein summation convention holds for re-
peated indices (unless indicated otherwise). Before diving into the world of seismo-
electromagnetics, it is important to realize that the propagating electromagnetic
parts of the coupled seismo-electromagnetic fields are diffusive fields, and that these
diffusive fields behave differently compared to propagating waves (the latter includes
the coseismic fields that propagate along with the seismic wave). For instance, the
phase term of the frequency-domain homogeneous-space solution to the 3D wave
equation has the form exp(—j%R), where c¢ denotes the wave propagation velo-
city (with weak or no dependence on frequency) and R represents the propagation
distance R = |z} — «f|, where the superscripts s and r indicate the source and re-
ceiver locations. The homogeneous-space equivalent for a diffusive electromagnetic
field has the form exp (—\/jwauR) = exp (—\/%R(l +j)). Here, o represents
the electric conductivity and p is the magnetic permeability. We can split this ex-
pression in a real part (the damping term) and an imaginary part (phase term), as
exp (—\ / %“R) exp (—j\ / %“R) We can cast the imaginary part of this expression

in a similar format as is used to describe the phase term for waves, exp (— j C:’f{ R),

using -2 = |/=Z%, where the diffusion ‘velocity’ cqig is then derived as cqig =  / 2w

Cdiff g

We can clearly observe that this diffusion ‘velocity’ is proportional to the square root
of frequency. As a result, we cannot speak about the ‘velocity’ of a diffusive field.
We can only use the term velocity when considering a single frequency, i.e. we
can speak of a velocity-per-frequency. Instead of using the term velocity, diffusive
fields are characterized by their diffusion number. Slightly counterintuitive, diffus-
ive fields can also be considered to propagate. However, they propagate with very
strong attenuation: after one wavelength the amplitude has reduced to exp(—2m).
Additionally, where waves scale linearly with length, diffusive fields typically have
length scaling with the square root of time (Mulder et al., 2008).

We can now start with the coupled seismo-electromagnetic theory. We distin-
guish two equations of motion, two electromagnetic equations and two stress-strain
relationships. For notational convenience, we introduce in our notation the Laplace
parameter s = jw.

2.1.1 Pride’s equations of motion

The equations of motion derived by Pride (1994) are an extension of Biot’s poroelastic
equations of motion: they include a coupling term coupling the mechanical part to
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the electric field. Considering an arbitrary, inhomogeneous medium they are given
by

spP0f + spl iy — ;(w = f (2.3)
spf o + Zw + ZZZ = (2.4)

where
W, = w;—LE;, (2.5)
b= ¢(o] - 9), (2.6)
p'o= ol +(1-9)p" (2.7)

In the above equations w; is the Biot filtration velocity, E; is the electric field
strength, L represents the dynamic seismo-electromagnetic coupling coefficient, which
couples the elastodynamic wavefields to the electromagnetic wavefields, n represents
the viscosity of the pore fluid, ¢ is the porosity of the medium, and k represents
the frequency-dependent dynamic permeability. Combining these parameters yields
the filtration velocity with coupling denoted by ;. Furthermore, ¢ and @If are the
solid and fluid particle velocities, respectively, %Z-bj represents the bulk stress tensor,
p7 is the fluid pressure, p°, p* and p/ are the frequency-independent, isotropic bulk,
solid and fluid density, respectively, and ff and flf denote the volume densities of ex-
ternal force applied to the bulk and fluid phases, respectively. The dynamic coupling
coefficient £ can be written as follows

[N

o7 —

A PRy s NN (2.8)
- we 4 A n ' '

In equation (2.8), Ly represents the static coupling coefficient, which is defined as
(Garambois & Dietrich, 2001; Pride & Garambois, 2005)

_ peoEl(? d
Lo=—Trr <1 2% ) (2.9)

Furthermore, £ and &/ are the electric permittivity of vacuum and the relative elec-
tric permittivity of the fluid, respectively. The symbol o, represents the tortuosity
of the porous medium. The dynamic coupling coefficient has been experimentally
investigated as a function of frequency (e.g. Schoemaker et al. (2012)). In (2.8) and
(2.9), A represents the volume-to-surface ratio of the porous material and d' the
Debye screening length. The Debye screening length represents the characteristic
thickness of the electrical double layer (EDL) and is typically on the order of nano-
meters. Physically, the Debye screening length can be considered as representing the
distance over which mobile charge carriers present in the electrolyte screen out the
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surface charge present on the grains of the fluid-saturated porous medium (Debye &
Hiickel, 1923; Pride, 1994; Schoemaker et al., 2012), mathematically described as

L f
EoEr k‘BT
d = = 2.10
lz; €2z N; (2.10)
Here, kp represents the Boltzmann constant, T the temperature (in [K]), N; is the
bulk ionic concentration of species [ with valence z;, for a total of L species present
in the system, and e represents the elementary charge. We can calculate N; using

Ny = 10%cNa| 2], (2.11)

with N4 being Avogadro’s constant, ¢ the electrolyte concentration of the pore-fluid
in [mol/L], and ||#;|| being the absolute value of the valency of the conjugate ion of
z;. However, for realistic Earth scenarios, we typically consider the limit where dKl
is small, yielding

P A (2.12)

Ao T)

Furthermore, (P represents the zeta potential. Different expressions exist for the
zeta potential. However, Pride & Morgan (1991) carried out a literature review on
experimental studies of the zeta potential of quartz, showing that

P = 8+426logyec, (2.13)

is a reasonable approximation of the zeta potential (in [mV]), where ¢ denotes the
electrolyte concentration of the pore fluid in [mol/L]. Similar to the dynamic coupling
coefficient, the dynamic permeability is defined as

1 —1
4 2
(1+8> +3] , (2.14)
We M We

where, kg represents the static permeability, which can be related to the porosity
cubed using a Carmen-Kozeny relationship, for example

k=ko

ko =2-10"11¢3, (2.15)

for clean Fontainebleau sandstones (Bourbié et al., 1987). Furthermore, m is the
similarity parameter, representing a combination of pore-geometry parameters
_ on?

= : 2.16
K (2.16)

The similarity parameter is a dimensionless number, that will be fixed to a value of
8 (Johnson et al., 1987). Important to notice in both equations (2.8) and (2.14), w.
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represents the critical frequency separating the low-frequency viscous flow regime
from the high-frequency inertial flow regime, defined as

o1

We = akop?” (2.17)
For realistic rock and fluid parameters and general field scenarios, this transition fre-
quency lies above the maximum frequency of interest (this maximum being roughly
between 10 and 1000 Hz). The frequency dependency of the dynamic coupling coeffi-
cient is related to relaxation mechanisms associated with the development of viscous
boundary layers in the pores (Pride, 1994). So, when w < w,, viscous boundary
layers are not being developed yet, and hence we can neglect the second term of
equation (2.8). This reduces the complex, frequency-dependent dynamic coupling
coefficient to the static coupling coefficient

L= Lo (2.18)

A similar reasoning holds for the dynamic permeability, which could be approximated
by the static permeability for the frequency range under consideration. However, nu-
merically speaking, coding the dynamic permeability is less tedious than coding the
dynamic coupling coefficient, and therefore we use equation (2.14) in our numerical
schemes.

Note that when the coupling coefficient is equal to zero, equations (2.3) and (2.4)
reduce to Biot’s poroelasticity equations and the elastodynamic waves decouple from
the electromagnetic fields.

2.1.2 Rheology: Stress-strain relations

For an arbitrary, inhomogeneous, isotropic medium, the stress-strain relations are
given by:

0o}, oWy,

_87:1}} + d”kl ) + 05” By = dijklﬁzl + C(Sij(ji, (2.19)
ow N )
+C8 +M%’: = Chb, + Mg, (2.20)

Wlth hb representing the density of external deformation rate acting on the bulk and
q" belng the source volume den51ty of injection rate in the fluid phase. The following
symmetry properties hold: TZbJ ﬂ, hb = hb and d”kl = dﬂkl = dljzk = dkh]

Here, M and C' are static scalar stlffness parameters and d;;; is a static stiffness
tensor of rank four but, for isotropic media, a function of only two parameters given

by
2
dijry = |:KG - 3Gfr} 8ij0k + GT™ (81651 + 6udjk), (2.21)

where G/" denotes the shear modulus of the solid framework, Kq is Gassmann’s
bulk modulus and J;; denotes the Kronecker delta. Isolating the divergence of the



14 2. Theory of the seismo-electromagnetic phenomenon

9er in (2.20), yields
Owy, 6
2R Mt — _
D2 C(Sklhk[ + q Sp Cékla o

(2.22)

We can define the stiffness parameters C' and M as well as Gassmann’s bulk modulus
K¢ in terms of the fluid, solid and grain framework bulk moduli, yielding

K"+ ¢Kf + (14 ¢)K*A

Ko = 2.2

G 1+A ) ( 3)
KT 4 KA

- L rha 2.24

c A (2.24)
KT

- _n 2.25

RN (2:25)

Here, K* is the solid compression modulus, K/ the fluid compression modulus and
K77 the compression modulus of the solid framework. A is defined as:

f

Rewriting equations (2.19) and (2.22) for the isotropic, frequency-independent
case, results in

0o, oWy,

ST + dz]kl 9z + C5ij Txk = dijklhzl + Caij(jiv (2'27)
o , 0
el MG —spf —C—L|. (22
8xk M l:Ch Rk + q P Caxk] ( 8)

Oy

750 in (2.27) by the expression (2.28) eliminates this term, yielding

Replacing

. 00 | Cdyj Oy, y
—STZ-bj +dijklaTU’Z + Mj |:C(5klhkl + Mg — spf — C(Skla} = dmklhkl + ;4"

(2.29)
Bringing all source terms to the right-hand side and further simplifying yields,

(%k sC

Gm 20 eijrhfy, (2.30)

b C?
=87+ |dijr — Méijékl

with €ijkl = dzykl 25135kl Alternatively, €ijkl = Séijékl + Gfr(jik(‘)'jl + 5il5jk)a
where S = Kg — 2Gf i W’ where we can recognize the elastodynamic Lamé
constant A\, = Kg— 2Gf’ We can also work with the stiffness H = Ko+ 2Gf7 (e.g.
Biot (1962)), which leads to the alternative formulation d;jx = (H — 2G77)0;;0k1 +
GI" (8651 + 6110;1). Furthermore, we define K. = S + 2G/" and we can relate
HM —C? = MK..
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2.1.3 Maxwell’s electromagnetic field equations with coup-
ling to Biot’s equations of motion

Now that we have described the governing equations of the mechanical wave-part
of the seismo-electromagnetic theory, we focus on the electromagnetic field-part.
Below, Maxwell’s equations for electromagnetic fields are presented, containing a
coupling term to Biot’s equations of motion in porous media (Pride, 1994)

A = 6Hk Te

sD; + Jj¢ — EijkaTj = —Ji, (2.31)
A 31,m aEk m

sB; + Jz’ + Eijkiamj = _Ji . (232)

Here, D; denotes the electric flux density and B; the magnetic flux density. E;
and H; represent the electric and magnetic field strength, respectively. The right-
hand side of these two equations contain the external electric (J¢) and magnetic
(JI™) current sources. Finally, jf " and jf " denote the averaged induced electric
and magnetic current density, respectively. These induced current densities can be

expressed as

s R N ey
J¢ = 6°E;—L (819)0 + spff)is — flj) , (2.33)

Jom = 6™H,. (2.34)

Here, 6¢ and 6™ describe the frequency-dependent electric and magnetic conduct-
ivity, respectively. These two parameters describe electromagnetic relaxation. For
Earth materials, we can ignore the magnetic relaxation losses, 6" = 0. Recognizing
the expression for the equation of motion (2.4) in equation (2.33) and using it to
express the induced electric current density in terms of the electric field and the
filtration velocity yields

Jie — <&e _ Zﬁ) B+ L, (2.35)

2

In, equations (2.31) and (2.32), ;% is the Levi-Civita symbol representing the
alternating pseudo-tensor used to express (in combination with the spatial partial
derivatives) the curls of the magnetic and electric fields, where

1 if 7, 7, k is an even permutation of 1,2,3,
€ijk = —1 if 4,4,k is an odd permutation of 1,2,3, (2.36)

0 otherwise.
The following constitutive relations hold
D, = ¢k, (2.37)
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where € = gpe, and p = pop,-. Here, po representing the magnetic permeability of
vacuum, p, represents the relative magnetic permeability, and €, the relative electric
permittivity defined as

. ¢ (ef —e2) +es, (2.39)
oo
where €5 and ¢/ are the relative electric permittivities of the solid and fluid, re-
spectively. We choose p,, = 1, which is reasonable for Earth materials. In equation
(2.35), one can clearly observe what happens with the coupling to Biot’s poroelasti-
city equations when the coupling coefficient is chosen equal to zero.
When we substitute the constitutive relations (2.37) and (2.38) as well as equa-
tion (2.35) into Maxwell’s electromagnetic field equations with coupling to Biot’s
equations of motion (2.31) and (2.32), the result reads

. . ] - ; lis R
sel; + I:O'e — 7]£2:| E;, + QE’UAJZ - Eiij = —Jie, (240)
k k Oz
- OEy .

Following Pride & Garambois (2005), we can use the following reduced static ex-
pression (to leading order in %l) for the frequency-dependent electrical conductivity

e P07
f=1— 2.42
o =22, (2.42)
where we use the simplified version of the fluid conductivity
of = (e2)’N(b* +b7). (2.43)

This expression is based on the assumption that only one valency-type ion is present;
therefore the subscript [ is removed on z and N. Here, bt and b~ represent the ionic
mobilities of the cations and anions, respectively. We use a typical value for the
ionic mobility of 3.0 - 101! ms™*N~1 for inorganic ions (Haartsen & Pride, 1997).

2.1.4 Seismo-Electromagnetic Theory based on Revil’s As-
sumptions

So far, we have discussed the seismo-electromagnetic theory following the assump-
tions of Pride (1994). Different underlying theoretical assumptions can lead to
different expressions, especially for the dynamic coupling coefficient, the dynamic
permeability and the complex conductivity. We now briefly discuss the seismo-
electromagnetic model according to Revil & Mahardika (2013). This model could
have been used just as easily as the foundation for this thesis. However, the theory
was not yet published at the start of this PhD research. In the following discussion,
it is important to distinguish two end-member scenarios, based on the size of the
electrical double layer with respect to the size of the pores, (Revil & Mahardika,
2013):
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1. A thick double layer, where the counterions of the diffuse layer are uniformly
distributed in the pore space

2. A thin double layer, where the thickness of the diffuse layer is much smaller
than the size of the pores.

Pride (1994) makes use of a thin double layer theory based on the zeta potential. In
contrast, Revil & Mahardika (2013) describe the (thick and thin) double layer theory
based on the excess charge density. We here state the main alternative expressions
for the dynamic coupling coefficient, permeability and conductivity, as presented by
Revil & Mahardika (2013):

L(w,sy) = b, sw)Qy o, SW), (2.44)
Nw
where the bar below the symbols indicates that it is a parameter according to Revil &
Mahardika (2013). Here, £(w, 5,,) denotes the frequency- and saturation-dependent
coupling coefficient, where s,, denotes the water saturation, and 7,, the dynamic
viscosity of the pore water. The complex frequency- and saturation-dependent per-
meability k(w, s,,) is given (for our definition of the Fourier transform) by

. kKo
E(W’Sw) = ma

(2.45)
and is used to describe the effect of the inertial force in Darcy’s law. Here, 71 is the
relaxation time

krkOpr
T = ————

1-n
s (2.46)
T

w bl

characterizing the transition between the viscous laminar flow regime and the inertial
laminar flow regime in the frequency-domain Navier-Stokes equation, where n is
called the second Archie exponent. The critical angular frequency associated with
this relaxation time is w. = % Here, FF = ¢~ ™ is the formation factor that is
related to the porosity by the first Archie law, where m is the cementation exponent
(Archie, 1942). In addition, the relative permeability k, can be used to express the
relationship between the permeability and water saturation, using Brooks & Corey

(1964)

243X

kp = Sw> (2.47)

where A\ forms part of the exponent describing how permeability scales with wa-
ter saturation, following a power-law behaviour. It is shown in Revil (2013) that
@ can be written as n 4+ 2 to be the correct scaling factor when computing the
permeability. One of the most important parameters in the model by Revil & Ma-
hardika (2013) is Q(w, S ), the frequency- and saturation-dependent excess of charge
(or volumetric charge density) that can be dragged by the flow of the pore water
through the pore space of the material. The frequency-dependency comes from the
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fact that more charges are dragged in the inertial flow regime than in the viscous
laminar flow regime, which is in agreement with Pride (1994). We can further distin-
guish Q?/ and Q;o, representing the dynamic volumetric charge density dragged in
the low-frequency (w7 < 1;w < w,) and high-frequency (w7, > 1; w > w, regimes,
respectively. The relaxation time (or similarly the critical frequency) distinguishes
the different regimes. Therefore, we can use the following expression to compute the
effective charge density as a function of frequency

R U (6 W T U S 29
Qv(w) Q“’j Q(‘), Q:,O VI+ jwr, :

R A0
In the thick double layer approximation, Q:/O R QV (i.e. regardless of the fre-
quency, all the counterions of the diffuse layere are dragged by the fluid flow), leading
to the following saturation-dependent excess charge density

0

O

Q, (@, s0) = =~ (2.49)

Sw

- A0
For the thin double layer approximation, it is expected that Q;O > QV, leading
to

A 0
Q (W, sw) & st;lx/ 14+ jwrg. (2.50)

Another crucial difference between Pride (1994) and Revil & Mahardika (2013)
lies in the formulation of the complex conductivity. The frequency-dependency of the
complex conductivity can be directly attributed to the fact that the force applied
to the charge carriers is not only controlled by the electric field, but also by an
electrochemical potential. As a result, diffusion and electromigration are always
coupled phenomena in porous media. As a second contribution to the total current
density, we can distinguish the advective drag of excess charge of the pore space by
the flow of the pore water. Following Revil & Mahardika (2013), we can express
their complex conductivity &(w) as

6=o — jo" = |6lexp(~ji), (2.51)

with the magnitude of the conductivity described by |&| = 1/(¢7)? + (¢/)2, and the
phase lag between the electrical current and the resulting electrical field given by ¢ =
atanZ;. Here, 0’ denotes the in-phase electrical conductivity, which can be expressed
as a function of the pore water conductivity o,, and the surface conductivity og, as
!/ 1 n

0= Fsulw +o0s. (2.52)
Expressions for the surface conductivity og are discussed in Revil (2012, 2013).
Furthermore, ¢” represents the quadrature conductivity, which can be expressed as

A B
o _@83—1@ (1 f ﬂ) 7 (2.53)
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with f, representing the fraction of counterions in the diffuse layer, and bg‘ de-
noting the mobility of the counterions in the Stern layer (Revil, 2012, 2013). The
frequency-dependence of ¢ is not explicit in equation (2.53) (Revil, 2012). For the
quasi-static scenario, this quadrature conductivity should go to zero under DC con-
ditions. The quadrature conductivity typically becomes frequency-dependent below
0.1 Hz (Revil, 2012), a frequency that is below our seismo-electromagnetic range
of interest. The above discussed complex conductivity agrees with experimental
data. The complex conductivity as used in the model of Pride (1994), also con-
tains frequency-dependency. However, this frequency-dependency is the result of an
electro-osmotic contribution which is expected to be negligible (Marshall & Madden,
1959). Pride (1994) ignores induced polarization effects. As a result of all this, the
conductivity description based on the assumptions of Pride (1994) will not describe
the observed quadrature conductivity of porous clayey materials correctly.

In the above, we have highlighted some important differences between the models
of Pride (1994) and Revil & Mahardika (2013). Especially the formulation of Revil
& Mahardika (2013) in terms of volumetric charge density and their definitions of
the complex conductivity can be considered useful improvements. In addition, the
theory as formulated by Revil & Mahardika (2013) allows for investigating seismo-
electromagnetic effects in unsaturated porous media. Recently, Jardani & Revil
(2015) extended the theory for full coupling in two-phase flow media. The theoret-
ical description of partially-saturated scenarios following the model of Pride (1994)
has been presented in Warden et al. (2013). Despite obvious differences in the as-
sumptions between the two models, in the low-frequency limit, which is the limit
that holds for most seismic scenarios (where the critical frequency lies above the
bandwidth of interest), the model based on volumetric charge density as described
by Revil & Mahardika (2013) is compatible with the model of Pride (1994), as shown
in Appendix A of Revil & Mahardika (2013). This thesis follows the model of Pride
(1994), but our seismo-EM layer-code could of course be adjusted to incorporate the
assumptions of Revil & Mahardika (2013) instead.
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2.2 Capturing the seismo-electromagnetic system
in a general differential field equation

2.2.1 Separating horizontal from vertical derivatives

We start with the following mechanical equations of motion (including electromag-
netic coupling), stress-strain relations and electromagnetic field equations in space-
frequency:

sp05 + spl by — 8j7°ibj = fb (2.54)
sp’ 07 + % (@z - [:Ei) +op" = f, (2.55)
Oyl = % (cﬁzk + MG
—sp! — Coyy), (2.56)
—sth + eiju 010} — %@jﬁf = eijuhly, (2.57)
sebi + <ae _ Zg) Bt L — eyl =~ (2.58)
spol; + €10, = —JM (2.59)

We now desire to separate the horizontal components from the vertical components.
From equation (2.54) we obtain

D3tfy = sp"0s + spl iy — [} — Dty (2.60)
Using equation (2.56), we find
1 ~ )
Oyt = = (Cth + MG — spf — cak@;z) — Botia

1/ PR s O
= (Chzk + MG — spf — C’aav‘a) — OaWq — M83v3.

=

(2.61)

Starting from equation (2.57), and separating the horizontal spatial derivates acting
on the particle velocity from the vertical derivatives, we find

sC

Vi 5ijﬁf — €ijkaaa’f)}z. (262)

€ijra0305 = eijhl, + sﬁ-bj +
We now select the x3-normal component j = 3 of the stress-tensor ﬁbj, which is the
only normal component that we desire in the final field quantity expressions. The
other j-components of the stress tensor are eliminated, since they are not continuous
over a horizontal interface, and since we are expressing the vertical variations of the
field quantities in terms of their horizontal derivatives. We define the compliance
tensor, being the inverse e,,3;5 of the stiffness tensor e;sys, (remember that e;;; is an
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extension of the elastodynamic stiffness tensor d;;x;, often also referred to as ¢;;x1),
as

€p3i3€i3k3 = Op- (2.63)

We apply this inverse to both the left-hand side and the right-hand sides of equation
(2.62), leading to

s A . sC . . s
030, = €p3i3 <6i3k1hzz + sty + M(;igpf - eigmaavk> . (2.64)

The compliance tensor is given explicitly by

_ 1 _ _
€1313 = Ggrr €1323 = (1) €333 =0
€,3i3 = €313 =0 €393 = Grr €9333 = 0 . (2.65)
e =0 e =0 e = 2t
€3313 = €3323 = £€3333 = S12G7T

Therefore, there are only non-zero solutions to equation (2.64) when p = i.

Let us now focus on equation (2.60). We can recognize horizontal derivatives
of the horizontal normal components of the stress tensor. We only desire vertical
normal components of the stress tensor in our final field equations. Therefore, using
equation (2.57), we express these horizontal components of the stress tensor in terms
of the other field components, as

. 1 N . sC . . . R
8,1715& = aag (emklgéﬁvz + emkgagvz — M(Smpf — eiakﬂhzlﬁ — eiakShZ;;) . (2.66)
We now rewrite equation (2.61), eliminating the vertical derivative of the vertical
component particle velocity and the horizontal filtration velocity components using
equations (2.64), with k = 3 and (2.68), respectively, yielding

1 n .
Ogis = o (Chzk + Mg — spl — caa@;)
c b b X b
i (§3333 {63311}111 + e3322h9 + €3333h33 + 5733
sC . . N R
+M533pf —e3311010] — 6332232115})

fi L i oo
- (—Sp R Oui + £0uBa — Foa00p" + kaaf;”) .
n n n

(2.67)

Similarly, from equation (2.55), we can find expressions for the horizontal com-
ponents of the filtration velocity (since we only desire the vertical component in the
final field quantity expressions), as

spf%

Wo = ﬁ; + ‘CAEA‘Q - %aaﬁf + %fi (268)
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Combining equations (2.60) and (2.66), we substitute the expressions for the
vertical derivative of the particle velocity (equation (2.64)) and the horizontal fil-
tration velocity (equation (2.68)), to obtain for the x;-component of the x3-normal
component of the bulk stress tensor:

X spfk PN k k. .
83%{)3 = SpbﬁiS + Spf (— pn ﬁf + £E1 - ;81;ﬁf + ;flf - f{)

1 ) . )
—~0a {elawagvi + €1ak3 (Qigkg (€i3mnhl:nn + sty

sC . s
+M6i3pf - eiSmaaa'Um:|>
sC' . ~ -
_M(Slapf — etanphiy — elak3h23} . (2.69)

We can observe that the term describing e;ox3030; only contributes if k¥ = 3 (and
hence ¢ = 3), leading to

spflg:

il A8 ~AS g ]; N ]; A N
Datty = sp"0% +sp’ <— 07 + LEy — %81]?}( + 77f1f> -

1 s - .
—;aa {€1ak58ﬁvz + €1a33 (§3333 (QSSmnhz;nn + 57—;:3

sC . s
+M533Pf - 633maaavm]>
sC R ~ A

_M(smpf — eranphis — elakghzs} . (2.70)

In a similar way, choosing ¢ = 2 in equations (2.60) and (2.66) and combining both
equations, followed by substitution of the expressions for the vertical derivative of
the particle velocity (equation (2.64)) and the horizontal filtration velocity (equation
(2.68)), we obtain the expression for 9375.

From equation (2.58) we obtain,

63FI1 = SéEg + %[:U}Q + 81ﬁ3 + j2e, (2-71)
OsHy = —seby — %f:usl Oy H; — J°, (2.72)

where we made use of € = €+ UT — ﬁEﬁz. Similarly, using equation (2.59), we derive

O3By = —spoH + 01E5 — J3, (2.73)
O3By = spoHy + d2E3 + Ji. (2.74)

Now explicitly evaluating e;jx = S6;;0k + GI" (8101 + 6101, as well as using
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equation (2.65), yields
A 7 7 S 4 ~s
050 = (Why +hhs) + =ty — 0nds, (2.75)
~S 7 7 S . ~5
837)2 = (hgz + hl273> + WTSS — 82'03, (276)
s S . sC S s s S /- . R
ds03 = fT?l,)?, + Wpf K (0107 + 0203) + I’ (hlﬁ + th) + his
(2.77)
sC s C? k
e — Y e 5y NI Y
8311]3 MKCT33 M ( + MKc>p + naap
f i oo koo C S
P ~5 f ~S
L _ Bo_r 2 (1=
+ﬁE8ava LOE, naafa i ( Kc) 0005
c S . C - ;
—— - hb, 4+ —hb, +q 2.
MKC Oéa+ 0404+q7 ( 78)
. S . k. ., 1, (sC ST
datiy = — ET:% - Sﬂfﬁalpf + 561 <M [1 - KJ -
4GIT(S+aGrry . 28GTT
(A0 +G,  2507 )
bas 2 fQI;IAs AL b fifAf
Fapof = ()2 Do+ o LBy~ fi 4 s
1 SZor. . 1 " .
1 A5 A5 1 r|7 7
—g82 (Gfr [81’02 + 82’01]) + g@Q (Gf {hlﬁ + h?2:|) R (279)
. S . k. ., 1, (sC ST
Dafyy = _82E7—§3 - Spfgawf + 532 <M [1 - KJ -
28GIT o AGIT(S+GTTY
307 i, 116 )
bas 2 f2]%m9 fAr £b fchf
+sp’05 — s%(p’) ;vz—&—sp LE; — f3 + sp ;fQ
1 SZor. . 1 " .
<0 (K (b + h32D + =0 (Shhy + Kol )
1 A8 ~5 1 r|7 7
01 (G 0135 + 9577]) + -0 (Gf [hgl v h’{2D . (2.80)
From equation (2.60), we also directly obtain
837%)3 = Spbﬁg + Spfﬁlg — fg — (617&3{)1 + 62?3?2) . (2.81)
From equation (2.55), we derive
—93pF = spT 05 + Z (s — LEs) — . (2.82)
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Starting from equations (2.71) and (2.72), we eliminate Hs using

1 7 7 Im
fy= - (82E1 — OBy — J ) , (2.83)

and the horizontal filtration velocity components using equation (2.68) which leads
to

X ) \ Ik sk k.
33H1 = séby + Qﬁ (— 5P ’05 + LEy — *azﬁf =+ f2f>
k n n
—I—L (8182E’1 — 82E2 — aljm) + je (284)
40 1 3 29
. . . I . i Lo
93l — —seby— 12— Ko pE Ko 4 B
k n n n
L (82E — 0901 F5 — jfm) —Je (2.85)
s \J2E1L = 0201 B, = 5 T )

Finally, starting from equations (2.73) and (2.74), we eliminate Fs3 using

A 1 ~ ~ N ~
By == (Zzwg 0 Hy — 95 H, — J§> , (2.86)
which yields
~ ~ 1 ~ ~ ~ ~ ~
03k, = —sugHy+ — <—Z£61u§3 + 8%H2 — 0102H1 — 81J§> — Jgn’
S€E
(2.87)
A N 1 ~ . N ~ N
OsBy = spolli+ = (anmg + 000 Hy — O2H, — agjg) +Jm
(2.88)

We now have expressed the vertical derivatives of the desired field quantities in terms
of other fields and horizontal derivatives on other fields.
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2.2.2 Taking horizontal derivatives and combining field quant-
ities into mode quantities

Since we are considering a medium that is invariant in two directions (layered-Earth),
it can be useful to decouple the total 3D system of equations into two independent
seismo-electromagnetic propagation modes: the SH-TE propagation mode, where
the horizontally-polarized shear-waves are coupled to the transverse electric mode,
and the P-SV-TM propagation mode where the Biot fast and slow pressure waves are
coupled to the transverse magnetic mode via the vertically-polarized shear waves. To
decouple the system in these two independent propagation modes, we first apply a
2D spatial Fourier transformation to equations (2.75)-(2.88) to obtain the horizontal
wavenumber-frequency domain expressions (denoted by the tilde sign). We can
express these equations in terms of their mode quantities, by taking the divergence
or rotation of the expressions under consideration. To this end, let us first define
the following mode quantities:

) O o (2.89)
FOH = Gk 7Y 4 R, (2.90)
E" = —jkiEy + jkyEn, (2.91)
% = —jkHy — jkoHo, (2.92)
for the SH-TE mode, and
k k
~s,V 1-~s 2 ~s
, M ) 2.93
Unm’m K vl + K 1)2, ( )
k k
e = — ~13 + :753, (2.94)
- k: - ko ~
EXorm = 71E1 + £E27 (295)
K K
- ki ~ ko ~
HXm’m = 71H2 - jHl, (296)
K K

for the P-SV-TM mode. Here the radial wavenumber x = \/k? + k3. For P-SV-
TM, the subscript ‘norm’ indicates that these specific mode quantities have been
normalized with a factor —jk (this to obtain favourable symmetry properties in the
system matrix later on). Consequently, the factors on the right-hand side, before
the field quantities, have also been normalized by —jk. The field quantities that are
not present in the mode expressions above are purely P-SV-TM field quantities. We
can observe for example in equation (2.89), that by taking jko of ¥§ (corresponding
to —020] and adding this to —jk; of 95 yields the SH-TE particle velocity mode
quantity. Up till this point, we have eliminated 7° apr Was Hg7 and Es, using the
horizontal wavenumber-frequency versions of equations (2.57), (2.68), (2.83), and
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(2.86), respectively, according to

~b

1 oo sC =
7g <eaﬁkl]klvk + Méaﬁpf + eaﬁklhzl) , (2.97)
f i ae k k -
78/) QN)Z + LEq + ijozﬁf + ch{v (298)
1 ( g =
L (_pH _ Jm) , 2.99
Spo ’ ( )
1 M4 .V z
=Ll — ikHY —Je]. 2.100
sé ( i w3 IRy orm 3) ( )

We now take the derivatives of equations (2.75)-(2.88) and combine according to
equations (2.89)-(2.96), yielding two sets of governing equations, one for the SH-TE
mode and one for the P-SV-TM mode, expressing the vertical variations of the mode
and field quantities in terms of the horizontal variations. For the SH-TE mode, this

results in:

83178’H

337:b’H

9, B

95 HY

s (i 3 L (e q
= i 7 — ik (hg?) + hgz) + jka (hlf:a + h?ﬂ) ; (2.101)
GIr k .
= T/-i?f}s’H + (spb — sz(pf)277> o 4+ spf LEH +

. . k- , N k-

k1 (fé’ — Spff2f> — jko (f{’ — spfff)
" "

fr

G r
+
S

. . 2G - .
(=7 +k3) (h31 + hl{z) — Eiks (—hlfl + h§2) (2.102)
spoH™ — jkoJ™, (2.103)

. . o 1 .
seEH — spl Lo H + Dp2pH  — G 2pH
k SHo

) _ ~ . . 1 .
L (b 4 ghafl) =i+ kT + 2T (2000
0
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Similarly, for the normalized P-SV-TM mode, we obtain

s ko /= ~
DsOporm = o Toowm + JK05 + — (h23+h‘§a), (2.105)
s 5 sC . JKS . S /- ~ ~
Oaps = S LN —(hb hb) B 2.106
3U3 KC 7—33 + Mch + Kc U’I’LO’I‘m + K(: 11 + 22 + 33> ( )
C S C? k
i = orCty & (10O )y
o MK, M MK, n

f C S
. P v .
_jﬂﬁ?vibrer + ]KM (1 - lfc) Un'orm + ]H‘CEnorm

koo CS (i s C (i |5 y
+51kaf({ ~ K, (h’{1 + h32> + = (h’{1 + h‘gQ) + ', (2.107)
dsp’ = —splo§ - A (1 + £2) w3 — jn—,CHXOWL CJS + f3f,
(2.108)
S pf C S L4GI (S +GIm) _,
bV oo ~b . S S f 2 ~5,V
adTnorm - ]’%ETSS +‘7Hﬁ7Ep - ]KM (1 - [(C> p + K ;Tvnorm

+ (Spb — s (p’ )2n> yorm + 50T LEY o1

g hojr lap IS (G a4 28R Gy )

s K. SjK
s (szg’l + SESZ) + —,2 (Sif{l n Kcﬁgg) , (2.109)
0378y = GrTLV 4 spbis +sp s — f2, (2.110)
O3B oy = —spoH o — 7H1§L/orm AEE J3 @‘h - ﬁJQm(Q 111)
S fﬂEXm it - rojr oo

(2.112)

We can now capture these two sets of governing seismo-electromagnetic equations
(independently for each propagation mode) in the following matrix-vector represent-
ation of the two-way wave equation

a3qH’V(kH7 x3, w) = AH,V(kHa xs3, w)qH,V(kHa x3, w) +aH’V(kH7 xs3, w)(s(m3 755%)
(2.113)

This two-way wave equation can be used for a variety of waves and fields (Wapen-
aar et al., 2008b). Equation (2.113) expresses, in matrix-vector notation indicated
by the boldface symbols, the vertical variations of the field quantities in
QH’V(kH,ajg,w)L in terms of the medium parameters and radial wavenumbers in
system matrix A7V (ky, x3,w) acting on these field quantities (Woodhouse, 1974;
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Kennett, 1983; Ursin, 1983; Wapenaar & Grimbergen, 1996). Furthermore,
aHy(kH,:cg,w) represents the source vector containing all source terms of the
seismo-electromagnetic SH-TE and P-SV-TM modes. The field quantities for each
of these modes in gV are continuous across horizontal interfaces. Considering the
fact that in the Earth the major variations occur in the depth direction, it makes
sense to take the vertical axis as the direction of preference and separate the ver-
tical variations of the field from the horizontal variations of the same field. We
desire to arrange the field quantities in >V in such a way that the corresponding
system matrices AHY have optimal symmetry properties. This allows for essential
simplifications of our eigenvector analysis.

Capturing the SH-TE propagation mode

We use the following arrangement of the field vector for the SH-TE propagation
mode

ﬂs,H
~H [ H
~H qi E
= ~ = - , 2.114
q < qf > zb,H ( )
_HH

where the superscript H indicates that that respective field quantity is an SH-TE
mode quantity.
The corresponding system matrix reads

~ o A
i 12 2.11
( P ) (2.115)

which consists of anti-diagonal symmetric block matrix operators, reading

Al = ( /g —OC ) (2.116)
Aj = ( OH;CF —(ﬁEX+ ) ) (2.117)

In equation (2.115), O is a two-by-two zero-matrix. Furthermore, the following
relations hold between the different variables

a = sp°, (2.118)
112
o p
peo= pb—(AE), (2.119)
p
£ o= 1 (2.120)
sk

x = sp'L, (2.121)
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S

¢ = "+ sy, (2.123)
i 6° + se, (2.124)
¢ = soerr%—ﬁEﬁQ :e+%—ﬁEﬁ2 = %prﬁ? (2.125)

The SH-TE source vector in the horizontal wavenumber-frequency domain then reads

af = (d{’,&g’,cig{,cif)t, (2.126)
where
it = —jk [7183 + 71?,2} + jiko [izlig + Egl} : (2.127)
il = —jkaJ7, (2.128)
B = g [f- Lo] i [t G ] a+a) [0hy 6
—@ |[=2GTRE, +2G7 Rl (2.129)
aif = L [_jklfo +jk‘2f1f} + jkiJs — ke Jf — i,ﬁ?jg”, (2.130)

Capturing the P-SV-TM propagation mode

For the P-SV-TM propagation mode, we use the following arrangement of the field
vector:
3
w3
~b,V

Tnorm.

~V %4

where the superscript V indicates that these field quantities are P-SV-TM mode
quantities.
These choices result in the following P-SV-TM system matrix

~ 0O AV
AV = 12 2.132
(Agvl ! ) (2.132)
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where the submatrices are defined as

s —s C jKS 0
Ke MK f e 4
AV T MCKJ +ERP —jrbp + Ry {1 - K%} JrL
2= jr coph Gsr(S+Gy, e )
0 JrL X —n¥
(2.133)
and
spb spf gk 0
foospPa &
~v | sp = 0 IR
A ik 0 3 0 (2.134)
0 jrd 0 —(—1is?
The following additional relations hold between different variables
¢ %ﬁ = spPL, (2.135)
¢ W — €L, (2.136)
~e AEA
U 14 L (2.137)
S S

The corresponding P-SV-TM source vector in the horizontal wavenumber-frequency
domain is given by

~ t
& = (Y& YY)

where

dy

dy

dy

5
(S +2G677)

J

1 pf

jk  2GTTS

s (S+2G77)

[22,
Lokl + o [+ i) |1 -
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1 2jGIT
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(2.138)

(2.139)

(2.140)

(2.141)

(2.142)



2.2. Capturing the seismo-EM system in a general differential field equation 31

(2.143)

(2.144)
(2.145)

(2.146)
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2.3 Deriving the eigenvectors'

Now that we have specified our field vectors q'V, system matrices AHY and source
vectors d»V for the SH-TE and P-SV-TM propagation modes, we can move onwards
to derive and present the eigenvector sets belonging to this specific arrangement
of the field vectors. In this section, we derive the eigenvector sets that form the
basis for our numerical modeling examples. Before diving into greater detail, let
us first evaluate what this eigenvector problem looks like in general. The system
matrices above are organized such that they obey the following symmetry relation

{AH’V}t NV = _NHV ARV with

< O I
HYV
NV = ( 10 ) (2.147)

where the submatrices are either size 2-by-2 or 4-by-4 for the SH-TE and P-SV-
TM mode, respectively. Here, I is a diagonal identity submatrix, and O is a null
matrix. The system matrix A#V" can be decomposed into matrices consisting of its
eigenvectors and eigenvalues via

_ - _ ~ -1
AH’V — LH,VA{'LV {LH,V} . (2148)

- - -1
Here, L¥V and {LH v represent the composition and decomposition matrices,

respectively, that consist of the eigenvectors of the SH-TE or P-SV-TM system
matrices. The eigenvectors form the basis for wavefield decomposition into one-way
wavefields (see Grobbe et al. (2016b) for a discussion on seismo-electromagnetic field
decomposition).

Furthermore, A; is a diagonal matrix consisting of the eigenvalues of the system,
that can be written as

ARV — ( _]‘(f’v AS’V ) (2.149)
where
AP = < Pf)H FgE ) , (2.150)
and
Tp; 0 0 0

P
0 Ips O 0
0 0 Tgy 0
0 0 0 T'rum

AV = (2.151)

IThis section is part of the journal paper published in Geophysical Journal International
doi: 10.1093/gji/ggw128 (Grobbe et al., 2016a). Note that minor changes have been introduced to
make the text consistent with the other chapters of this thesis.
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The relations between the vertical wavenumbers I',, and the spherical wavenumbers
7w for a certain type of field w are

2 = 42 +k?% (2.152)
o = T —r, (2.153)
with
S
w = o 2.154
T = 5 (2.154)

and where w can be the horizontally polarized shear wave S H, the transverse electric
mode T'E, the fast compressional wave Py, the Biot slow compressional wave P,
the vertically polarized shear wave SV or the transverse magnetic mode TM. In
equation (2.154), é, represents the complex wave or field velocity for the specific
field type w. To determine the eigenvalues of the system, we need to choose the
proper sign of the square root. We choose the positive sign of the square root, based
on the fact that for the eigenvalue matrix, we desire that ®{I',,} > 0, based on
physical wave propagation constraints (see e.g. Grobbe et al. (2016b)).

Pride & Haartsen (1996) have determined the complex velocities for each field
type, which we can rewrite for our field quantities and our definition of the Fourier
transform as

2
bsg = ; , (2.155)
b+t [d - ] - 2
2
Crtp = 5 5 (2156)
pey nE \/[ pe CnE} Ay
GFIr 52 Gir s2 s3GTT
2AHM — C?
épp = ( ) , (2.157)
=\ f52 - a1 - 02 [ (Y]
2AHM — C?
eps = ( ) , (2.158)
D+ \/Iﬂ —4(HM — C?) [pb@ - (pf)Q}
ésy = CsH. (2.159)
érm = CrE, (2.160)

where 7 = p® M + 2 E@EH —2pfC. Due to the isotropic and lateral invariance of the

medium, the horizontally and vertically polarized shear wave velocities are equal
to each other. The same holds for the transverse electric and transverse magnetic
(diffusive) velocities. Note that the expressions for the velocities contain divisions
by s. Numerically, we stabilized the expressions adding a small imaginary number
to the angular frequencies, thereby modeling using complex frequencies and in the
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Table 2.1: Table showing the required conversions when starting from Pride & Haartsen
(1996); Haartsen & Pride (1997).

’ Haartsen and Pride system Our system
wp K
—jw S
Ss L
JWqw —T
Guw Lo
= +
‘EV related to field quantity @’ ‘s - EV related to field quantity @’

final step compensating for this small imaginary part in the inverse temporal Fourier
transform. Alternatively, one could model the spherical wavenumbers where this
problem does not occur.

Now, we present two different eigenvector sets. The first set we derive starting
from the published eigenvector sets by Haartsen & Pride (1997), where we adjust
those sets to our field quantities and their arrangement in the field vectors and where
we apply power-flux normalization. The second set we derive starting directly from
the system matrices AV thereby paying special attention to the situation of the
coupling coefficient being equal to zero. We again apply power-flux normalization
in the final stage.

2.3.1 Power flux-normalizing the Haartsen and Pride-based
eigenvectors

Starting from the eigenvectors as published by Haartsen & Pride (1997), we apply
the conversions as displayed in Table 1 to comply with our field quantities and
Fourier definitions and to express the eigenvectors in terms of wavenumbers.

Here, p denotes the horizontal slowness and ¢, the vertical slowness. Since we
are dealing with particle velocity fields whereas Haartsen & Pride (1997) use particle
displacement, we need to multiply each of the eigenvectors that are directly related
to the displacement @ with the Laplace parameter s. In addition, for Haartsen &
Pride (1997), the — sign indicates downgoing fields and the + sign denotes upgoing
fields (which is an opposite definition compared to our notation). Furthermore, there
is a typo in Haartsen & Pride (1997): for the first element of the SV/TM eigenvector
set the F-sign should be a +-sign.

SH-TE Propagation Mode We arrange the eigenvector elements according to
our preferred field vector organization of equation (6.48). Our composition matrix
L# | where each column corresponds to the eigenvectors of system matrix A for a
certain field type, is organized as

- iH fH
LY = -1 1 . 2.161
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Let us now use K, K and K¥ (instead of L, L and L) to indicate our starting
eigenvector matrix and submatrices, i.e. the eigenvector matrices before applying
the power-flux normalization procedure. The starting eigenvector submatrices read

Kl = _ spopPLGT T osy spepPLG T érE , (2.162)
pf pf
and
= _FSHGfT —FTEGfT
Ki' = ( _TsupPLG " ¢su TrepPLGT¢rE , (2.163)
ol o

where ¢sg,TE is a certain scaling factor that depends on the field type, defined as

Viurn — S
bsmrE = ——a P G (2.164)
YSH,TE — ¢
Now that we have obtained the SH-TE eigenvector set according to our preferences
and based on velocity field normalization, we demonstrate how we can power-flux
normalize these eigenvectors in an effective way. We can find the power-flux nor-
malized eigenvector matrix by requiring that

{I:H}il (k,23,w) = — {NH}71 {I:H}t (K, 23, w)NH (2.165)

The details on how to derive the power-flux normalized eigenvector matrix that
satisfies this condition are given in Appendix 2.3.A. Through this procedure, we
end-up with the following power-flux normalized composition matrix:

Sdl Sd2
spop LGIT spopP LG
EH B __Skop f bsH d; __SHop > '¢7TE ds
—TeuyGIrd; —TreGlrd,
TsupPLGIT TrepPLGFT
_Tsup = ¢SHd1 _TI'rep - ¢TEd2
sdy sdy
_ SﬂoﬁEﬁCf;ﬁ(bSH di — SuoﬁEﬁg;fTGﬁTE do
p fr P Ir (2.166)
T'sgG'"d;y I'reG'"dy
~E A~fr ~BE A~fr
Psup ﬁfG ¢5Hd1 Crgep ﬁfG ¢TEd2

Looking at equation (2.228), it can be observed that the decomposition matrix

- -1
{LH} can be written as

{IZH}f1 1 {ifl}_ {Eg}_ . (2.167)
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However, using equation (2.165), we can determine the power-flux normalized de-
-1

composition matrix {iH } In a general notation, this power-flux normalized

decomposition matrix is organized as follows
{Le} (i}
~ oy -1
oy - fh )
{t} - {)
Comparing the expressions (2.167) and (2.168) we can observe that for power-flux

normalized eigenvector systems, we can use the transpose of a submatrix as the
inverse of the other submatrix, via

{fmaw} = 2{E )}

{if(/@,xg,w)}_l 2{f4¥(/€,1‘3,£&)}t.

(2.168)

(2.169)

(2.170)

P-SV-TM Propagation Mode Starting from the published eigenvector set of
Haartsen & Pride (1997), corresponding to our arrangement of the field vector and
applying the same conversions as discussed for the SH-TE mode (Table 1), we find
the P-SV-TM eigenvectors that meet our conditions. In order to let our composition
matrix K" obey the following structure,

o _ (K  KY

K" = ( I~(¥ —f(g ), (2.171)
we introduce an additional minus sign for the upgoing fast and slow compressional
wave related eigenvectors, as described in Haartsen & Pride (1997). This does not
change the field vector "', but will introduce a minus sign difference when looking
at the one-way wavefields corresponding to these two wavetypes. Our starting P-
SV-TM submatrices, before the flux-normalization procedure, now read

sUpy sT'ps
YPf YPs
B sLpyops sUpsdps
KY = Py Ps
1 _2G7"jkTpy  2GITjKDp,
YPf YPs
0 0
—SjK —SjK
5 Ysv b 5 Yrm b
—GI" (v3v _ p sjik  =GI" (vrm _ p sjK
f 52 Gfr f s2 Gfr
P S YSvV P YT M
GfT(FL;V+n2 GfT(F%]Wﬁ'I‘f) (2172)
AE'YSV AE’YTM
—Ysv ';TfEGfT¢SV —YTMm %ﬁGfWTM

and



2.3. Deriving the eigenvectors 37

=P (H + QCig“z + </>Pf0) —VPs (H + QGWZ% + ¢PSC)

f s
KV — —py (C+ ¢ppM) —ps (C + ¢ppsM)
2 — SJK SJK
E"A/Pf Ps
—p Loprsjk —pELopssin
Ypfé YPs€
2G7 " jkT sy 2GT " ikl s
Ysv Yrm
0
sUsv LI ,
Ysv YL M
o¥ peir 2" pefr
Psvpo oy LG dsv s Praspo 5 LG b s
n Ysv - YT M

(2.173)

where ¢,, is again a certain scaling factor, depending on the wavetypes w, defined
as

s’p" — Hypy p,

20T — Oy p” (2.174)

¢Pf,Ps = -

and where ¢gv, 7y is equal to the scaling factor discussed for the SH-TE mode,
equation (2.164).

To find the P-SV-TM power-flux normalization factors, we can again follow
the same procedure as discussed for the SH-TE system. Following this procedure
provides us in the end with the desired power-flux normalization factors. We omit
the precise details of this derivation since it is similar to the procedure discussed
extensively for the SH-TE propagation mode. The power-flux normalization factors
read

dy =d¥ = ! , (2.175)
\/25pr (~H = 20p,C — 6%,M)
1
ay =df = , 2.176
2 V25T ps (—H — 2¢p,C — ¢3_ M) (2.176)
1
dV _ d;/ — , (2177)
B Afr 2
\/QSFSV <Gfr + 1o [7')}5“2]; ¢SV] >
1

s 12
\/QSFTJVI <Gfr + po [E2EC T omat | >

where we recognize identical factors for SH versus SV, and TE versus TM, equations
(2.247) versus (2.177), and (2.248) versus (2.178), respectively. Again, we choose the
positive sign of the square root.
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These normalization factors are again elements of the diagonal matrix DV,
and using LY = KVDV we obtain the desired power-flux normalized eigenvector
matrices for the P-SV-TM mode.

We can observe that when the seismo-electromagnetic coupling coefficient L is
equal to zero, the fourth row of composition submatrix, equation (2.172), and the
fourth row of composition submatrix, equation (2.173), are zero for all elements.
These rows are involved when composing the two-way electromagnetic P-SV-TM
mode field quantities (Y, . and EY,  respectively) from one-way wavefields, via
q" = Evﬁ, where p¥ contains the downgoing and upgoing wavefields (see also
for example Grobbe et al. (2016b)). When there is no coupling between mech-
anical and electromagnetic fields, we expect columns one, two and three of the
composition submatrices to be equal to zero, whereas the fourth column (corres-
ponding to the TM field type) should be non-zero, generating the electromagnetic
fields. We can see that for the Haartsen & Pride (1997)-based eigenvector set, also
this fourth column is equal to zero. Furthermore, we can observe that the fourth,
electromagnetically-associated column is non-zero for most of the other rows (which
correspond to mechanical field quantities) when there is no seismo-electromagnetic
coupling. This is physically not what we expect; we expect zero values for these
elements since there is no coupling between mechanical and electromagnetic fields.
We investigate numerically the zero-valued coupling coefficient scenario more closely
later on.

2.3.2 Deriving alternative power-flux normalized eigenvector
sets

Now that we have our power-flux normalized eigenvectors sets for both the SH-TE
and P-SV-TM modes, starting from the published eigenvector sets by Haartsen &
Pride (1997), we now show how we can derive the eigenvectors directly from the
system matrices A¥ and AV, equations (2.115) and (2.132), respectively. Thereby,
we construct our eigenvector matrices in such a way that the eigenvector matrices
get the correct shape when the coupling coefficient £ = 0. For the eigenvector
matrices, this means that the rows corresponding to for example an electromagnetic
field quantity in Y, should automatically obtain zero elements in their columns
corresponding to the mechanical wave types when L is equal to zero.

Let us start by looking at equations (2.115), (2.132), (2.148), and (2.149). We
can observe that the following relations hold between the system submatrices, the
composition and decomposition submatrices and the eigenvalues submatrices

_ _ B B 1
ARV _{HVEHV {Lf,V} ’ (2.179)
_ B B N 1
ARV — _{HVRHV {L{I,V} 7 (2.180)

with the eigenvalue submatrices for the SH-TE and P-SV-TM modes described by
equations (2.150) and (2.151), respectively. Let us now focus on the specific choices
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made in deriving the SH-TE and P-SV-TM eigenvector sets. Please note that we
follow slightly different procedures while deriving the eigenvectors for both propaga-
tion modes. We could for example apply the same steps for the SH-TE mode as we
describe for the P-SV-TM mode. However, from experience we have noticed that
the end-result of this procedure yields numerically less stable results for the SH-TE
mode than the alternative way of deriving described here. Vice versa, we cannot
apply the SH-TE procedure when deriving the P-SV-TM mode since the size of
the system is way bigger and in addition the system is more complicated, making
the derivations tedious. On the contrary, the P-SV-TM procedure described here is
more straightforward and less tedious, plus it yields numerically stable results for
this propagation mode.

SH-TE Propagation Mode Let us start by focusing on the SH-TE system. We
start by rewriting equation (2.179) to find an expression for L as

~ ~ L P
7 {A{g} LAAN, (2.181)

We can easily find the inverse of Afg since this is a diagonal matrix. We choose I:{{
in such a way that we obtain the desired structure for £ = 0 as well as fulfill the
physics of the seismo-electromagnetic system. Writing equation (2.181) in explicit
matrix notation yields

F —% 0 df diy I'sg O B
2 - 0 7% d{{AX ngB 0 FTE -

di’Tsn dXxTrg
_ B 3
A’ AxPsy ' BTrp |- (2.182)
¢ ¢

Now using equation (2.180), we can obtain four equations for solving for two
unknowns (A and B).

2 dHF2
<a + F”) dif altAx? = L SH (2.183)
B B
2 dH 1'\2
<a+ “) dix+dipy = 2XTE (2.184)
B B
K2 dif Ax1?
d¥x — (nE + C) dif Ay —%SH, (2.185)
2 d BT2
diy? - (nE + 'Z_) d'B —%. (2.186)

Dividing out the terms that occur both at the left- and right-hand sides (amongst
which are the scaling factors dff and d%'), isolating the unknowns A and B and
using the relations between spherical and radial wavenumbers (equations (2.152)
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and (2.153)) yields two possible expressions for each of the two unknowns:

2
VSH—aﬁ
A = 8H_“F 2.187
T ( )
2
B - JIE 0‘5’ (2.188)
B
¢
A = —— 2> 2.189
'Y,%H_UEC ( )
2
X“C
B = ——/2> 2.190
Vg —nFC¢ ( )

Remember, we want expressions that are stable when no seismo-electromagnetic
coupling occurs (i.e. no divisions by L only). Therefore, we use equation (2.189)
as the expression for A. For B, the selection is ambiguous. We choose equation
(2.188) as the expression for B. By equating equation (2.187) to (2.189) and (2.188)
to (2.190), the following interesting relations can be found

(V3 — aB) (Eu —n"C) = —X?B¢, (2.191)
(v#e —aB) (Vi —n"¢) = —Xx*B¢. (2.192)

Now that we have solved for the two unknown parameters A and B of the eigen-
vector matrix, we can normalize the eigenvectors with respect to different quantities.
Note that in the whole derivation so far the normalization factors df and d& dropped
out of the equations, meaning that the expressions for the two unknown parameters
are normalization independent. Due to the way we have organized our system mat-
rix A (symmetry), and due to the specific structure of the composition matrix L7
in terms of its submatrices i{{ and Iiéq , we can find our power-flux normalization
factors, by requiring that

- -t 1=
L {Lg} =517 (2.193)
where we make use of the relations between the transverse and the inverse of certain
composition submatrices (equations (2.169) and (2.170)).

By requiring equation (2.193) to hold we can solve for the flux-normalization
scaling factors d{{Q. We combine the expressions for the diagonal elements of %iH
with the expressions for the off-diagonals, yielding expressions containing solely d
or dif. Furthermore, we recognize and apply the relations (2.191) and (2.192).
Depending on which one of these relations we apply, different end-results for d{J
and di are obtained. We choose to use the following end-results as power-flux
normalization factors

2 Csu (’YgH - ’V%E)],

i = \/— B¢ . (2.195)

2[Cre (Viy —v35) (%E — aB)]
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Substituting equations (2.194) and (2.195) in the expressions for LI and L& (see
equation (2.182)), yields

_ BLEa—"C) _ 820y
I:H - QFSH(’@H*’Y%E) 2're (’YL%H*’Y%E)('Y%E*(J@)
e B __CheaB) ’
2su (735 —nFC) (7§H _’Y%E) 2FTE(’Y:2<;H —’@E)
(2.196)
and
_M \/ CX2FTE
£ — 26(73n—71s) 2(v3n—%5) (V3 p—ab) (2.197)

\/_ ( BXx?Tsm _FTE(WTE_aﬂ)
2

V2u—745)(7Eu—1"C) 2€(Vi—%5)

We refer to this eigenvector set as the GST SH-TE set.

P-SV-TM Propagation Mode For the P-SV-TM system, we take a slightly
different approach, since we cannot easily invert A‘{Q We could of course have used
the inverse of Agl, however, experience has taught us this does not result in the
desired stable final eigenvector expressions. The approach expressed here shows
great similarities with the approach presented for the SH-TE mode (and could have
also been used for the SH-TE mode). We start by rewriting equation (2.180) to find
an expression for LY as

- - - - —1
LY = —AVLY {AV} . (2.198)

_ Let us now choose LY in such a way that we obtain the desired structure for
L = 0 as well as fulfill the physics of the seismo-electromagnetic system. We therefore
choose LY as follows

df dyA dyB YDy

/By dYFdyGy

dYN d¥o dY dYPx
0 0 d¥Ty dY

LV = (2.199)

As can be observed, we have added the factor x, containing £, to the elements of I~4¥
such that the correct elements of EY are equal to zero if £ equals zero (i.e. that no
coupling between the mechanical and electromagnetic parts occurs). What can also
be recognized, is that two elements (elements (4,1) and (4,2)) are explicitly defined
as zero. They correspond to the P-SV-TM mode magnetic field due to the fast and
slow compressional waves. As has been shown in various laboratory experiments
Bordes et al. (2008), the magnetic field is purely associated with shear waves or of
course electromagnetic fields. Furthermore, as we see later on when determining
the LY submatrix, these zero elements will move to positions (2,3) and (2,4) in LY,
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which correspond to the fluid pressure due to SV waves and TM fields. Since the
fluid pressure is only associated with the fast and slow pressure waves, these SV and
TM elements must be zero, which proves that by choosing the discussed elements
equal to zero, the physics of the seismo-electromagnetic phenomenon are correctly
preserved. Here, d}., denotes a still to be determined (or chosen) scaling factor that
for example power flux-normalizes the whole system. Again, dY,, can be seen as
elements of a diagonal scaling matrix DV.

As can be observed in equation (2.198), we need the inverse of (2.151) to find
f;‘{ . This inverse reads

L 0 0 0
-1 Sf L 0 0
{AV} o B (2.200)
Isv 1
0 0 Trm

Using equation (2.198) we can express L in terms of f;‘l/ and the known values
for the elements of the system submatrix A21 and the inverse of the eigenvalues

{AV} , yielding

[sp + spr + jkN| If%/b [sp’ A+ sp/ + jrO]

I'p

v y L
i e 7 (1+5F) B] £ sl Ak si® (14 )]
2= av . ' ay .
£ [ + BN] . bisd + BO]
v [. ¢ dy [ €
rhy |JeeE Tr |63
v %4
o [s0"B+spl F v jr] i [s0PDx + spf Gy + jrPx]
0 0
Fsv [j/-gB + 7] [J‘RDX‘FBPX}
2
e O L J’”"EGXJF( ¢-)]

(2.201)

We can indeed observe that elements (2,3) and (2,4) are zero, as required from a
physical point of view.

Now that we have defined and consistently determined the composition sub-
matrices EY and f;g in general terms, respectively, we can use the other equation,
equation (2.179), to determine a set of equations that contains all necessary inform-
ation to solve for the unknown parameters of these composition submatrices. To
this end, we rewrite equation (2.179) as

AVLY = —LYAV. (2.202)

Writing out equation (2.202) explicitly will yield four sets of four equations, one set
for each field type (Pf, Ps, SV and TM), which can be used to solve for the unknown
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parameters. The details of this derivation are presented in Appendix 2.3.B. Solving
for the unknown parameters in this way yields
—94
N g (2.203)
B
T = M TGS
E 2.204
M¢pl — pECHE 7 (2.204)
—ofMé+ pECHE
A pASEpEn (2.205)
pPMS — pfCS — o
@) NA (2.206)
2 ()2 e
B s2pb — % -2(5+ Gf") K? — Koyiy, (2.207)
pen
—253K2 (pf)2 L2 K2 .
T ———( F L2 E—A) Be—42,, 2.208
1 P, = LT T =) T sy (2.208)
—23/4,2(1+ G?T) s
T = o 2.209
. , (2:209)
. f 2
sjk | prEXT S
B — — |1 2.210
e - (1 R | 2210
—spl¢B — jREXT
F 5p7¢B = JRxT (2.211)
spFn
r 20 f)20
Dy s2pb — S;gn;g —2(S+ G K - KCV%M] , (2.212)
i K2 Sk? K Exk?
D K |-(—— | ———— 2.213
’ I C( f) 0¥ Spanf}’ (2213)
[ 2 (pf)? s¢ K
Dg 82pb5— (APE )E S +4Gf7 (S+Gf7) RZ +S2ﬁcKc _ SpAE CE§X 7
i U pEn
(2.214)
_82[)CKC ;
P, ot 2(S+GIm) K? - KCV%M} , (2.215)
. [D1Ds + 215
, 2.216
[PLDy + k2 (1+ 2% ) D3] (2.216)
[ s
SjK {nT - P(1+ W)]
D 2.21
5 , (2.217)
—s(oF)2ED — ikpE
G s(p')<D e (2.218)
spEntp

Now that we have solved for all ten unknown parameters of the eigenvector
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matrix, we can normalize the eigenvectors with respect to different quantities. Note
that in the whole derivation so far the normalization factors d}, dY, d¥ and dY
dropped out of the equations, meaning that the expressions for the ten unknown
parameters are normalization independent. Where Haartsen & Pride (1997) have
used displacement normalization, we here choose for power-flux normalization. Due
to the way we have organized our system matrix AV and due to the specific structure
of the composition matrix LY in terms of its submatmces LY and Lg , we can find
power-flux normalization factors, by requiring that

{ilv}tfg = %iv, (2.219)

where we make use of the relations between the transverse and the inverse of sub-
matrices (similar to equations (2.169) and (2.170)). By requiring equation (2.219)
to hold and explicitly writing out these submatrix multiplications in general terms,
we can solve for the flux-normalization scaling factors dY,, yielding

Tr
4 = - [p +E (22;—5- PEnEE)} (2:220)

I'ps
&y = |- P , (2.221)

2s [A (pPA + 2pF) + @}

r
a = |- 5V , (2.222)

P [B (spPB + 2jk) — L2052 | gy \I/X2T2]

Tr
yo— | M , (2.223)
. spENE 202
2 [XQ (sp? D%+ 2jkPD + BP?) — -1 2= 4 \If}

with ¥ = —( — T We have now found expressions for the power-flux normalized
eigenvectors of the P-SV-TM system, straight from the system matrices and defined
and derived in such a way that they obey the physics of fully decoupled poroelastic
and electromagnetic systems when £ = 0 and remain numerically stable. We refer
to this eigenvector set as the GST P-SV-TM set.

Appendix

2.3.A Details of the Power-flux Normalization Procedure for
the SH-TE HP Eigenvector Set

This appendix presents the details on how to effectively power-flux normalize the
HP eigenvector set for the SH-TE propagation mode. Starting from the velocity
field normalized eigenvector set for the SH-TE propagation mode, we can derive the
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power-flux normalized eigenvector matrix by requiring that equation (2.165) must
hold. Having N# as described in (2.147), its inverse reads

00 -1 0
<! o -I 00 0 -1
H _ —
{N} _<I 0>_ 10 0 o0 | (2:224)
01 0 0

From this, it can be easily seen that the following relation holds between N and its
inverse:

- {NH}_l N (2.225)

However, the flux-normalized L for which (2.165) holds is not yet known. To
find the correct flux-normalized composition matrix L#, the following steps are
performed. Let us first define L7 as

L7 = KD (2.226)
where D¥ can be an arbitrary invertible diagonal matrix, in this case chosen as

_ a0 0 0

DH — DY O \_[ 0 4 0 0

O D¥ 0 0 aff o

0 0 o0 4

(2.227)

_ By making this choice, and knowing that for the resulting composition matrix
L (via (2.226)) the following organization must still hold

r H I: fl
LE=( 1 d 2.228

which is also the structure of K¥, this already leads to the following requirement
for f)H7 f){l = ]55 More specifically, dif and dif are required to be equal to d¥f
and dIf, respectively.

We now explicitly write out the composition matrix K in general terms, where
we have replaced all elements, except for the first row, by general symbols a, b, ¢, d, e

and f

s S S S

o (& €

K'=| J; . _fb : (2.229)
¢c d —c —d

Nt
The transpose of the composition matrix, {KH } then reads:

{RH}t: }R{I}t Rg}t . (2.230)
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To obtain the flux-normalized composition matrix L7, (2.165) is rewritten in terms
of K, using L¥ = KID#

- - —1 - -1 , - t - - - - t -
(KHDH) - —{NH} (KHDH) NH = N# (KHDH) N (2.231)
In addition,
LL™' = L'L=1, (2.232)
holds, of course, as well. Hence, combining (2.231) and (2.232) results in
- - - t - -~ - - t - t - - -
N# (KHDH) NARKD = N# {DH} {KH} NARHDH = 1, (2.233)

Let us now for notational convenience drop the superscript H. Explicitly expressing
equation (2.233) in full matrix-notation yields

. D, (KiK, +KIK,) D, D, (KiK; —K!K,)D,
ND'K'NKD= | _ »_ _  _ (S T
D, (KK, - K!K,)D; D, (KiK; +K!K,)D,

- < o9 ) (2.234)

Using the general expressions for K; and Ky (equation (2.229)) the following terms
are evaluated

N ~ i 2(as + ec) as+ fc+bs+ed

KoKy + KK, = < as+ fc+bs+ed 2(bs + fd) ’ (2.235)
and

- ~ i 0 as+ fc—bs—ed

KoKy — KK = ( —as — fc+bs +ed 0 : (2.236)

Let us for simplicity introduce a new parameter w = as+ fc—bs —ed. From (2.234)
it turns out that the following condition must hold

D, (KgKl - Kﬁﬁg) D, = O. (2.237)
Evaluating equation (2.237) results in:

Lo o\ = 0 dH 48

D, (KgK1 ngKQ) D, = < atgns o ) (2.238)

From both equations (2.234) and (2.238) it follows that, in order for the required
conditions to hold, @ must be equal to 0. Hence, after filling in the expressions for
the different terms making up w, the following expression has to hold:

A\ 2
PG L
_Gf'r + Ho <pp;ﬁ> ¢sh¢te (SFSH + SFTE) = 0. (2239)
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In order for this condition to be satisfied, we require

A\ 2
L
—1+no <ppf> G hsnpre = 0. (2.240)

Hence,

A\ 2
AEE
1o <ppf> G onre = 1. (2.241)

For equation (2.241) to be satisfied,
1
T N2
to (%) GIr
must hold. This condition is checked and proven to be satisfied.

Furthermore, for equation (2.234) to hold, the following condition must be sat-
isfied

D, (K§R1+R§R2) D, = L (2.243)

GsnPte (2.242)

Writing out this condition in its general terms shows that the following must hold
Dy (R4 +KiK:) Dy =

2(d{{)2(as+ec) difdi (as + bs + fc+ ed) (2.244)
A" dH (as + bs + fc + ed) 2 (d2)” (bs + fd) ' '

It turns out that the same condition (2.241) needs to be satisfied in order for the

anti-diagonal of (2.244) to be zero. The only conditions that still need to be satisfied

are:
2 (d)? (as+ec) = 1, (2.245)
2 (d)? (bs+ fd) = 1. (2.246)

This is where the actual power-flux normalization will take place.
From equations (2.245) and (2.246), using equaton (2.241), it follows that

d{l = 1 _ <_2SFSthr |:1 _ ¢sh:|> :
pELGTT 2 te
\/2SFsh |:_Gfr + Mo (%) :|
(2.247)
% = : = <25rthfT {1 _ d)tD .
¢sh

5 peitrg \2
%rw [+ o (222870’

(2.248)
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We choose the positive sign of the square root, based on the fact that for the ei-
genvalue matrix, we desire that #{I'y,} > 0. We can now evaluate LH = KZD#
yielding the flux-normalized composition matrix L¥ of equation (2.166).

2.3.B Details of the Alternatively Derived Power-Flux Nor-
malized P-SV-TM GST Eigenvector Set

This appendix presents the details for deriving the GST P-SV-TM eigenvector set
as presented in this thesis. We start from equation (2.202). Since both the right-
hand side and the left-hand side of equation (2.202) (implicitly in LY) contain a
minus sign, these will cancel and will be ignored in the derivations below. Explicitly
writing out equation (2.202) yields four sets of four equations each, one set for each
field type (Pf, Ps, SV and TM):
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Set 1:

s dy f
fr— [sp + sp E-‘r],‘iN]

spl + sp? ( EL) E

|4

S dy
—l—jfifr—[]ﬁ—i—ﬁl\f} = d‘{I‘pf,

c o4
"MK.Tp,

(2.249)
C dy
MK pr
s C?

A V A A T
(M {14— MKJ + kHQ)(Ic‘le spl + sp” ( §£> E_

U C S, dY
b+ ing 1= - Lin-+ B8
3

R V
+jf<;£(r—;f anE) = d{ETpy,

[sp” + sp’ B+ jkN] +

~—

+(—jk

(2.250)
JkS dl

K. Tp;
! SR 7AW
il il E A RO S Y
+( ]IiﬁE-i-]FE [1 K})(F o7 spl + sp¥ ( z )E_
14Gy¢, (S + Gf,-) 2 N dV
- g
s K.

[sp” + sp’ E + jrN|

~—

jr2>E|) = dY NTpy,

(2.251)

»
o)
Ry
+
CIJ
/\
—
+
‘J\f‘w
>
~_—
L m 1

) = 0, (2.252)
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Set 2:
s d¥ b o
()5 [sp" At sp? +5wO])
C &L
- =2 1spfA 1
+( SMKC)(FPS spl A+ sp ( + f) )
jrS dy . _ gV
+ KC FPS []K’A+ﬂ0] - dQ AFPS?
(2.253)
\%4
(ms ) (2 [spt A+ 5p? + jO))
MK, 'Tp
s C? 1% dy B
oo 81, dY '
P e P
e mﬁEwM [1 K]xrps nA 1 40))
ay [ €]
(]Kﬁ)(rpg jﬁ;g ) = d;/FPSa
(2.254)
ikS . dY
() (o s A4 sp” + jwO])
f C S7..d éc
P . U 2 2 f ~E
+( jHﬁE)—F]IiM [1 KJ)(FPS sp’ A+ sp <1+ f) )
14GfT(S+GfT) 9 ~ d;/ .
+(5 X K+ sp )(Fp [jkA + BOY)
ay [ €]
+ (FPg jﬁ;g ) - OFP87
(2.255)
o dY 7Y
GRE)E |spf 4+ " ( : ) )
dy _
+(X)(1“ [jrA 4 BO])
Ps
ay [ €]
—nP(=2-|jk2]) = 0,(2.256
7 (Fps Jf‘éé_) (2.256)
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Set 3:
s dy b
B+sp'F
(K )FSV [sp"B + sp! F + jk|
JrS d v
e FSV [ ikB + f] ds BT sy, (2.257)
codY
(fsMiKc) Tor [sp"B + sp! F + jr])
f C S dy
ol
gl e [1- = ])(FSV[ KB+ )
dV é K2 v
HRDE it P+ (o= S) x|y = dFra, (2.258)
sV
JKS d3 b f
(K ) Tar [sp"B + sp’ F + jK])
14Gfr(S—|-GfT 2 N dg .
-—dJ ~ @ J 7 c\(—2__ B
(G IR ) (£ B + B)
dV é K2 v
X7 |JrzF + C—* Tx|) d3 Tsv, (2.259)
sy S
(2.260)
dV
xrf [jkB + f]
1%
dy |.¢& K2
G s r s (- T) = AT 20
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Set 4:
=) di [sp"Dx + sp! Gx + jrPx])
K. 'I'rm
ikS. dY .
(U2 (A [jkDx + BPX]) = dY DxTrar, (2.262)
K. 'T'ry
(2.263)
c . dY

- *D f ik P
( SMKC)<FTJW [sp"Dx + sp’ Gx + jrPx])

f %
+Hoin ks +ins [1 - S])( U kD + 8P))

M K. | " 'T'rum
s, dY é K2 v
HRL) (g [3R2Gx+ (== |) = diGxT'rar, (2.264)
TM S S
kS dY
- )= [SPbDX+Sprx+jHPXD
K. 'Try
14G 4, (S + Gy v
HRAC LG 2y ey (B iy + BPY)
S c TM
ay . ¢ K2 v
+X(F jr=Gx+ [ —C——=)|) = dy PxTrm, (2.265)
T M S S
&y
X(g— [iwDx + BPx])
TM
av | £ K2
—nE(F4 [Jm%Ger(—C—A)]) = dYTra. (2.266)
TM S S

The first two sets, corresponding to the Pf and Ps eigenvectors, have two un-
known parameters that need to be solved for, whereas the second two sets, corres-
ponding to the SV and T'M eigenvectors, contain three unknown parameters. Since
each set consists of four equations, it is obvious the system that needs to be solved
for has a certain amount of redundancy. We require the final expressions for the
unknown parameters to be as concise as possible, in order to minimize numerical
round-off errors. Furthermore, care must be taken that no divisions by the radial
wavenumber x or the coupling coefficient L take place, since we want the system to
be numerically stable for scenarios where x = 0 and / or with no coupling between
the mechanical and electromagnetic systems. Taking these aspects into considera-
tion, the following expressions for the unknown parameters have been found. For
set 1, corresponding to the Pf eigenvectors, we have used equations (2.249) and
(2.252), to solve for the two unknowns N and E, yielding

N = ZHE (2.267)
5
1 |Kelhy — 520" + % — SK? — 2k2GIT
E = — SoE . (2.268)
S [p f - £2Cn }

S
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Parameter E can be further simplified as

T = PP MS I CS
E= . 2.269
MSp! — pPCnF ( )
For set 2, corresponding to the Ps eigenvectors, we have used equations (2.253)
and (2.256) to solve for the two unknown parameters A and O

[t 4 225

4 L : (2.270)
[szpb — = — KCT%, +252GT + KZS}
0 = _22’”4 = NA. (2.271)
We can simplify A as
—p! M+ pECn”

PMe — piCe ~ Kl (2.272)

Ps
As can be seen, the expression for A is similar to E: A = —1/F with the velocity of
the Biot slow P-wave instead of the Biot fast P-wave.

To determine the three unknown parameters B, F and T of set 3, corresponding
to the SV eigenvectors, we need three equations. To obtain stable solutions without
divisions by solely k or L (which can be zero and cause instabilities) we use equations
(2.257), (2.261) and the equation following from the fact that we require Lo (2,3) = 0,

~ pfdl B pAE EgY F ‘/ﬁédl T
i 3 spnag J 3 X
[5(2.3) = — + + =0. 2.27

2( , ) ( Tsv Tsy Tsy ( 3)

We use equation (2.273) to express F in terms of B and T, then subsequently
equation (2.257) to find an expression of B in terms of T and finally equation (2.261)
to express T in terms of solely known variables. As far as we are aware of, this order of
applying the superposition principle yields the most compact and stable expressions
for B, F and T. This results in the following expressions

2y S2(0)7¢

Bl = S p — W -2 (S + Gfr) KZ2 — Kch*v, (2274)
—253K2 (pf)zle K2 .
T o= —f—(AEQ EfA) Be— A2y, 2.2
1 P = 0L T =S ) 0T sy (2.275)
—251{2( G‘S}T) _ Sf
T — B GIr 2.276
- , (2.276)
. f 2
sjk | prExT S
B = = —(1 2.277

—opleB
po— —5r<B MﬁxT (2.278)
spEnP




54 2. Theory of the seismo-electromagnetic phenomenon

Finally, we try to derive numerically stable expressions for the three unknown
parameters of set 4, D, G and P, using equations (2.262), (2.265) and again the

equation following from the fact that we require that also Lo(2,4) =0

- dav
L2(2,4) = _FT4M [spfexD + spPnPxG + jrE] = 0. (2.279)

We use equation (2.279) to express G in terms of D, subsequently equation (2.262)
to express D in terms of P, and finally equation (2.265) to express P in terms of solely
known variables. Again, this order of applying the superposition principle yields the
most compact and stable expressions for D, G and P, as far as we are aware of. This
results in

r 20, f\22
D, = s2pb—-Sﬁgiﬂzg——2(5-+(9fr)ﬁ2—-K}7%k4 , (2.280)
i K2 Sk? K Exk?
Dy = |-K, (—¢-——)-"C =< 2.281
? I C( ¢ f) ¥ 8pan€]’ (2.281)
[ s2 (p)? 8¢ . . , K.
Ds = stbS—%—i—éle’ (S—i—Gf’)ﬁQ—i—sQﬁ‘Kc—% ,
I p pEn
(2.282)
r 2AcK
P = : Cp,'fr ©+2 (S + Gfr) K? — KC'Y%M] ) (2.283)
P [DlDz ’ ;%DS} (2.284)
- [PD1+ &2 (1+ &) D3]’ '
. 1 S
SjK {W—E —P(l—i—w)}
D = 2.2
5 7 (2.285)
_ N2~ _ i AE
¢ = S )<D—jro” (2.286)

spEnEp!
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2.4 Explicit homogeneous space Green’s function
solutions

We have seen that for layered-Earth geometries, we can capture the expressions for
both the SH-TE and the P-SV-TM propagation modes separately into the following
matrix differential equation

OsFAY — AHVEHV — §HV 5(zs — 13), (2.287)

where the tilde denotes that the expressions are given in the horizontal wavenumber-
frequency domain. Here, F denotes the two-way field vector, A is the two-way
operator or system matrix and S contains the two-way source quantities. The system
matrix for the SH-TE system is of size 4x4, whereas the size of the P-SV-TM system
matrix is 8x8. We follow an approach different from that of Pride & Haartsen (1996)
to obtain the homogeneous space Green’s functions. Where Pride & Haartsen (1996)
inverted a subset of equations to derive a few homogeneous space-solutions, we model
all seismoelectric and electroseismic source-receiver combinations both in ESSEMOD
and with homogeneous space Green’s function solutions. We make use of power
flux-normalized composition and decomposition matrices. Due to the power-flux
normalization, we use the transpose of the composition (sub)matrices as the inverse
for the decomposition (sub)matrices. We start by transforming equation (2.287)
to the three-dimensional wavenumber domain (denoted by the breve) using d; <=
—jks, from which we obtain

jksI ARV Y SV
g 9 =—( % , 2.288
< A;,V ksl FQH,V S;I,V ( )
which can be solved as
) - (S 8 (5)
wHYV | =\ &HV &HHV SHYV | (2.289)
( Fy Gyy Goy Sy

where the following expressions hold for the Green function matrices

GV = ok (K214 (APY)2) (ifvv)t, (2.290)
GV = 2RIVIIY (R4 (AR (Ef”‘/)t, (2.291)
GIY = 2ARVEMY (114 ATV (Ef’v)t, (2.292)
GRY = ikt (R4 (ATYV)2) T (if’v>t. (2.293)

To arrive at this result, we made use of inversion by partitioning (Press et al., 1988),

(ég)<§(§>:<(l)(1))v (2.294)
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where
PR (A-BD'C)"!  —A~'B(D-CA 'B)~!
( R S ) N ( D-'C(A-BD'C)! (D - CA~'B)! ) . (2.295)
We take
A=D=jkl, B=An, C=Ax, (2.296)

and make use of the fact that A and D are unit diagonal matrices except for the
scalar constant jks, such that we arrive at the expressions for the Green function
matrices. Note that the eigenvalue matrix contains the vertical wavenumbers on the
diagonal and the matrix (k%I + A2) is easily invertible. The matrices Alg and Agl
and the composition matrices do not depend on jks. Hence, the Green function
matrices do not depend on jk3 except in the diagonal matrix that has to be inverted
and the factor itself that appears in the expressions for G11 and Gay. We can rewrite
the system matrices using equation (2.148), and using GV = (k21 + (AH:V)2)~1
where G?V is a diagonal Green’s function matrix containing the scalar Green’s
functions for the different field types for the mode under consideration. This leads
to:

Gl = —2jksLi"V G (if’v)t, (2.297)
GV — o VKMV GHY (f‘{l,v)t7 (2.298)
GV = oflh VAHVGHV( H, )t, (2.299)
GV = ok EVEHV (T, ( HV) . (2.300)

We can now select which source-receiver combination we want to model in a homo-
geneous space, in order to validate the results obtained from ESSEMOD. We can
express all source-receiver combinations in terms of homogeneous space-solutions.
When certain field quantities are present in the field vectors of both propagation
modes, the SH-TE and P-SV-TM results need to be combined in the end to find the
total Green’s function solution for these fields. We will start with a comprehensive
example and focus on a combined field E; due to a pure P-SV-TM source-type: f3
being the bulk force in the zs-direction (depth), where the hat denotes a space-
frequency domain quantity. For the arrangement of the field vector as used in our
seismo-EM layer-code, the expression for the electric field belonging to the P-SV-TM
propagation mode due to f3 reads

CAVS b
Enm]"c?n = —23k3f3 ZL2 4kG 1 k- (2.301)
k=1
The following relation holds between the electric fields for the P-SV-TM mode and
the SH-TE mode and the electric field component in the x1-direction

9

E, = _jklEuXorm/H_'_ijETIL—Iorm/H? (2302)
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where & is the radial wavenumber, k = \/k% + k3, and where the subscript norm’
refers to the fact that the field quantities of both propagation modes have been
normalized with a factor —«. In the case of a pure P-SV-TM source type (like the f§’ ),
the SH-TE contribution to the expression (2.302) is zero. Using this relation, filling
in the correct components of the composition matrices in (2.301) and transforming
analytically back to the space-frequency domain, the necessary homogeneous Green'’s

function solution for E{ ? can be obtained. We omit the exact expressions here for
brevity. In this way, all possible seismoelectric and electroseismic source-receiver
combinations can be expressed in terms of their homogeneous space solution and
can be compared with the numerical homogeneous results from layer-code modeling.

To further illustrate this, we will look at v'lj 167 the particle velocity in the x1-direction

due to an electric dipole source in the z;-direction, and U{ f, the particle velocity in
the z1-direction due to a bulk force source in the x;-direction. For the arrangement
of the field vector as used in our seismo-EM layer-code, the expressions for the
particle velocity field belonging to the P-SV-TM propagation mode due to jf and
f{’ , read

JVLTE 25k -

Unorm = o J1 Z Lz SkrkkakLz k> (2.303)
k=1

Vi fl — 2]k1 LV 4 L

Unorm = m f1 Z 23kakak 2,3k> (2.304)
k=1

respectively. Similarly, the expressions for the particle velocity field belonging to the
SH-TE propagation mode due to J1 and f17 are

2k: O s v
ﬁﬂg}n = jﬂzjl ZL lkrkachL{{2k’ (2.305)

. 2
CH; f 2]]€2 Py o v o
ey B YL TRGHLY,, (2.306)

respectively. We can combine the particle velocity fields of both propagation modes
into the particle velocity field in the z;-direction, via

v = —jk0Y,. K+ kot k. (2.307)

Combining equations (2.303), (2.305), and (2.307), as well as (2.304), (2.306), and
(2.307), yields again the required analytical homogeneous space solution, which can
be directly modeled and compared with the numerical results for a homogeneous
medium as generated by seismo-EM layer-code modeling.
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Chapter 3

The model: Theory of seismo-EM
layer-code modeling

3.1 Global reflection scheme for seismo-EM layer-
code modeling

3.1.1 Two-way and one-way fields

As we have seen, we can decompose the system matrix AHV into matrices con-
sisting of its eigenvectors and eigenvalues, for both the SH-TE and the P-SV-TM
propagation modes independently. The eigenvector matrices are also referred to as
composition matrices, since they compose two-way field quantities from one-way
fields. Vice versa, the inverse of the composition matrices are referred to as de-
composition matrices, since they decompose two-way fields into one-way fields. The
following general relation holds between the recorded two-way fields and the decom-
posed one-way fields

(8)-( %)(8) o

where the + sign indicates downgoing fields (in the positive x3-direction) and the
— sign indicates upgoing fields. In this chapter, we have omitted the superscripts
H and V indicating the SH-TE and P-SV-TM propagation modes, respectively, for
notational convenience. Be aware that each equation presented holds for both the
SH-TE and P-SV-TM modes independently, since we have decoupled both modes
in Section 2.2.2. For wavefields, pT represents the one-way, decomposed downgoing
field and p~ the one-way, decomposed upgoing field at a certain level of decompos-
ition. For diffusive fields, p* is the field that decays in the positive z3-direction
and p~ is the field that decays in the negative x3-direction. Decomposed fields
are not uniquely defined. The fields can be normalized with respect to different
quantities. In principle any normalization of the composition matrix will work. We
use power-flux normalized composition matrices. One of the advantages of using

59
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power flux-normalization is that favourable reciprocity relations hold for the flux-
normalized one-way fields (Frasier (1970), Wapenaar (1998)). In equation (3.1), 1
represents a subvector of the two-way field quantity vector q, being composed from
one-way fields by applying the L; submatrices to the one-way fields p=. Simil-
arly, qo is the subvector being composed from one-way fields by applying the +Lo
submatrices to the one-way fields p=.

In multi-component (MC) field decomposition schemes, the downgoing and upgo-
ing one-way fields can be obtained by left-multiplying the recorded two-way field vec-
tor with the inverse of the composition matrix, where we make use of the power-flux
normalization transpose-to-inverse property (e.g. equations (2.169) and (2.170)),
yielding

(3)-(8 %)) o

For a more extensive discussion on field decomposition, including the introduction of
the Multi-Depth-Level Field Decomposition Scheme, the reader is referred to Section
6.1.

In our seismo-EM layer-code, we start by directly modeling one-way fields gener-
ated at the source-level, which are then propagating/diffusing through the layered-
Earth model, and are finally composed into two-way fields at the receiver level.
To correctly describe the propagation/diffusion of the fields through the layered-
Earth model, we make use of a Global Reflection Scheme (based on the three-layer
scalar reflection scheme by Airy (1833)). In the electromagnetic community, Red-
heffer (1961) solved the layered-Earth problem using the scattering matrix for elec-
tromagnetic waves, thereby introducing the so-called Redheffer star product. The
reflectivity method of Kennett (1983) is basically built upon this work, and is well-
known in the seismic community for modeling layered-Earth responses. There are
some important differences between the reflectivity method of Kennett (1983) and
our global reflection scheme. To solve the layered-Earth problem, Kennett (1983)
uses the full scattering matrices, thereby explicitly requiring to calculate and store
(computationally-speaking) both the upgoing and downgoing global reflection and
transmission matrices at the interfaces in the model. To solve the layered-Earth
problem, the method of Kennett (1983) requires his numerical scheme to calculate
these matrices iteratively, stepping through the layered-model more than once. In
our global reflection scheme, we express the system in terms of reflection matrices
only. We distinguish local reflection matrices from global reflection matrices. This
allows our iterative scheme to step through the layered-model more effectively. Our
scheme also only requires calculation and storage of the global reflection matrices. In
the presentation of our global reflection scheme, we will refer to the vertical spatial
(depth) direction x3 as z, for notational convenience.
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3.1.2 Local and global reflection matrices

The local reflection operators, indicated by r, describe the generation of outgoing
fields from an incoming field due to the reflection at an interface between contrasting
media. We define the local downgoing reflection matrix as follows

P, (2n+1) = i:;zJr(zn-&-l)\.fv+(Zn+1v Zn)f’z (2n)s (3.3)

where 2,41 is the depth of the interface under consideration, at the bottom of layer
n and above layer n+ 1 (see also Figure 3.1). Equation (3.3) holds for wavefields
generated above the interface under consideration. We read the superscript —+ from
right to left, indicating that a downgoing one-way field (p;") reflects into an upgoing
one-way field (p,,) at that specific interface.

Air, Fluid, or P.M. Do
<1
Porous Medium (P.M.) Dy
<2
| 5
IDn—2
“n—1
f'j;f(zn) Dn—l >
n
/'\' \/' Dy, “n+1
I f'»,:_'_(zn—‘,—l) ID)’I’L+1
Dy—2 o
Dy-—1
ZN

Fluid or P.M. Dy

Figure 3.1: Schematic overview of the layered-Earth configurations used in ESSEMOD, indicating
the interface- and layer-counting notational system. Here, D, indicates the layer counting (which
corresponds to the subscript n under the quantities in the equations) and z, denotes the interface
counting (which corresponds to the zp-arguments of the quantities in the equations). In addition,
F,, 7 denotes a downgoing to upgoing local reflection coefficient, and ¥;; 7 an upgoing to downgoing
local reflection coefficient. The same superscript notation holds for the global reflection coefficients.

The forward extrapolation operator W (2,11, 2, ), extrapolates the downgoing
fields downwards, from interface z,, to interface z,11. When using these extrapola-
tion operators, it is implicitly assumed that the medium between the two depth levels
is source-free and homogeneous. The downgoing and upgoing forward extrapolation
operators W (zn+1,2n) and W- (2n, 2Zny1) are defined as

WH (2041, 20) = W (20, 2nt1) = exp(—A (2041 — 20)), (3.4)
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where A represents an n-by-n diagonal matrix containing the eigenvalues for each of
the n-field types present in the system under consideration (for example n = 2 for
the SH-TE mode, where SH and TE are the field types under consideration). Note
that the above equation (3.4) is a symbolic notation (due to the use of a matrix in
the argument of the exponent). Effectively, the exponent of each of the individual
elements in diagonal matrix A is taken. Since we are dealing with laterally invariant
media, Ais a purely diagonal matrix as we have seen in Section 2.3. Note that it
is crucial to define the sign of the field extrapolation operators in such a way that
evanescent and diffusive fields decay. As discussed, we choose the positive sign of
the square root, based on the fact that for the eigenvalue matrix, we desire that
R{T,} > 0, based on physical wave propagation constraints (Grobbe et al., 2016b).

Similar to equation (3.3), the local upgoing reflection matrix, for wavefields gen-
erated below the interface under consideration, is defined as

f)I (Zn) = f':gi(zmwi (va Zn+1)f); (zn+1)- (3~5)

The term local reflection matrix already indicates that these matrices only account
for one reflection at one specific interface. To account for all multiple reflections
behind the locally reflecting interface, a global reflection matrix R is defined as

Br (zn1) =Rt (20e) WH (2041, 20) B3 (20), (3.6)
Bri(2n) =Ry (20)W (20, 2n1)Br (2n1), (37)

with equation (3.6) describing the downgoing global reflection matrix and equation
(3.7) representing the upgoing global reflection matrix. Equation (3.6) holds for
locations z below the source location zg, i.e. for z > z,. On the contrary, equation
(3.7) holds for locations z above the source location z, i.e. for z < z,.

To extrapolate the local or global reflection matrices away from the interface to
an arbitrary depth level z in a homogeneous source-free subdomain, between z,, and
Zn+1, the wavefield extrapolators W (equation (3.4)) are used as follows

p,(z) = V:V*(Z’Znﬂ)ﬁﬁ(znﬂ), (3.8)

Pr(2) = WT'(z,2,)b; (2n)- (3.9)
Now, recognizing and substituting equations (3.6) and (3.7), yields

Br(2) = W (2 2 R ()W (2, 20) B (o), (310)

Pr(2) =W (z,20) R (20) W™ (20, 2041)D;, (2041)- (3.1
Using the relations

W (z,2041) = WH(zny1,2), (3.12)

WH(z,2,) = W7 (z,,2), (3.13)

yields

P, (2) =W (2011, 2) Ry T (2o )W (2041, 20)B58 (20), (3.14)

f’:(z) = W_(znvz)ﬁ'z_(zn)w_ (Znazn-&-l)ﬁ; (Zn+1)- (3-15)
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From these two equations, we can extract expressions for the global down- and
. . . . . ~ —+,+—
upgoing reflection matrices at an arbitrary depth level z in layer n, R,, :

= —+

R, (z) = W+(zn+17Z)R:L+(Zn+l)w+(zn+lvzn)a (3.16)
k:f(z) = W_(ZTHZ)R:L_—(Zn)w_(zn,szrl)a (317)

where the calligraphic font R denotes that these global reflection matrices are ‘spe-
cial’ in the sense that they are the result of extrapolation operators acting upon the
‘standard’ global reflection matrices defined at the interfaces.

3.1.3 Calculating the global reflection matrices outside the
source layer

Considering the boundary conditions at an interface 2,41

lim Qpi1(2) — lim qn(z) =0, (3.18)

zlznt1 2T 2Zn+1

and evaluating the limits yields

Eln(zn—i-l) = Qn+1(zn+1)~ (319)

Substitution of §,, = Lp,, results in

i‘nﬁn('zn—&-l) = Ln+1l3n+1(zn+1)~ (320)

_ As shown before (e.g equation (2.161)), the flux-normalized composition matrix
L is organized as

- (L Iy
L= < i i > (3.21)

Using this property of E, separating the down- and upgoing one-way fields and
substituting it into (3.20) results in

I:l,nﬁrt (ZnJrl) + f‘l,nf’; (ZnJrl) = f‘l,n+113i+1(zn+1) + fll,n+1f);+1(zn+l)a
(3.22)

Lo by (2n41) = L2aby (2041) = LoniiBig (2n41) = Loy (2n41)-
(3.23)

We use equations (3.6) and (3.14) (and recognize equation (3.16)), and we eval-
uate the fields at z = 2,11, leading to
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f);z (zn+1) = R;+(zn+1)f):(zn+l)a (324)
- - 4 -
Poii(nt1) = Ropi(Zns1)Prgr (zor1)- (3.25)

Here, P, (2n+1) is the upgoing one-way field in the n*"-layer (above the interface),
at interface z,41, whereas p,, | ;(2n+1) is the upgoing field in layer n 41 (below the
interface), at interface z,11. Substituting equations (3.24) and (3.25) into equations
(3.22) and (3.23), results in

= _ - = = —+ -

Lo [T R as)] B (1) = B [T+ R )| B (),
(3.26)

~ _ - ~ ~ —+ ~

Loy [I- R, " (2041)] By (2nr1) = Lop [I - Rn+1(zn+1)] P (2nt1)-
(3.27)

Using equations (3.26) and (3.27), we express the global, downgoing reflection
matrix R, " (z,41) in terms of ’f\’,;il(znﬂ):

~ ~down ~down ~down ~down\ ~ —+
Rn+(2n+1) = [(Ll,n _L2,n ) + (Ll,n +L2,n )Rn+1(zn+1)i| X

~down ~down ~down ~down\ =~ —+ -1
[(Ll,n +L27n ) + (le - L2,n )Rn+1(z’fb+1):| ) (328)

where the cross-symbol (x) simply denotes a matrix-matrix multiplication and where

1 _

L[fo:m = [ilni| L1,n+1:21~1§,nfdl,n+1, (3.29)

1 _

~ down ~ ~ ~
Lo = [Ban]  Towsn =200, Baia (3.30)

Here, we have exploited the fact that we have power-flux normalized the composi-
tion and decomposition matrices, enabling us to write the inverse of a composition
submatrix as the transpose of another composition submatrix. This expression can
be used for reflectors below the source level.

Equation (3.28) is the matrix-vector equivalent of an equation presented by
Fokkema & Ziolkowski (1987). Using equation (3.28), we can calculate the global
downgoing reflection matrix at any interface, starting from the bottom interface of
the model and recursively updating the operator upwards. There will be no reflec-
tions created from below the bottom interface of the model, located at 2. In other
words, Ry (z > zx) = 0, changing equation (3.28) for the bottom interface into

~down ~down ) (~d0wn ~down )7 (331)

RyT (an) =Ty (2n) = (LI,N—l —Lon_1) (Lyvor + Lo N

The reflection at the bottom interface can be purely described by a local downgoing
reflection matrix. We use this definition of the local reflection matrix (equation
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(3.31)), that holds for each individual interface, to rewrite equation (3.28) as
Rng(Zn-&-l) =
_— ~down ~down\ ~ —+ ~down ~ down\ —1
|:I'n+(2n+1) + (Ll,n +L27n )Rn+1(zn+1) (Ll,n +L2,n ) :| X

~down\ = — ~down ~down

[I+(ifii”"L2,n ) Ryt en) (B0 + 2 )] (3.3

We can derive a similar expression for the global upgoing reflection matrix (for
reflectors above the source level). We start with

- o - - - —

Ly, |:Rn (#n41) + I] P, (zn+1) = Lint {R:+1(Zn+1) + I} Pri1(Znt1),
(3.33)

= ~ +— —~— = g +—- —~—

La» [Rn (Z’ﬂ+1) - I] Pn (ZnJrl) = Lonq1 |:Rn+1 (ZnJrl) - I} pn+1(zn+1)-
(3.34)

Using equations (3.33) and (3.34), we express the global, upgoing reflection mat-
rix f{;fl(znﬂ) in terms of 7%:7<Zn+1):

S 4+ — =~ U ~ U ~U ~U ~ +—
Ry () = | (L1 — E3%) + (L0 + Lo ) Ry (a0)]

~u ~u ~u ~u ~ f— —1
[(Lh + Lo ) + (L3 - Lo ) Ry Gasn)] (3.35)

where

—u - —1_ - -

LY = [Lia] Tia=208,0 00, (3.36)

—up - -1 .-

L2,n = [L2,n+1} Layp = 2L1,n+1L2,n, (3.37)
and

—~ +7 ~_ ~ _ ~_

R, (zn41) =W (Znazn+1)RjL_ (2n) W™ (20 2n41)- (3.38)

We can use equation (3.35) to iteratively determine the global upgoing reflection
matrix, starting at the upper interface of the model and moving downwards. There
are no reflections occurring above the upper interface of the model. In other words,
R (2 < z1) = 0 in equation (3.35), yielding

= . sup  =up\ [=up | =zup) L
R (z1) =5/ (21) = (LLO *LQ,O) (LLO JrLz,o) ) (3.39)

for the upper interface. Recognizing this definition of the local upgoing reflection
matrix (for each individual interface) in equation (3.35), yields
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_ e = = = - =~ - -1
RE ) = [Fm ) + (B0 4 E0) R Gon) (B2 227) ]
~u =~ U = +— =~ U ~u -1 -1
[I+(L1,’;—LQZ)RI (za1) (L1 + L) ] . (340)

Equations (3.32) and (3.40) form the basis of the recursive global reflection
scheme.

3.1.4 Calculating the global reflection matrices in a homo-
geneous bounded subdomain with sources

Imagine a homogeneous bounded subdomain with a source at source level z = zg,
where z; is not the depth of an interface. Fields above the source level are denoted
with a superscript a and fields below the source level with superscript b. Evaluating
the boundary condition at this source level z,, results in

lim & (z) — lim q%(2) = dp(2s). (3.41)
Writing this equation in terms of one-way fields/sources, gives

Lnf)Z(ZS) - L7L137al(zs) = Lnbn(zs)~ (3.42)

As can be seen, the composition matrix L,, can be divided out on the left-hand
and right-hand sides. By writing the up- and downgoing one-way fields explicitly,
the following relations are obtained:

Pyt (z) = DPrt(zs)+b}(z), (3.43)
Py (2) = Dy (2s) + by (20). (3.44)
Using equation (3.8) to obtain the upgoing one-way fields (from below) at the

source level z; and writing it in terms of downgoing one-way fields below the source
level, yields

By (25) = W (26, 20 )R (2001 )W (201, 20)B0 7 (2)
W (Zn+1, 2:3)1?{,,,:Jr (?«“n-y-l)VK/.+ (Zn+1, Zs)f)%+ (25)
=R, " (2)P0 " (2s). (3.45)
In a similar way the downgoing one-way fields (from above) at the source level
can be written in terms of the upgoing one-way fields above the source level as
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P +(ZS) =W+ (25 Zn)f{:_ (Zn)w_ (2n, 2s)Pn ™ (25)
=W (20, 2) R} (20) W™ (20, 25) P ™ (25)
=R, (2)B) (24): (3.46)

Combining equations (3.43), (3.44), (3.45) and (3.46) results in the following expres-
sions for the four possible one-way wavefields (up- and downgoing, above and below
the source level):

R ()R, ()b () — R (20D () (3.47)
P ()= [I-R '

Ry ()b (2) - B_(zs)] , (3.48)

ﬁf{+(25> =|I- Rﬁi(ZS)RiJF(ZS) X

bt (z) — R (20b7 (24)] (3.49)

Py (2) = |[I-R, T ()R} (2)| x

R0 (20" (20) — Ry (2R (2B ()] (3.50)

We can clearly recognize the multiple-generator, the terms on the right-hand side
between the brackets indicating the inverse. We now consider three possible model-
ing scenarios:

1. Source and Receivers in the same layer (with receivers (slightly) above or below
the source), in ESSEMOD referred to as ‘above=0’

2. Source and Receivers in different layers, with receivers below the source, in
ESSEMOD referred to as ‘above=-1’

3. Source and Receivers in different layers, with receivers above the source, in
ESSEMOD referred to as ‘above=1’.

Let us first consider scenario 1. In this case, we treat the direct field separately,
using homogeneous-space Green’s function solutions which we add to the final solu-
tion in the space-frequency domain. Therefore, we can skip equations (3.48) and
(3.49), and only need equations (3.47) and (3.50). We define the receiver depth level
as z,, and rewrite the equations such that we record the one-way down- or upgoing
fields of the left-hand side of the equations at z,, generated by a one-way down- or
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upgoing source on the right-hand side at z,:

Bt (o) = (1= RE™ (s 2ni )R (g 2a)|

3.59

Rt (20, 2 )R, (20, 20)B7 (24)] (3.51)
- 1—1
f);lz+ (zr) = I - Rn (2, 2ny1) Ry, +(Zn+172n) X
[_Rr—t_(zra ZS)B_(zs)} ) (3.52)
r ~ - 1—1
ﬁ?{iJr(Zr) = I- R;+(zn+17 Z7L)R7Jlr7(zn7 Zn-i—l) X
(R (220D (24)] (3.53)
_ 1-1
ﬁ%__(zr) = I - R (Zn+17 Zn)R+ (Zna Zn-i—l)_ X
(Rt (or )R (o206 ()] (3.54)
where
: (Znazn+1) = R;§7 (Zn)wi(znazn+1)v (355)
R;+(Zn+1vzn) f{;+(zn+1)V~V+(2n+1,zn), (3-56)
R (20, 2) = W (2 2R (2,) W (20, 26), (3.57)
R;+(stzs) = W (Zsazn+1)R +(zn+1)w+(zn+17zs). (358)
(3.59)

For scenario 2, we only require equation (3.49). Since in this case, the receivers
are located in a layer below the source layer, we describe the one-way fields until the
lower interface of the source layer:

- - -1 -
f’z++<zn+1) = W+(Zn+1;zs) I_RZ (zn7zn+1)R +(zn+1azn):| b+(25),
(3.60)
- - —1 - ~
B () = |T= R a2 Ry o zo) | R (20D (20
(3.61)
where
f{;:*(znﬂ,zs) = V~V+(zn+1,zn)f{,tf(zn)wf(zmzs). (3.62)

From here onwards, either full layer propagation will take place (through one or
multiple layers, dependent on the receiver location), or propagation over a small
distance in the receiver layer to the receiver level. Let us briefly take a closer look at

the multiple generator, e.g [I — R} (zny Znp )R T (Zng1, 20)| . We can expand
this function as
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~ -1 - - -1
|: Rj; (anzn-&-l)R +(Zn+lvzn)j| = |:I_R;t (ZTHZTL-‘,-])R +(Zn+1;zn):| X

({I—f{j{ (2ns Zny1) Ry, +(Zn+17zn)} +f{r—t (2ns Zny1) Ry, +(Zn+lvzn)>

- —1
1+ [1 — R (2 20s )RS T (2ngs zn)} R (2 2ns )R 2ty 20). (3.63)
Substituting this in equation (3.60), leads to

B (o) = W (s, 2B ()

~ - - —1
W (201, 20) [T R G 2 )R (g 2) |

R (zn, 2nt) Ry T (Zng1, 20)b T (25), (3.64)

where we clearly recognize the expression for p% ™ of equation (3.51) (with adjusted
arguments). In addition, comparing equations (3.52) and (3.61), we can observe that
they are identical (with adjusted arguments). This shows that we do not require the
other two expressions, since they are implicitly present.

Similarly, for scenario 3, we only require equation (3.48). Since in this case, the
receivers are located in a layer above the source layer, we describe the one-way fields
until the upper interface of the source layer:

~ ~ -1

BL T (2) = W (z0,2) [T= Ry s, 20)RE (s 2nin) | BT (),
(3.65)

~a,—+ R+ g+ b+
By (1) = [T Ry Gasn 2 RE (s znin) | [—Re (200D (20)]
(3.66)

where

R, (20, 25) = W™ (Zn, Zne )R T (20 1) W (211, 26).- (3.67)

From here onwards, these fields can be transmitted across the interface, after
which either full layer propagation will take place (through one or multiple layers,
dependent on the receiver location), or propagation over a small distance (in the
receiver layer) to the receiver level. The proper transmission of fields across interfaces
will be addressed next.

3.1.5 Calculating the one-way fields outside the source layer

Thusfar, we have considered the reflection of fields from the interfaces in the model.
However, the transmission of fields across interfaces also needs to be properly ad-
dressed. Let us start by considering a geometry where the source is located above the
receiver level. We know the downgoing field p; (z,,11) and can express the upgoing
field as:

137: (Zn+1) = R;+(Zn+1)137_‘1— (Zn—i-l)- (368)
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Similarly, we can express the upgoing field at the other side of the interface as

-~ = —+ ~
Pri1(2n+1) = Ry (Zn+1)P:+1 (2n+1)- (3.69)
In this geometry, the only ‘unknown’ field is f)fl +1(Zns1).
Let us consider again the boundary conditions at a source-free interface at depth
Z = 2Zn+1, below the source level z = zg,
lim Qpt1(2) — lim qn(z) =0. (3.70)
zizn+1 ZT2Zn41
We express the limit of equation (3.70) in terms of one-way fields and bring one
term to the other side of the equation, yielding
L1Pni1(znt1) = Lubn(2nt1)- (3.71)
Expressing everything in terms of the downgoing fields, and isolating the un-
known field P, (zn41), yields
- = —+ 1o, < - -
Pra(nsn) = [T+ R Gasn)|  EohiDon [T+ Ry (ain)] 51 (urn)

1 . ~ ~
2L§,n+1L1,n [I + Rng(Zn-&-l)} f’:(zn-f—l)a
(3.72)

where we have used the general rule for matrix inversion: (AB)™! = B~!A~!. In
this way the downgoing field can be transmitted across the interfaces and determined
in each subsequent layer. Once the layer containing the receivers is reached, the
global downgoing reflection matrix in that layer can be used again to determine the
upgoing fields.

Similarly, we can derive an expression for properly transmitting fields across
interfaces in the upgoing direction, which is of use when the receivers are located
above the source level. In this case, we express the downgoing fields in terms of
upgoing fields and isolate the unknown field B, (z,+1), yielding

Br(ent) = |T+R, (zns1)]

= [I + 71;1_1(27&1)]

1. ~ ~
LnLnn [T+ R o) | B (u)

~ +— -1 _ - ~ .
= {I +R, (Zn+1)} ZLE,nLl,n-H [I + R:H(Zn-s-l)} Pry1(Zns1)-
(3.73)

We now have all the ingredients required to succesfully apply the Global Re-
flection Scheme in seismo-EM layer-code modeling. As we have seen, to determine
the global downgoing reflection matrices, we start at the bottom interface in the
model, whereas for determining the global upgoing reflection matrices, we start at
the top interface in the model. In certain scenarios, we can desire specific boundary
conditions to hold at these model boundaries. These conditions affect the local re-
flection matrices at these interfaces, and in certain scenarios also the global reflection
matrices. We now discuss for both the SH-TE and P-SV-TM propagation modes
the implications of desiring a free-surface at the top of the model, and fluid/porous
medium or porous medium/fluid transitions at the top or bottom of the model,
respectively.
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3.2 Including a pressure-free surface and
fluid /porous medium /fluid boundaries

3.2.1 SH-TE scattering matrix at a free-surface

We approximate the surface of the Earth as a free-surface, i.e. the air is approxim-
ated as a vacuum. As a consequence, only electromagnetic fields can diffuse across
this surface and there are no seismic waves present in the vacuum. These boundary
conditions have clear implications on the local reflection matrices at this free-surface.
Let us first consider this scenario for the SH-TE propagation mode. The boundary
conditions at the free-surface (z = z1) are:

° 7~_b7H

is zero
e EH is continuous
e HH is continuous.

We now evaluate the incoming and outgoing one-way fields at the free-surface, via
pHout — §HpHin (3.74)

where SH represents the scattering matrix at the free-surface. Explicitly, this results
in:

Pore(21) Fre—re(?21) trp_sm(z1)
D1 sulz =| teg_7rp(z1) Tgﬁ—SH(Zl)
PirE z1) tre_re(#1 f;gsz(Zl)
trp_rp(21) ﬁ(—)i—,TE(zl)
Fon-rr(21) ﬁiSH(Zﬁ
f;E—TE(Zl) prre(21)

(3.75)

In the scattering matrix, the first subscript denotes the outgoing field type, the
second subscript the incoming field type. To solve this system, we require three
boundary conditions. Expressed in terms of two-way field quantities, we use:

EH EH
-H vacuum —H p.m.

where p.m. stands for ‘porous medium’. Before we can express these two-way
field boundary conditions in terms of eigenvector-composition matrices and one-way
fields, we need to derive the eigenvectors for the vacuum.
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For

- EH

qUHacuum = ( _I"'{H ) ) (377)
the SH-TE system matrix reduces to

Al i = ( B <ﬁEO+ %) 704 ) : (3.78)

We know that the wavenumber is related to the velocity via [[k| = =, where

k = (k1, ko, k3). We now express k3 in terms of the velocity and the radial wavenum-

ber as k3 = _622 — k2. If kg =0, _622 = k2 We can now solve the zero-eigenvalue
problem (where k3 = 0) by solving the problem where determinant of the sys-
tem matrix is equal to zero, leading to —(AH¥ — k2 = 0. We can recognize that
_6‘32 = —CﬁE = —s2u050, since the electric conductivity of vacuum is zero and the
relative magnetic permeability in vacuum is equal to one. This leads to the well-

known electromagnetic velocity of vacuum: ¢garvacuum = ’/uoleo' This can be

written in terms of vertical wavenumbers I'gp;. We now derive the SH-TE eigen-

. e = = e H
vectors for a vacuum, by solving AZ - TH o = LH _.ATC T and the

- N\t
flux-normalization condition L{{ (Lg) = %I:

0 *C dH dH
- (77 + f) 0 Bevdien —Bemdiem

df daff —
(g e ) (e 2, (5.79)

Bemdipn  —Bpumdipym Tem
leading to
U'em
By = (3.80)

H IS
di Bm My (3.81)

We can now express equation (3.76) in terms of the eigenvectors and one-way fields,
as

H H
dl,EM dl,EM ]5+
0 0 OTE ) =
H H H gH PorE
BEMdl,EM _BEMdl,EM
Pis
FH FH FH FH 1,SH
Ly L1;22 L1;21 Lo Bt
FH FH TH TH 1,TE
L2;11 L2;12 —L2;11 —L2;12 Py g . (3.82)
7 H 7H 7 H FH 1,SH
L2;21 L2;22 —L2;21 —Lz;zz =—
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Separating the incoming and outgoing fields at the free-surface, mimicking equation
(3.75), yields

H FH FH
—dipn Lior Liae

Ly Po,TE
0 Lin  Lil Pisn | =
BgMdeM Lgm Lgm ﬁfTE
d{_{E M _~L {1;’2 1 _~L {{22 ﬁSjTE
0 Ly, {/512 Prsa |- (3.83)
Bg]\/[d{{EM Lé{Ql L5{22 ﬁl_TE

Multiplying the left- and right-hand sides of equation (3.83) with the inverse of the
matrix on the left-hand side, yields the scattering matrix S¥ we are after

) —dflpy Ly L\ dllyy,  —Lfy, —Li,
St = 0 1}5{11 %5{12 0 {15{11 %512
BgMdeM ngl L5{22 BgMd{i,E]\/I Lgm ngz

(3.84)

We now have all required expressions for the local SH-TE transmission and re-
flection coefficients at the free-surface.

3.2.2 P-SV-TM scattering matrix at a free-surface

In a similar way, we can derive the free-surface scattering matrix for the P-SV-TM
mode. The boundary conditions at the free-surface (z = z1) now read:

=b,V ~b
o 7, and Tgs are zero

o p/ is zero
o BV is continuous
norm

r V . .
e I’ .. is continuous.

Evaluating the incoming and outgoing one-way wavefields at the free-surface via

pV,out — gvf)v,m7 (385)
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where SV represents the scattering matrix. Explicitly, this results in

pO_,TM(Zl) F;]\J;[ 7 (21) t%prf(Zl) trar—ps(21)
ﬁin(zl) EJI—r’ffTM(Zl) FPJle(Zl) f;ffps(zl)
]51+,Ps(21) = E—Pts—TM(Zl) fP;Pf(Zl) F;;—Ps(zl)
ﬁfsv(zl) Egv—TM(Zl) ’FS\;fpf(zl) f:St\;—Ps(Zl)
ﬁir,TM(Zl) trar—rar(21) 7:T1\_/1—Pf(zl) rFTJT/I—Ps(Zl)
tra—sv(21) {TM r(21) ﬁo,TM(Zl)
Tp_sv z1) fﬁﬂTM(Zl) ﬁl_,Pf(Zl
Fps_sy(21) f;;—TM(Zl) ﬁipé(zl)
Tsv_gv(21) f;rl;fTJVI(Zl) P sv(z1)
Tra—sv(71) f;&—TM(Zl) ﬁf,TM(zl)

(3.86)

To solve this system, 5 boundary conditions are needed. We consider the following
boundary conditions:

~b,V
N 0 Tnorm
14 \%
Hnorm Hnorm
0 = | 7 . (3.87)
0 —p!
EV %
norm vacuum norm p.m.

For

Quacuum = 14
Enorm

v ( Hy o ) (3.88)

the P-SV-TM system matrix reduces to

- 0 i
|4 —
Avacuum - < _C _ K2 0 ) . (389)

ﬁE

We again solve the problem where the determinant of the system matrix is equal
to zero, yielding —7¥¢ — k? = —s%gppp — k2 = 0, since in the vacuum, there is no
coupling, i.e. L£L=0, reducing ¢ to H¥. We again find the expression for the electro-
magnetic velocity in vacuum. We now derive the P-SV-TM eigenvectors for a va-

. ~ ~ ~ \74 . .
cuum, by solving AY TV i = LY AT Y and the flux-normalization

AN
condition L} (L;/) = %I:

< 0 . ¥ ) ( dY pur 4 gar ) _
=% 0 BiydY gy —BindY g

S

(gl e ) (e 0 (390)
BEMdLEM _BE]\/[dLEM 0 FEM
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leading to
r
]
HE
gy = Mpns’ (3.92)

It is important to realize that the electric conductivity in vacuum is zero. We can
now express equation (3.87) in terms of the eigenvectors and one-way fields, as

0 0
d‘l/,EM dY,EM ]5—0— (Z)
0 0 <~07TM ! >:
0 0 Po.ra(21)
BgMdY:EM _BgMd‘l/:E]VI
I:’Yﬁl é}/;w ‘éY;SB I:/Y;34
1}}/;41 @YAQ @Y;43 @}/;44
@%/;11 @5/-,12 Qg;w {/;/;14
@5/;21 §§/;22 @5/;23 §¥24
Lg;zu Lg;42 LX;43 L¥;44
ﬁhpf(zl)
IN/Y;31 [N/Y;32 i}/;33 Z/Y;34 Zj}r’Ps ((21))
Z/Y;41 iY;42 EY;43 EY;44 IB}HSV (Zl )
_ig;u _E%/;H _igm _i‘z/;u p~1—’TM(z1) : (3.93)
“Lio <Ly Ly ~Lin || 5770Y
_Eg;zu _EXAQ _Eg;zls _ng;44 gll;j(;l)
131_,TM(21)

Separating the incoming and outgoing fields at the free-surface, mimicking equa-
tion (3.86), yields

0 éKzn I:/K?)z é}/;33 é}/;:m ﬁaTM(Zl)
_d}/,EM l~/¥;41 11‘1/;42 %}/;43 €¥;44 151,Pf(21)

0 Lg;n L‘2/;12 L¥;13 Lg;u ?51+,Ps(21) =

0 Eg;zl Zg;zz I~/¥;23 Z;/;24 ﬁisv(zl)
BgMdKE]\/[ f/¥;41 f/‘2/;42 f/%/;43 Z¥44 ﬁITM('Zl)

0 *@‘1/;31 *é}/;:;z *I:/Y;:s:s *I:/Y;gz; ﬁSF,TM(Zl)
d}/:EM —NLY;41 —~L¥;42 —NLY;43 _~L¥;44 Prps(21)

0 %5/;11 1;5/;12 I;;/;l?, @5/;14 ﬁ£P5<Z1)

0 I~/¥;21 155/;22 @Xas %g;m f’isv('zl)
BgMdY,EJM Lg;41 L¥;42 Lg;43 L¥44 ﬁf,TM(Zl)

)
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Next, left-multiplying the left- and right-hand side of (3.94) with the inverse of
the matrix on the left-hand side gives the desired form of (3.86). We now have all
required expressions for the local P-SV-TM transmission and reflection coefficients
at the free-surface.

3.2.3 SH-TE local scattering matrix at a porous medium /fluid
interface

Consider we have a fluid halfspace (indicated by superscript fI or subscript fluid)
below a porous medium. For the SH-TE propagation mode, the interface separating
both layers has significant effects on the propagating wavefields, since the fluid layer
does not sustain shear waves. We again desire to derive the correct scattering matrix
at such an interface. We start again by writing the problem under consideration as
follows

pH — §om/fLHEH (3.95)

For the contrast under consideration, this means

~_+ ~_+ T—

Po,sH TSIi—SH TSI_{—TE tsH-EM pO SH

po TE = Tre—sg  Tre-TE lrE—EM po re |- (3.96)
th t iy

P JEM EM-SH 'EM-TE TEM-EM P1EM

For this porous medium/fluid interface, we would like to solve for 7=, the local
downgoing reflection coefficient. As can be seen, in order to solve for this scattering
matrix, 3 boundary conditions are required. For the SH-TE system under consider-
ation, the following boundary conditions apply for porous medium/fluid interfaces:

e EH ig continuous across the interface

e —HH is continuous across the interface

7’:b,H

° is zero in the fluid

o 5 ig ‘free’.

We select the first three boundary conditions to solve this problem. In terms of a
two-way field-equality, this reads

EH EH
_HH _HH

The composition matrix for the porous medium is already known (see Section 2.3).
However, the composition matrix for the fluid layer needs to be derived in order to
solve the system correctly. Let us consider the following problem

~ fl,H flLH -
( ENHH ) = f;i}fE%H ]C”llH FULH ( IjEM ) ) (3-98)
-H Bpir 41 g —Bea 41 pm Pem
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where d{,l]’gu is the power flux-normalization factor for the fluid layer, which needs

to be determined, and B};l;\f is a certain scaling factor for the system in the fluid.
The system matrix Aﬁui a:gm corresponding to this system reads

_ 0 —
A = 2 . 3.99
Fluid; EM < _ (ne 4 T) 0 ) ( )

In order to obtain the expressions for these unknown factors, the relation between
system matrix, eigenvectors and eigenvalues needs to be solved again. For this, the
expression for the electromagnetic velocity in the fluid layer needs to be derived as
well. We can do so by solving

_ 0 —C
AL o = 2 =0. (3.100)
fluid;EM _ e Lo
| (r+5) 0 ‘

Writing out each of the terms in its individual constituents, and using

K2 1
—2 2 (3.101)
EM

yields

1
o = 3.102
o to (& + eoer) ( )

where the electric conductivity is non-zero. Now, we solve for
AH T H _TH X fLH
Afluid;EMLfluid;EM - Lfluid;EMAl;E‘I\/I7 (3103)

reading

0 — gfuH gfhH
e K> fl }JE%H lef?% H =
- (77 + T) 0 Brir 41 gy —Biiv 4 pm
ILH ILH
i, ) (e 0. 100
Brir 41 gy —Bri 41 pm 0 N3V
Using first row-first column we find Bél;\f = FETM Now using E{I’H(Egl’H)t = %I,

JULH GfULH N2 1 s 19 fLH T _ :
we find By, (dy py)° = 3, yielding dy 3, = /232,,; = 2F§EJVI. This leads to
the following composition matrix for the SH-TE propagation mode in a fluid

FfLH 'y ajtn,

L% = j - (3.105)

fLH GfLH FLH S fULH
BEJW dl,EM _BEJ\/[ dl,EM
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Now, all information is available for applying the correct boundary conditions at
the porous medium/fluid interface, following

TH =~H H =H
Lfluidpfluid - Lp.m.ppﬂn. : (3 106)

Writing this equation explicitly, yields

gt gL
1L,EM 1LEM St
0 0 ( Pem ) =
JLH S fL,H fLH S flL,H PEM
Bpir digm Brir d1pu
FPH  FH FH FH P
Liar Lias  Lisn  Lioo ﬁiH
H H H H
Lya Laas —Loan —Log ﬁgfr : (3.107)
H H H
Ly Lilyy —Lily —Lil B
TE

Now, mimicking the format of equation (3.100), we obtain

—Lily  —Lils d{l v Po,sH

Lgu Lgm 0 ﬁ(;TE =

L, Li  BLG dli B

éf{u é{{m _d{f}gw Posu

Lily1  Liby 0 Pore |- (3.108)
L, L8y Bl dly P1em

Now, to obtain the desired scattering matrix Sp-m./fl:H , we need to left multiply at
both sides with the inverse of the composition matrix on the left-hand side. Elements
S fﬁ then correspond with the local reflection matrix we are after.

3.2.4 SH-TE local scattering matrix at a fluid/porous me-
dium interface

In a similar way, a fluid/p.m. interface scattering matrix can be derived, where
the fluid halfspace is located on top of the porous medium The expression pi, =
Sft/pmiHEH then reads

s— — i i St

p%EM "EM-EM tlngsz tlg_MfTE Po,Em

P1su = éSH—EM "sg—-sH TSH-TE Pi1su . (3.109)
~+ tJr 7:+* ,':Jr* ~—

PiTE TE—-EM TE-SH '"TE-TE PirE

The expression for the electromagnetic field velocity remains the same, also the
scaling factors determined previously for the SH-TE fluid layer composition matrix
are identical. Using the same set of boundary conditions and setting up the equation
for the two-way fields at the fluid/porous medium interface, using the format of
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equation (3.109), yields

Ao Lz L5y \ [ Bopu

0 ~Lqy L || Plsw | =
~Bhidl Ly —Lis )\ Pire

—dli Hs o M\ Bew

0 —Li Ly Prsu |- (3.110)
—Bhidlpy —Ls —Ls )\ Pure

Now, left-multiplying both sides again with the inverse of the matrix on the left-
hand side, yields the desired scattering matrix at the fluid/porous medium interface.
Here, the elements of the second and third column on the second and third row of
Sfi/pmH correspond to the desired local reflection coefficient matrix ¥ ~.

3.2.5 P-SV-TM scattering matrix at a porous medium /fluid
interface

For the P-SV-TM propagation mode, a similar scattering matrix needs to be derived
for the porous medium/fluid transition. However, the boundary conditions at the
porous medium/fluid interface are slightly different from the ones for the SH-TE
propagation mode, since pressure waves can propagate through a fluid as well as
electromagnetic fields. However, since the shear waves are not sustained in the
fluid layers, the pressure waves and electromagnetic fields travel independently (non-
coupled) from each other. Let us start again writing the problem under consideration
as follows

Do = STV (3.111)

For the contrast under consideration, this means

S ~—+ S—+ S—+
Po,py Tpf—pPy TpPf-pPs TPf_sv
b o ol ol
Do, ps Ps—Pf Ps—Ps Ps—SV
P o o Fait
Py sv _ SV—Pf SV —Ps SV—SV
pore || Tra Prir—ps TTAs
Py, M—-Pf TrmM-Ps TTM-SV
5 7 i 7
Pip P—Pf P—Ps P-SV
5+ i it it
PiEMm EM-Pf U'EM-Ps l'EM-SV
U ~_ ~_ ~+
Tpf_rm  tppop  lpfomm pgr,Pf
TPTTM tps—p  lps_pMm pg)r,Ps
"sy T tsv_p lsv_pm pg,sv (3.112)
Trv—tm trv—p trv—EMm Do, rm
th Fho 7ho p
P-TM P-P P—EM P p
th iy Ty p
EM-TM TEM-P "TEM-EM Pi.em

For this interface, we would like to solve for 7=, the local reflection coefficient
expressing the reflection of a downgoing field into an upgoing field. As can be seen,
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in order to solve for this scattering matrix, 6 boundary conditions are required.
Consider we have a fluid layer below a solid material layer. For the P-SV-TM
propagation mode, the interface separating both layers has significant effects on the
propagating wavefields. The boundary conditions for this propagation mode are a
bit more tedious than the ones for the SH-TE system. We here consider open-pore
boundary conditions according to Deresiewicz & Skalak (1963); Pride & Haartsen
(1996); Schakel & Smeulders (2010). The following relations hold:

(1—g)is+op] = """, (3.113)
il = _plid, (3.114)

013 =033 = 0; intergranular stress, (3.115)
HY = H (3.116)

Eorm = Enorm (3.117)

Furthermore, the following relation between bulk stress and intergranular stress
holds (Pride & Haartsen, 1996; Schakel & Smeulders, 2010)

7= _&—pL (3.118)
Also, Van Dalen (2011) shows this relation as follows

Tij = —0ij — (1 = ¢)pdij. (3.119)
When encountering a fluid, where porosity ¢ = 1, Van Dalen shows that

Tij = —0i; — (1 — #)pds; = —¢p. (3.120)

Effectively, for the vertical bulk stress Té’g, this yields,

T8y = —033 — p+ ¢p = —op. (3.121)
When encountering a fluid, o33 = 0, and ¢ = 1, yielding indeed

7 = —p. (3.122)

For the P-SV-TM system under consideration, the following boundary conditions
apply for fluid-porous medium interfaces:

e BV is continuous across the interface

e HY . is continuous across the interface

e p/ is continuous across the interface

~ - . . ~ fluid
e U3 + w3 is continuous across the interface and forms ’U:)]: “

° 7~_b,V

e 18 zero in the fluid layer

o 7Y+ p/ is zero in the fluid layer
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~V P’ )
® U om is ‘free’.

We select the first six boundary conditions to solve this problem. The conditions for
the horizontal particle velocities ©V are then free.

Recall that the relation between two-way recorded wavefield quantities and the
one-way decomposed wavefields reads

q" =L"p", (3.123)

where

= U (3.124)

EV

norm

Applying the correct fluid-porous medium boundary conditions, yields the following
equality across the interface

f}g + u~)3 ﬁgluid
@%ﬁm 0
- H ~ HY
v norm _ v _ norm
qp.m. T§3+ﬁf qfluzd 0 ‘ . (3125)
N_ﬁf _}Bfluzd
Er‘t/orm EXorm

The composition matrix for the porous medium is already known (see Section
2.3). However, the composition matrix for the fluid layer needs to be derived in
order to solve the system correctly. As mentioned before, the pressure waves and
the electromagnetic fields are uncoupled in the fluid layer, meaning £ = 0. There-
fore, we can derive scaling factors and composition matrices for the seismic and
electromagnetic systems independently.

We can derive the system matrix A){luid; p corresponding to the acoustic system
in a fluid straight from the basic acoustic wave equation. The system matrix for the
field vector (@};,:4)" = (o4 —pfluid)  reads

T iR 0 . 52
Ay’ = f KI spt . (3.126)
sp 0

Again, the system matrix for the P-SV-TM electromagnetic system in a fluid is given
by:

. 0 _ﬁE
LV
ALl = ( o2 g ) (3.127)

ﬁE
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Solving the zero-eigenvalue problem for both cases yields the acoustic velocity in a

oA [KSf . o cq A _ 1
fluid, ép = o7 and the electromagnetic velocity in a fluid, ¢gas ek
Next, we solve for

AV TV TV <LV

Afluid;PLfluid;P = Lfluid;PA{;P ) (3.128)
and

AV TV vV LV

A jia:evUfruia v = Lfluid;EMA{;EMa (3.129)

explicitly reading as

2 LV L,V
T f?%/’Pfl v ?11’\5) A
sp! 0 Bpdip —Bpdip

Qv aftv -T
sz,%/’gfz,v szl,’vl?dfz,v ( OP FO ) ) (3.130)
p @i p —Dp &p P
and
~E fLV fLV
R | - S T
aY b bl b bl
—C - 7E 0 By dl,EM —Bpu dl,EM
ns fLV
e A O L G R 131
By di gy —Bru 41 gum 0 N
We find for the seismic scaling factors BIJ;l’V = f% and for the electromagnetic
scaling B]’;lj\}/ = Fﬁgf . Solving for the power-flux normalization factors, we derive
LV T LV he
dip =\ =agpr> and dy pp; = STy

Now, all information is available for applying the correct boundary conditions
of equation (3.125) at the porous medium/fluid interface, written in terms of eigen-
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vectors and one-way fields as:

ay 0 iy 0
0 0 0 0 jj;
0 ' 0 &l Phv | _
0 0 0 0 Pp
SRV o sy oo
0 ISV 0 —BLir 4 o
z’:‘l/;ll + E‘l/;Ql E‘l/;lg + I:Y;zz I:Y;lii + Ey;zs Zy;ug + f"l/;24
L3 %Ym %Y;ss %‘1/;34
T 1 U S O T SR = 7}
Léf;n~ — LYo Lg;lg — LY Lg;wi — Ly L‘2/;14 — LYoy
L;/;m LV2;22 Lg;23 Lg;24
LY LY 4o LY 45 LYy
) ) _ _ _ ) ) . Bpy
LY;11~ + LY;21 LY;12~ + L‘l/;22 LY;I?L + LY;23 LY;ug + L‘l/;24 Phe
LY;31 L‘1/;32 LY;33 LY;34 ﬁfv
B EY;41~ . ZY;42~ _ f“l/;43~ ~ ZY;44~ Dy
_(L;/;lk - Lg;m) _(LX;I% - L;/;22) _(L;/;1§ - Lg;QB) —(Lé/;lg - L;/;24) ﬁl_:f
—L3.o —L399 *€Y;23 *%;/;24 DPps
—L3y —LY 40 ~Ly 43 —Ly 44 Psy
Py
(3.132)

Now separating incoming and outgoing fields, mimicking the format of equation
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(3.112), we obtain

—(LY;HJLY;QI) —(LKIQJLYQQ) —(LY;BJLK%) —(LKIQLKM)

*{/1;31 *[:1;32 {/1;33 [:1;34
L L _ Lis _ Lt
(Lg;11~ - L‘Q/;Ql) (Lg;l% - Lg;22) (Lg;ui - L‘2/;23) (Lg;lg - Lg;24)
{'é/;m %;/;22 {'}/;23 %;/;24
L2;41 L‘l/;42 Lg;43 L¥;44
i 0 iy
0 flov Ppe
g dl’(}]‘JM Psy =
BEVAY o
0 BL dlsn / \ Pou
f’}/;ll + iY;Ql i}/ﬂg + i}/;m i}/;mz + L‘l/;23 [:‘1/;14 + iY;24
%‘1/51 %Y;32 §¥33 %}/;34
e L s e
L;/;n~ - Lg;21 Lg;1~2 - Léf;Qz Léf;l:’l - Lg;z:s Lg;lzg - Lg;24
%g;m L~V2;22 %ggs %X;24
LXAI L;/;42 L¥43 L;/;44
_d{,lI’DV 0 ﬁ}tf
g 7df9’v ﬁ?s
0 M ;’f; ) (3.133)
Bfl,vdfl,v 0 4
P 1,P Pp
0 Bl dign / \ P

Now, to obtain the desired scattering matrix Sp-m/IEV we need to left multiply at
both sides with the inverse of the composition matrix on the left-hand side.
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3.2.6 P-SV-TM scattering matrix at a fluid/porous medium

interface

In a similar way, we can derive the P-SV-TM scattering matrix at a fluid/porous

medium interface. For the contrast under consideration, we start with

~_ ~—+ S—F
Dp Tp—p TP_EM
~— f—-‘r f_+
PeEMm EM—P EM—-EM
~1 it it
Ppy _ Pf—P Pf—EM
~ = it it
Pps Ps—P Ps—EM
~ 1 it it
Psy SV—P SV—EM
28 t [

TM TM—-P YTMmM-EM
tp_ps  lp_sy  tp_rm
tev—ps tEm—sv  teEmM—TMm
hy 5y oy

Pf—Ps iffsv iffTJW
"ps—pPs TpPs—sv Tps—TMm
o T Fo

SV —Ps SV —SV SV—TM
[Ty By By

TM-Ps "TmM-sv TTm-1TMm

_"P—Pf
EM-Pf
b
Pf—Pf
b
Ps—Pf
i
SV—Pf
sy
TM—Pf

(3.134)

For this interface, we would like to solve for 77—, the local reflection coefficient ex-
pressing the reflection of an upgoing field into a downgoing field. Again, in order to
solve for this scattering matrix, 6 boundary conditions are required. We select the
same boundary conditions as for the porous medium/fluid P-SV-TM scenario. All
acoustic and EM velocities, system matrices, scaling factors and power-flux normal-
ization factors remain also the same. So, all information is available for applying
the correct boundary conditions of equation (3.125) at the fluid/porous medium
interface. Separating incoming and outgoing fields, mimicking the format of equa-

tion(3.134), we obtain
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_d{l},)V 0
0 0
f1,v
0 —d1 oM
0 0
FLV JfLV
Br dip 1l VO 1,V
0 Beu d1,}EM
v iv v v v iv v Fv .
Ly, + Ly Lyg+ L1 Liy3+ Lis Lyyy+ L1y Dp
iv iv v 3 S
[:1,31 [:1 32 [:1;33 [:1,34 Pem
Vv ~
Ll Ll o Lias Ly Ppy _
v v v v % v % v . =
([/2;11~ — L321) ([/2;12~ — L3.95) (L2;1§ — L3.3) (L2;1g — L324) PES
v v =
%%/;21 %2,22 %‘1/;23 %2,24 Psy
L34 Li 40 L343 L3 44 Prym
L,V
dl,P 0
0 0
L,V
0 A1
0 0
FLV JfLV
Br dl’P fl VO L,V
0 Beu dl,’EM
—(L}/;n~ + L‘l/;21) _(L‘l/;12~ + LY;zz) —(LY;L} + L‘l/;23) —(L‘l/;lg + LY;24) 15;
14 \4 1% \% _
*§1;31 *[:1;32 *€1;33 *[:1;34 pEM
Vv Vv vV Vv ==
_ i M 0 s i O Ppy
v % % v v % % % it
L2;11~; L3 L2;1g — L3o Lz;lg; L3.93 L2;1g; L3o4 Ppg
{'%/;21 LXE% {'%/;23 %%;24 Psv
L34 L3, L3, L34 Prm
(3.135)

Now, to obtain the desired scattering matrix S//p-mV e need to left multiply at
both sides with the inverse of the composition matrix on the left-hand side.

3.2.7 SH-TE global downgoing reflection matrix at a
fluid /porous medium interface

Thus far, we have considered the effects of porous medium/fluid and fluid/porous
medium interfaces on the local scattering matrices. However, these interfaces also
have an effect on the global reflection matrices, that need to be properly updated
across these interfaces in the recursive scheme. In the following sections, we will
describe the expressions required for correctly updating the global reflection matrices
across these interfaces.

Let us start with the scenario where we have a fluid halfspace above a porous
medium, for the SH-TE propagation mode. We desire to correctly update the global
downgoing reflection matrix across the fluid/porous medium interface. We again
select the same boundary conditions as discussed before for the SH-TE system in
porous medium/fluid and fluid/porous medium transitions, to solve the problem.

Applying the correct fluid-porous medium boundary conditions, yields the fol-
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lowing equality across the interface

i B
= ™% | = @a={ 0 . (3.136)
_HH _gH

We already know the required composition matrices for the SH-TE system in a
porous medium and in a fluid. Writing the equality (3.145) in terms of one-way
fields yields

Lt iaB fruia = Lpf o B (3.137)

or explicitly

giuH giLH
LEM 1,EM _+
0 0 ( Pem > =
FLH jfLH fLH ;fLH Peym
Bgir dieve —Beiar dieum
LH  H iH iH Piy
~1521 Y1522 ‘1521 '1;22 15+
@5{11 155{12 —@5511 —@5512 p-gi . (3.138)
Lgm L§{22 —Léle —Lgm S
Prg

Here, we want to find the global downgoing reflection matrix (f{; T(zn+1)) at the
fluid side of the interface. In order to find this reflection matrix, we need to express
it in terms of the global reflection matrix at the porous medium side of the interface

’k;:l (zn+1). On the fluid side of the interface, the following relation holds

B rruia = Ru " (20+1)Pfria- (3.139)
Similarly, in the porous medium, the upgoing fields can be expressed as

- = —+ -

Ppm. = Rus1(2n+1)Ppm. (3.140)

We can now express the one-way upgoing fields in the porous medium in terms of
the downgoing fields in the porous medium times the global reflection matrix at the

. . . = —+
porous medium side of the interface, R, (2n+1), as

ﬁEH(ZnH) _ 7§§E—SH @EE—TE ﬁgH(Zn+1)
s — ( ~sH sH 1 : (3.141)
Pre(zni1) Rrip—su Rre_re Prp(2nt1)

Using these expressions, we can rewrite equation (3.138) in terms of only downgoing
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fields at the porous medium side:

‘Z/{{Ql {1+7€1_1+] +E{{227~22_1+ iﬁzz 1+R2_2+] +E{{217~21_2+

| )
" - S - - —— Peu
L, [1 =R - T Re L, [1-Re| - LR | [ 02
~ ~ ~ ~ ~ ~ ~ ~ Prg
Ly {1 - Rfﬁ] - L522R51+ L,y {1 - REJ] - Lé{leff
FLH FLH
dl;EM dl;EM p,+
_ 0 0 M
Pem
FLH fLH FLH fLH
Bgir digve —Beir Ak

(3.142)

We now first reorganize this expression separating the unknown, outgoing one-
way fields from the incoming one-way fields, as

+ L{{22R2_1+ Lf’m {1 + R2_2+} + Lﬁlef;
;12 |:

1= Ryst| - LRy

Ll [1 = RG] = Dy Rart Ly [1 - Re"| = Ll R
e ~ flL,H
_d1 EM pjng d1 EM
0 bre | = 0 (55 )- (3.143)
FULH JfI,H - FULH fI,H
Byir i g PEm By A1

Now, we can solve for the unknown one-way fields on the left-hand side, by mul-
tiplying both sides with the inverse of the matrix on the left-hand side, yielding

ﬁ+ T+

gt SH-TE i

{JIE = ~TTE—TE Pems (3.144)
PEm Ry (2n41)

where R, t(z,,1) is the global reflection coefficient at the fluid side we were after,
correctly updated across the interface in the recursive scheme. We also recognize
the global transmission coefficients that are required for example when the source is
located in the fluid and the receivers in the porous medium.

3.2.8 SH-TE global upgoing reflection matrix at a
porous medium/fluid interface

We now consider the scenario where we have a fluid halfspace below a porous me-
dium, for the SH-TE propagation mode, and desire to correctly update the global
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upgoing reflection matrix across the porous medium/fluid interface. We again select
the same boundary conditions as discussed before for the SH-TE system in porous
medium/fluid and fluid/porous medium transitions, to solve the problem.

Applying the correct fluid/porous medium boundary conditions, yields the fol-
lowing equality across the interface

EH EH
Gm = ™" | = @ia= o . (3.145)
_HH _HH

We already know the required composition matrices for the SH-TE system in a
porous medium and in a fluid.
Writing the equality (3.145) in terms of one-way fields yields
L;{luidﬁ]{{luid = L;;—Imf)fmv (3146)

or explicitly

g/eH /A
LEM LEM ~+
0 0 ( Pem ) =
FULH ;f1.H fLH Sfl,.H PEm
By dl;EM —Bgiy dl;EM
FH FH FH FH Py
{/1;21 {/1;22 L~1;21 L};22 ﬁigs-H
135{11 {3%{12 *@5{11 *]3125:12 ﬁgfl : (3.147)
L%{m L£{22 —L£{21 —Lgm Jipm
TFE

Here, we want to find the global upgoing reflection matrix fli;l (zn+1) at the fluid
side of the interface. In order to find this reflection matrix, we need to express it
in terms of the global upgoing reflection matrix at the porous medium side of the

interface ﬁ: " (Zpy1). On the fluid side of the interface, the following relation holds

ﬁ}_luid = R:-:l(zn-i-l)f);luid- (3.148)

Similarly, in the porous medium, the downgoing fields can be expressed as

~ ~ +— -
Ppm. =Ry (Z041)Ppm.- (3.149)

We can now express the one-way downgoing fields in the porous medium in terms
of the upgoing fields in the porous medium times the global reflection matrix at the

~+_

porous medium side of the interface, R, (zn+1), as

ﬁ;H(zn"l‘l) — 7?’;"1:[75[‘[ @g;IfTE ﬁEH(Zn"rl) 3.150
s = ( Ren 3 ’s S (3150)
pTE(Zn+1) RTE—SH RTE—TE pTE(ZTH-l)
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Using these expressions, we can rewrite equation (3.147) in terms of only upgoing
fields at the porous medium side:

if{m [1 + kff} + i{{zﬂé;ﬁ_ E{{m [1 + 7%;2_} + z/{{mﬁﬁ_

~ ~ ~ = ~ = ~ S Psu
L LRI | LR <L - RE [+ GRG0
TE
_ngl [1 - Rﬁ_} + Lng;rf _Lgm [1 - Rgrz_} + L£{21RT2_
LH LH
d{;EM d{,EM ~
0 0 Pem
B Pem
LH fl,H LH fl,H
BgM d{;E‘M _BJ{JM d{;EM
(3.151)

We now first reorganize this expression separating the unknown, outgoing one-way
fields from the incoming one-way fields, as

i{{m {1 + ﬁff} + iﬂzzﬁgf fiﬁm [1 + 7%327} + E{{zlﬁf{
*Egn [1 - ﬁff} + Z5{127§’;—1_ *Eﬁﬁz [1 - 7%;2_} + E%{nﬁ{

—iéfm [1 - ﬁﬂf} + ié{zzﬁ;f _Egm [1 - 7%;27} + Eé{zlﬁf{

J1,H ~ f1,.H
*dl,EM Psy dl,EM
0 bre | = 0 ( Poar )- (3.152)
fLH GfLH ~+ fULH ;fl,H
=B 41 gy Pem —Bgir d1. 50

Now, we can solve for the unknown one-way fields on the left-hand side, by mul-
tiplying both sides with the inverse of the matrix on the left-hand side, yielding

ZEH ,'Z;SZHfTE N
ZBIE = Trp_rE Pem> (3.153)
PEm RrerJ:l(Zn+1)

where Ri_:l (2n41) is the global upgoing reflection coefficient at the fluid side we
were after, correctly updated across the interface in the recursive scheme. We also
recognize the global transmission coefficients that are required for example when the
source is located in the fluid and the receivers in the porous medium.

3.2.9 P-SV-TM global downgoing reflection matrix at a
fluid /porous medium interface

Similar to the SH-TE scenario, we also require expressions for the P-SV-TM propaga-
tion mode to correctly update the global reflection coefficients across fluid/porous
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medium interfaces. We consider the scenario where a fluid halfspace is located above
a porous medium, and we desire to correctly update the downgoing global reflection
matrix in our recursive scheme. We select the same boundary conditions as discussed
before for the P-SV-TM system in porous medium/fluid and fluid/porous medium
transitions, to solve the problem.

We again apply the P-SV-TM fluid-solid boundary conditions of equation (3.125).
We already know the required composition matrices for the P-SV-TM system in a
porous medium and in a fluid. Writing equality (3.125) in terms of one-way fields
yields

fL,V fL,V
di p 0 dip 0
0 0 0 0 Bt
FLV FLV ~
0 4y 0 d By Phu
0 0 0 0 7
fLV 4LV LV LV ok
Bp dl,P f Voﬂ v —Bp dl,P i 8 v Ppm
0 B 41 g 0 —Bgir 4, kM
v Fv Fv Py Py Fv Fv Fv
Lign + Lo Ling +Lips  Ling+Lios Lijgg+L90
v v v
Lz Ly3o Lys3 Ly
v v Vv v
_ L1;4L ~ L1;42_ _ L1;4Z§_ _ Ll;llé_l~
% v v v v v v v
Liay —Laor Lgao —Lopy  Loag —Lopz Loy — Lo
v v v
%2;21 L~V3;22 1}2;23 %%/;24
L340 L34 L343 L34
4
iV LV iV LiVv iV LV iV, LV Pps
111t Lio 112 T 4100 113 1t L123 1,14 T Li0g Phe
LY LY LY LY -
“1ia1 152 "1 “1i3 va
Li s Ly Ly Li 4 Dros
Fv Fv Fv Fv Fv v Fv Fv e
—(Lgny —L3n1)  —(L3ng — Lye)  —(Lgjg — Lang)  —(Lgny — L3ny) Pps
v v v v ol
—L3.o —L3.99 —Ly93 —L3o4 DPps
v v % v e
—Lg —Li40 —Lg43 —Lg44 Psy
Pry
(3.154)

Here, we want to find the global downgoing reflection matrix (R, (zp41)) at
the fluid side of the interface. In order to find this reflection matrix, we need to
express it in terms of the global reflection coefficient at the porous medium side of
the interface R;jrrl (2n+1). On the fluid side of the interface, the following relation
holds

Py =R, (2n11)B ;- (3.155)

Similarly, in the porous medium, the upgoing fields can be expressed as

~_ + ~
pp.m. = RnJrl(ZnJrl)p;_,m,- (3156)

We can now express the one-way upgoing fields in the porous medium in terms of
the downgoing fields in the porous medium times the global reflection matrix at the

. Syt
porous medium side R, 1 (2n41):
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Pps @;?—Pf 7%1_3?—133 7%1_3?—5\/
Pps | _ | Rpeps Rpips Rpisv
Psv | | Rsvpy Rsv-ps Rsv_sv
Prum R:E&—Pf R;E\Z—PS Roni—sv

Rpj-ru
R;:—T]M
REXJ/FfTJVI
7—‘)’;M—TM

Using these expressions, we can rewrite equation (3.154) in terms of only down-

going fields at the porous medium side

éu éu é13 Lyy
Lyy Loy Lys Log ﬁ;f
L3y L3z L3zz Lsy Pps
Ly Ly Lyg Luy Pév
L5y Lsz Lsz  Lsy Pra
Le1 Lea Le3z Lea
LV LV
a0y :
0 0 0 0
LV LV
_ 0 d{,EM 0 d{,EM
0 0 0 0
LV fLV LV 41,V
BIJ; d{’P fl VO fLV 7B]j; d{’P fl \9 fLV
0 By di gy 0 —Brir di gm

Here,
Ly = (Liar+ Lion) (61 + Ry,
Loy = Liai(615 +R5;),
Lsy = Lyia(615+R),
Liy = (Laar — Lopn) (010 — Ry},
Ls; = Laor(d17 —Ryj),
Los = Laar(d17 —Ry)),

where in this case the capital subscripts I and J can take the values 1 to 4 and the
Einstein summation convention holds for repeated indices.
We separate the unknown, outgoing one-way fields from the incoming one-way
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fields, yielding:

@11 éu élS é14 —dfly 0 Pps
Loy Lap Log Loy 0 0 25
- N < = fLV kil
Lz Lss Lzz L 0 —d mm Dsv —  (3.165)
Ly Lag Laz Lay l ‘9 L 0 ﬁiTr_M
Lsi Lsy Lss Lss BY d{y}g 0 Pp
Lei Le2 Le3 Les 0 B{Eliv}/d{,l:EVM Penm
LV
'y 0
0 0
O dfl:v p‘+
. 1,(I)EM ( br ) . (3.166)
LV LV Pem
BV ally 0
LV LV
0 By d{,EM

We solve for the unknown one-way fields on the left-hand side by left-multiplying
both sides with the inverse of the matrix on the left-hand side, yielding

_ 7t it

p;Sf TPf—P 7:P]LEM

~ 4 T+ T+

Pps TpPs—pP tPs—EM

4 T+ T+ St

DPsy — ~SV-P ~SV—-EM bp (3 167)
~+ - T+ T+ =+ ’ :
Pra _ VEM-P . L EM-EM PEm

Pp Rplpg(zne1)  Rplpu,(2nt1)

Pem RE‘]J\%fP;n(ZnJrl) R;JJJC 7EM;n(zn+1>

where R, T (2,41) represent the global reflection coefficients at the fluid-side that we
were after.

3.2.10 P-SV-TM global upgoing reflection matrix at a
porous medium/fluid interface

We now consider the scenario where a fluid halfspace is located below a porous
medium, and we desire to correctly update the upgoing global reflection matrix in
our recursive scheme. The procedure is similar as for the case where a fluid halfspace
is located above a porous medium. We select the same boundary conditions as
discussed before for the P-SV-TM system in porous medium/fluid and fluid/porous
medium transitions, to solve the problem.

We again apply the P-SV-TM fluid-porous medium boundary conditions of equa-
tion (3.125). We already know the required composition matrices for the P-SV-TM
system in a porous medium and in a fluid. Writing the equality (3.125) in terms of
one-way fields yields
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iy 0 iy 0
0 0 0 0 B
0 d{l E‘jv{ 0 d{l )EVM Phas
0 0 0 0 Pp
VA oty iy
0 BLi 4 em 0 —BRi 4]
E‘l/;u~ + E’YQI z’Y;l% + fi}/;m fi}/;wi + fi‘l/;zs fi‘l/;lg + I:Y;zz;
%}/;31 %Y;sz {4}/;33 [:}/;34
L L s e
L;/;n~ — LYo Lg;lg — LY Lé/;ni — Lo, Lg;lg — LYo,
%;/;21 L~V2;22 %‘2/;23 %g;m
L34 LY 4o L343 L3.44
.
Fy v Fv Py Fy v v Fv Pry
Liay + Lo Liag + Li Liag + Lias Liag T L1 Phe
Liz Lo {'}/;33 Lisa ﬁfv
Ly L 40 : LY;43 L‘l/,44~ ﬁfM
—(L¥1y = LYo1)  —(Ld1y — LYs) —(L;/;L} LYos)  —(L1, —LY54) Ppys
*{*2,21 *[:2,22 *{*1,23 —L3o4 Dpg
—Lga —Li4 —Ly 43 —Lg44 Psv
Pry

(3.168)

Here, we want to find the global upgoing reflection matrix (R;:l (2n+1)) at the
fluid side of the interface. In order to find this reflection matrix, we need to express it
in terms of the global reflection coefficient at the porous medium side of the interface
R} (2p41). On the fluid side of the interface, the following relation holds

n
f)?l = ﬁrt-;1<zn+1)f);l- (3.169)

Similarly, in the porous medium, the downgoing fields can be expressed as

~ ~ + -
p;m. = ,R’n (Zn-i-l)pp.mx (3170)

We can now express the one-way downgoing fields in the porous medium in terms
of the upgoing fields in the porous medium times the global reflection matrix at the

. . +
porous medium side R,, (zn41):

4 5+— 5+— Rt 5+— .
Dpy ‘Pr-Pf YPf—Ps Ypr-sv YPr-TM Ppy
73 i R R R ™
pJI:S _ YPs—Pf 'VYPs—Ps YPs—SV NYPs—TM Pps
= = +— +— +-— +— ==
Psv Rsv_p; Rsv-ps Rsv_sv Rsv_ru Psv
5 +-— +- +- +— 5=
Prym TM—Pf Rov—ps RTM—SV Revi—rm Prm

(3.171)

Using these expressions, we can rewrite equation (3.168) in terms of only upgoing
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fields at the porous medium side

éll élQ élS é14

Lyy Lys Las Loy Ppg
L3y L3y Lss L3y Pps
Ly Liz Lys Lug Dsv
L5y Lsz Ls3 Lsy Pra
L1 Lez L¢3 Lea
di’y’ 0 di’y’ 0
0 0 0 0 bt
e, 0 i, o
0 0 0 0 o
BV alty 0 —BLValty 0 B
0 B diu 0 — By 4] g
(3.172)

where the expressions for I~/(1:6)J are identical to the expressions for the P-SV-TM
global downgoing reflection matrix (3.159)-(3.164), except for the fact that 7~€I_J+
should be replaced by R, and that equations (3.162)-(3.164) should be multiplied
by minus one.

We separate the unknown, outgoing one-way fields from the incoming one-way
fields, yielding:

L L Ly L —dy 0 Ppy
Lyy Las Loz Lo 0 0 Dp
= = = = FLV ‘Ps
L3i Lzz Lsz Lz 0 —di py Psv | —
Lyy Liz Laz Ly 0 0 [);+M
@51 1}52 1}53 @54 *B{Dl’vd{,ll’y zo v ﬁp
Lei Le2 Lez Les 0 *Béi\/‘f/d{,};M PeM
(3.173)
LV
'y 0
0 0
LV N_
0 d{,EM bp
0 0 Pev /)
_B{Dlyd{’l})v fl8 FLV
0 —Bpi A pm
(3.174)

We solve for the unknown one-way fields on the left-hand side by left-multiplying
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both sides with the inverse of the matrix on the left-hand side, yielding

Ppy Tpy_p Tpy_pm
Dps Tpe_p Tpy_pum
Psy | — Toy_p Tsy_pu ( Pp )
f’ijy - Tgy-p - Tgym—pum Ppm )
~I<)FP ~R;:P;n+1(z7l+1) ﬁ;:EM;n+1(Zn+1)
PEM RE‘J_VI—P;n+1(ZTL+1) REI\_/I—EM;nJ,-l(Zn-‘rl)

(3.175)

where R;‘;;;l(szrl) represent the global upgoing reflection coefficients at the fluid-
side that we were after. We now have obtained all required expressions (for both the
SH-TE and P-SV-TM propagation mode), for modeling scenarios with a free-surface,
and scenarios with fluid/porous medium/fluid transitions.
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3.3 Field composition, combining modes and
Fourier-Bessel transformations

For layered-Earth geometries, we have carried out all calculations and correspond-
ing seismo-EM layer-code modeling in the horizontal wavenumber-frequency domain.
However, we would like to obtain data in the space-time domain as the final output
from our layer-code modeling. For the frequency-to-time transformation, we make
use of a temporal inverse Fourier transformation. The horizontal wavenumber ex-
pressions cannot be analytically transformed back to the space domain; the inverse
spatial transformation has to be computed numerically. We could of course make use
of a 2D spatial inverse Fourier Transformation. However, numerically speaking, this
is quite an expensive procedure. We therefore choose to rewrite the set of equations
in such a way, that the use of Fourier-Bessel transformations is possible.

3.3.1 Field decomposition and composition

Before diving into the details of the Fourier-Bessel transformations, let us first focus
on field decomposition and composition. As we have seen, we can capture the 3D
governing set of seismo-electromagnetic equations for horizontally layered, 1D media
in the format of equation 2.113, which reads (slightly adjusted)

04" suvamv _ amv
— — AT =d7 d(xs — x3), (3.176)
8%3
where 25 denotes the vertical spatial coordinate of the source. We can decompose the
two-way fields into one-way fields by applying field decomposition (see e.g. Grobbe
et al. (2016a)). We can write equation (3.176) for decomposed, one-way fields as

af)HV - - ~
—— — ABVREY — (LI ATV 5 (23 — a5). (3.177)
8.2?3
Here, we have made use of the fact that we have explicit expressions for the com-
position matrix L7V, the eigenvectors of the two propagation modes, such that
ARV = LHVAHLV(LHV)=1 holds (which we also used in the derivation of the
eigenvector sets in Section 2.3).
We use the following relationship between the one-way fields due to two-way

source types:

~ 5HV = _15

pHv =G (LAY 1dH VY, (3.178)
where G is the Green function matrix containing the one-way impulse responses of
the layered medium. Composing the two-way fields from one-way fields via

gV = LHVEHY (3.179)

we obtain a general equation for two-way wavefields due to two-way source types for
each individual propagation mode:

G = EH,Vg‘H’V(f‘H,V)—laHV. (3.180)
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This equation forms the basis for the composition of two-way physical field quantities
at the receiver level in layer-code modeling. If we now replace the two-way source
vector dV in equation 3.177 by a unit matrix I, we can express equation 3.177 in
terms of the Green matrices, as

~H\V

09 _Rnvg™ _ is(zy - a3). (3.181)
8$3
We have implicitly chosen point sources at xg = (0.0,0.0), which is reasonable

since we are dealing with a laterally-invariant layered medium. Let us now drop the
superscripts defining the two modes for convenience. The Green function matrix is
organized as

s++  5t+-

5 g g

=72, 7 ], 3.182
(o) (3.152)

where for example §+_ denotes the Green function submatrix for downgoing fields
(+ superscript) at the receiver level generated by an upgoing source (- superscript).
Similar meanings can be given to the other Green’s function submatrices. As we
know, the composition and decomposition matrices of equation 3.180 are defined as

i:(%; _Lf;), (3.183)

- L, L

L'=( =2 1. 3.184
(La Li) (3.184)

We can redefine equation 3.180 in terms of two-way Green’s matrices as
q=0Gd, (3.185)

where G = LGL™!, or more explicitly as

q = fill%l + Cflzgiz, (3.186)

Q2 = Go1dy + Gaado, (3.187)
with

Gy = L[¢7 +¢ T +¢ T +d 1L, (3.188)

Go = |G -¢"+¢ " -¢ i, (3.189)

G = Ly _g~++ + §+_ - §_+ -G |L, (3.190)

Gp = |6 -G -G " +¢ |l (3.191)




3.3. Field composition, combining modes and Fourier-Bessel transformations 99

This formulation can be used for both 2D and 3D models. For 2D, we simply apply
a 1D spatial inverse Fourier transformation to obtain the space-frequency results,
whereas in 3D scenarios we apply Fourier-Bessel transformations as derived in the
next sections. Before explicitly deriving the Fourier-Bessel transformations for each
seismo-electromagnetic source-receiver combination, let us quickly recapitulate the
theory of propagation modes. Please note that now that we have assumed point
sources and express everything in terms of Green’s functions, the source vector dev
looks slightly different. To explain this, let us look at how we defined the sources
thus far. In the space-time domain, the electric current source in the x;-direction is
defined as

Ji(x,t) = T ()d(x — x°). (3.192)

In the space-frequency domain, where we started our seismo-electromagnetic gov-
erning equations, this source term reads

Je(x,w) = JE(w)d(x — x°), (3.193)

where we can see that the source terms implicitly contain a spatial delta function.
In the horizontal wavenumber-frequency domain, this leads to

Je (K, w3, w0) = JE(w)exp(fkaxs)d(xs — x3). (3.194)

Similar definitions hold for the other source terms. For the point sources, where we
choose x5, = (0,0) as the horizontal source location, equation 3.194 reduces to

Je (K, w3, w) = JE(W)d (x5 — x3). (3.195)

We use this since we are considering a horizontally invariant medium. By looking
at the Green function solutions (the responses to the delta-functions), the source
vectors (like the one in equation 3.185) read

& = (at,df df dt ) (3.196)
for the SH-TE mode, where

i = —jk [7%33 + 72?,2} + jiks [73#{3 + 7—21{3] , (3.197)

d' = —jkaJY, (3.198)

- . I . fo.
& =k [fé’— ;’Efﬂ — jka [f{’— ZEI{]

GIT . . 2G k1 ke . .
- [k [+ | - T R | (3.199)
i = L [—j/ﬁfg +j/€2}-1f] + jk1Jy — JkaJ7 — %52~73 ) (3.200)

and

~ t
d" = (ﬂvdgvd‘gvd}l/’dgvggvjyng) ) (3'201)
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for the P-SV-TM mode, where

T = g [P+ 7] + s (3.202)

B = Lowadls g [ |1- oham |+ 00 G
sp M (S +2G7T)

B o= ookl - bkt - 20 G, s or,)

- e [ ) - EE k] oo
Vo= ,% [gka]:-({ n kajg} , (3.205)
ro_ g (3.206)
. f’j £as— A (3.207)
& = %‘ [+ A (3.208)
Jz‘%/ = i%jse + % {k2j1m - klj{”} : (3'209)

We can recognize the symbols indicating the purely frequency-dependent source
functions (which act as a temporal filter).

3.3.2 Mode theory and combining the modes

When dealing with the governing equations of the seismo-electromagnetic system,
physical field quantities were combined by taking either the divergence or rotation of
the expressions under consideration, yielding different mode field quantities for both
the SH-TE and P-SV-TM propagation modes. We composed the different mode
quantities, in the horizontal wavenumber-frequency domain, as

Tt — k105 + jho®s, (3.210)
FOH = ik 7h 4 ko, (3.211)
EH = —jkFy + jkoF, (3.212)
HY = —jkiHy — jkoHo, (3.213)
for the SH-TE mode, and as
k k
~s,V 1-~s 2 ~s
, = = = 3.214
Unorm P U1 + K Vg, ( )
k k
P = byt — i, (3.215)
K
~ k ko ~
E’r‘L/orm = 71E1 + £E27 (3216)
K
- ke -~ ko -~
H’I"L/OT’ITL = 71H2 - iHl? (3217)
K K
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for the P-SV-TM mode, where the subscript ‘norm’ indicates that the mode quant-
ities have been normalized with a factor —jx, such that the system matrix AV has
favourable symmetry properties. Consequently, the factors before the field quantities
have also been normalized by —jx.

At the receiver level, both propagation modes and their mode quantities, that
were thus far treated independently in the layered-Earth system, need to be com-
bined to obtain the individual physical field quantities that compose these mode
quantities. We combine the expressions for a certain mode quantity-type (for ex-
ample equations 3.212 and 3.216), in such a way that one of the two physical field
quantities (E; or E;) remains. As an explicit example, we consider combining the
electric mode quantities E*f and EV into the physical electric field quantity in the
x1-direction, E;. We start by multiplying equation 3.212 at both the left- and
right-hand side with jks, yielding

jkeEP = jky |—jk1Es + jko By
= kikoEy — k2E). (3.218)
Similarly, we write the P-SV-TM mode expression, equation 3.216, as
—JKE e, = —jk1E) = jkoE, (3.219)
and multiply both the left-hand side and the right-hand side with jk;, yielding
kikEY o = k1 [*jklEl *ijEz}
= k2E) + kykoFs. (3.220)

We now subtract equation 3.218 from equation 3.220, leaving us with the desired
physical field quantity Fi:

kikEY  — kB = 2B+ kikoEy — kikoEy + k2E)
= [k} +K3]EL = KBy (3.221)
. k ik
By = Bl - JJEH (3.222)

Similarly, we can multiply the SH-TE mode expression at both sides with jk; and
the P-SV-TM mode expression with jks. When we now add the final expressions we
end up with the other physical quantity that composes these mode quantities, Fo:

ik
B, = 2E), + I2LEH, (3.223)
H

We can clearly recogmze two core expressions for mode combination, referred
to as type F; and ‘receiver’-type E. All other physical quantities that compose
a mode quantity can be derived via one of these two types. A third type can be
defined as well, corresponding to the purely P-SV-TM field quantities that do not
need to be combined with the SH-TE mode quantities. We refer to this type as the
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v3-type. The complete list of final mode-combining expressions, reads

E,
~b
T13

Hy

ki =~ ko ~
71E7‘7,/07‘m - ]722EH7
K K
Fiov Jk2em
norm 2
k1 TV jk2 r7H
;Hnorm + K2 H )
ﬁms v ]kQ ~s, H
norm 2
ko Vv jkl rH
;Enorm + K2 E )
@w,v ]kl ~b,H
norm 2
ko ~ Jk1 4
—7HV 7HH7
k morm K2
@‘”é \% + ]kl ~s,H
norm 2

(3.224)
(3.225)
(3.226)
(3.227)
(3.228)
(3.229)
(3.230)

(3.231)

We can generalize these expressions in terms of the elements of the two-way

field vectors

Ea
#
i,
g
E;

~b
T23

qHV
q

kiy gk oy

K qs ?q2 5
k'l ~V ij ~H
;113 - ?% )
k'l ~V ij ~H
;114 - ?qéx )
k'l ~V ij ~H
;117 - F‘h )
k2 ~V jkl ~H
;(IS ?QQ )
k2 ~V jkl ~H
;43 ?(J:a )
ko ~V jkl ~H
— — + p—
{ s k2 4

ko ~V jkl ~H
;(h F(h )
ar

~V

q2 )

as

as »

],

as defined in equations (6.48) and (6.49) of Section 2.2. For
completeness, we here add the v35-type expressions, leading to

(3.232)
(3.233)
(3.234)

(3.235)

where the subscripts in the right-hand side correspond to the elements of the two-way
field vector gtV .
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3.3.3 Explicit Fourier-Bessel transformations

At the receiver level, we now compose the different two-way seismo-electromagnetic
source-receiver combinations by combining equations (3.232)-(3.243) with equation
(3.180). We select both the desired field quantity (row of L¥:Y and the generating
source-type (column of (L#:Y)~1). In our derivations, we make use of the notation
of equation (3.180) instead of the Green matrix notation, since this one-way field
notation corresponds with the algorithm of our seismo-EM layer-code. We explicitly
derive the Fourier-Bessel Transformations required to transform the data from the
horizontal wavenumber-frequency domain to the space-frequency domain. Before
diving into the details, we briefly present some useful Bessel function relations.
After that, we demonstrate the derivations for each source-type by focusing on one
of the three ‘receiver’-type expressions.

Some useful derivatives of Bessel functions

We here present some important relations for Bessel functions and their spatial de-
rivatives, which we need in the explicit derivations of the Fourier-Bessel transform-
ations. In the horizontal wavenumber domain expressions we can expect product
factors (jkq )", with n = 1,2,3. Also, factors like jk; k3 can occur but in essence they
are not different. Factors containing the radial wavenumber x do not play a role.
Factors like (—jkq)™ in the horizontal wavenumber domain transform to operators
O in the space domain. These differentiation operators can act on the Bessel func-
tions in the Fourier-Bessel integrals. We can numerically evaluate these integrals, or
first obtain the space domain expressions and then subsequently evaluate the deriv-
atives. We define the radial distance r and angle ¢ as r = /(21 — 25)2 + (22 — 23)?2
and ¢ = atan(%)7 with » > 0 and —7 < ¢ < m. We aim to obtain expressions
without explicit divisions by the radial distance r, since r can be equal to zero. We
use the following rules from Abramowitz & Stegun (1965),

J_n(r) = (=), (kr), (3.244)
Il (k) = %(Jn_l(nr)fjn_,_l(/ir)), (3.245)
%Jn(m) = (k1) + T (1), (3.246)

to derive
B Jo(kr) = —%njl(m), (3.247)

where Jy(kr) is the Bessel function of the first kind and order zero, with argument
kr. Be aware that the chain-rule applies to the argument of the Bessel functions as
well. Furthermore, we can obtain

(2 22— o2
1 Jo(kr) = Y <J0(m“) - 1T22J2(m“)> ) (3.248)
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and similarly

2 2 .2
82 Jo(kr) = —% (Jo(m) + 4 = 2 Jg(fﬂ")) .

We also derive

(3.249)

(3.250)

(3.251)

(3.252)

(3.253)

(3.254)

(3.255)
(3.256)

(3.257)

0105 do(rr) = = ‘:;” Jo(kr),
3 2_ .2
0,02 Jo(kr) = %ﬂ [Jl(m) - <1 —2 (xl 2x2>) Jg(m")} ,
r r
9 K3 1o r? — a3
Ooado(nr) = % [hlsr) = (142 J3(kr)|
K2 (22 — 22 |
8?]0(,‘{’!’) = —? (81J0(m) — 81 17’2 QJQ(F;’I’) )
W3 22N
= T (3J1(m“) + (1 -2 - ) J3(I€T)> )
)2 M2 _ 22 1
03 Jo(kr) = -5 (82J0(m“) + 0 1T2 2 7o (k1) )
. a2
In cylindrical coordinates, we can use directional cosines to calculate the Cartesian
solutions:
_
cos(@) = =,
(o) = =2
sin(9) = 2,
cos(d)sin(¢) = 7,
2 _ .2
cos(2¢) = | 2:02.

r

(3.258)
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This leads to

Jo(kr) = —rcos(¢)Jy(kr), (3.259)
Dado(kr) = —rsin(¢)Jy(kr), (3.260)
D3 Jo(kr) = —%Q[Jo(m)—cos(2¢)J2(m‘)], (3.261)
03 Jo(kr) = —%2[Jo(w)+cos(2¢)J2(m)], (3.262)
0102Jo(kr) = K2cos(¢)sin(¢)Jo(kr), (3.263)
01030 (k1) = %Scos(gb) [J1(kr) — (1 = 2cos(2¢)) Js(rr)] (3.264)
D205 Jo(kr) = %3sin(¢) [J1(kr) — (1 + 2c0s(2¢)) J3(k7)] (3.265)
O Jo(kr) = %3cos(¢) [3J1(k7) + (1 — 2cos(2¢)) J3(kr))], (3.266)
D3 Jo(kr) = %SSin(qS) [3J1 (k1) + (1 + 2cos(2¢)) J3(kr))]. (3.267)

It can be seen that no explicit divisions by the radial distance need to occur, since
everything can be expressed in terms of directional sines and cosines, and integer
order Bessel functions. There still seem to occur singularities for » = 0 in the
directional sines and cosines. However, this is only an apparent problem since these
angle-dependent terms only occur together with J, with n = 1,2,.... For these
Bessel functions, J,(0) = 0 (i.e. for a zero argument, when r = 0), and hence no
singularity problems occur at r = 0.

Example: The Fourier-Bessel transformation for Ei] i

We here present the Fourier-Bessel transformations for each source-type for receiver-
type E1, by explicitly focusing on the E; fields. By selecting a different row of
L7V we can obtain the expressions for 72, H,, and #. Combining (3.224) with
(3.180) and selecting specific columns of (LV)~! corresponding to different source-
types, yields different relations for the horizontal electric field component in the x;-
direction due to different two-way sources, expressed in terms of the one-way fields
(or Green’s functions as denoted in equations 3.188-3.191). Note that again s = jw.

We start with the expression for Eij le, representing the two-way field E recorded at
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the receiver level due to a two-way source jf at the source level,

~ 7€ k‘ k
Eijl(kH7$37 ) Exorm(lﬁl'g,w) / 2EH("€ €T3, W )
:“’i
ﬁ

. jk -
- i q;/(li,$37w) - qu(&%w)
ki 1= A% S

LT (w5, 0)G s (5,9, ) (B (1,3, 0) | Y (o, 0)

iko T~ - - -
1 L8 ()G s (e, ) () .3, ) | (v )
ki = - _ -1 .
= LBV (020,008 e (w0, ) BV (0,3, )] (Kkljfw)
13 ~ - .
I (B4 (w0, )G e (s, ) () Ry (., 0) | (= ()

k2 ~ -
= { 2 {LSJ(H T3, W )g‘J/,K(/‘%CC?,,W)(LV);(i;(/‘%fs»w)}

8 [E4 n,)a ) E)0,0)] } T 0

= GS(kp, 3, 25, w) If (w). (3.268)

Here, G55 (kgr, 23, 75, w) is the two-way Green’s function in the horizontal wavenumber-
frequency domain, where the superscripts denote field type and source type, respect-
ively, and the subscripts the components of this field type and source type. For this
case, this means the Green function describing an electric field in the x; direction due
to an electric current source in the same direction. This expression cannot be analyt-
ically transformed back to space-time, but the inverse spatial Fourier transformation
has to be computed numerically. We can write the space-frequency solution as

Elix,w) = Gfxx"w)Jf ()
«71e(w>

o0
= e /k S (km,x3, zjw)exp(—j (kg - Axpy)dkidks,
H=—00

(3.269)

where kg = k1X1 + koXo, with X, denoting unit vectors in the indicated direction.
Similarly Axy = (27)%; + (25)%2, with the superscript r denoting the receiver-
related positions. We now drop the superscript indicating the receiver. We also
drop the explicit horizontal wavenumber-frequency arguments in the right-hand side
of the equations. We take

ki = kcos(p+), 1 =r cos(¢p)=|xp| cos(¢), (3.270)
ky = £ksin(¢Y+¢), x2=r sin(¢) = |xg| sin(e), (3.271)
such that

dk1dks = kdrdyp, 0< Kk <00, 0<1 <2, (3.272)
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and change to cylindrical coordinates in kg-space:
kg -xg = |kyllx;lcos(y) = k|xm|cos(y), (3.273)

where v is the angle between kg and xz. We can write

kpy -xg = kizy + kawa = K cos(v) + ¢)||xp|| cos(¢)

+ rsin(Y + ) |xn]|

—  k[cos(w)cos(6) — sin(w)sin(@)] [x| cos(s)

T+ k[sin(t)cos() + cos(w)sin()] x| sin(@)

= klxalcos(¥) [(sin(¢))* + (cos(¢))?]

= k|xglcos(¥)

= krcos(). (3.274)
Substituting these expressions in equation 3.269, making use of k;2 5 - 9% and
k2 FL) — 02, and recognizing and substituting the expression for the Bessel function

of the first kind and order zero,

2m
Jo(kr) = o /wo exp(—jkrcosy)diy, (3.275)

yields, combined with equations 3.261 and 3.262:

Ajlc
El

—~

X, w) =

Ji 0? — o2 /... - -
125:]) /70 [/{ (Lé/JgJK( V)K?4) + K% (Lg{JgZK(LH)K 4)} Jo(kr)kdk

B [ g tior) — contapsaton) (EE, 85w (E)71)

=0
—% (Jo (k1) + cos(2¢)Jo(kr)) (ig{ JéfK(EH);}4)} rdk. (3.276)

We can write this equation such that the directional cosines are outside of the
integral

Eiff(wi):
Je(w) [ v o
_147)/ {JO(“T) (Lg,JgJ,K(LV)K,lzL + LngJ,K(LH)K,lAL)} Kdk

=0
+¥COS(2¢) /ioo {JQ(KJ’I") (ig{Jg";K<i‘V>;(4 L JgJK(LH) )} ro.
(3.277)

ThlS form can be used because there are no separate divisions by factors of x inside
L2 J YV and (L V) . Otherwise these factors would have to be taken out explicitly.
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For all other seismo-electromagnetic source-receiver combinations, we will present
the result until the form of equation 3.276. Bear in mind that each of these expres-
sions can we rewritten such that the directional cosines are outside the integral (like
in equation (3.277)). This is also how the Fourier-Bessel transformations are coded
in ESSEMOD.
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Appendix

3.3.A Explicit Fourier-Bessel transformations for all source-
receiver combinations

In this appendix, we present the explicit Fourier-Bessel transformations for all
other independent seismo-electromagnetic source-receiver combinations. We do not
present the explicit expressions for the eliminated fields of equations (2.97)-(2.100).
We skip the explicit transformation to cylindrical coordinates followed by the recog-
nition of the Bessel function of the first kind and order zero and we directly jump
from equations of the horizontal wavenumber-frequency form of equation 3.268 to
the space-frequency form of equation 3.276. We have reduced the fontsize of the
equations for a more compact presentation.

FEy-type two-way field quantity expressions

~J€
For E;?, we transform
1 »
- JE k1 ~ k2 -
E? (kg,z3,w) = ;Enorm(n T3, w )7‘],{72EH(H,£E3,LU)

k1 . Jka .
= ;qéf(m 303701) - ?‘12 (57 I37W)

—kiks 1= SV -
= { > [Léﬁ,(fe,:vg,w)gJyK(/i,z3,w)(LV)K}4(n,x3,w)]

kiks [+ . _ .
B2 [E8 (n00,)0 e, ) () 2 (0, )] | 5 @),
(3.278)
to
SIS Jg © 10102 (v AV =y
Elz(wi) = % -0 |: )1{22 (Lé/,Jg“]/,K(LV)Kh)
da _
102 (L2 JQJK(L )k 4)} Jo(kr)rdk
= L cos(¢> sin( )(EQ{,JQKK(EV);&)
—COb(¢)Sln(¢) (LQVJQ‘,VK(LH);(}AL)] Ja (k1) rdk. (3.279)

~ (]6
For Ey*, we transform
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JE k1 -~
Eld(kHV’ES’w) = ;E')‘{orm(nvx?nw)f

Jko =~
?EH(K, 3, w)

k’l . jk2 ~
= @ (meaw) - 2@ (m3a,w)

ki [= 5 - pEL -
= [T (w008 ke (m,wa,0) (EY) g (s, 3,0 <”é ;(w)>

L [EY (023,006 e (5, 23, w) (BY) g (5, 23, w) | T (@), (3.280)

to

s 5@ [ 30 gy gv gvy-1) 2oL
EP? (x,w) = 3 /70 T(L‘S/:JgJ,K(LV)K,lG) -

2w é

P N |
—h (L;fJg‘JfK(LV)K)IS) ;} Jo(kr)kdk

je(w) ~ [ ) ~ v ~ _ ﬁE
= ?’QT/N:O —JCOS(¢) <LXJgJ,K(LV)K}6) z

o

“+kcos(¢) <f;gJQ~KK(I~;V);(718> i] Ji(kr)kdk. (3.281)

The imaginary number j under the integral is compensated by an explicit factor

~ ~V ~ ~
Jj inside the LngJ)K(LV)I}}G term, making the expression physical. Note that Js
is a purely P-SV-TM source-type. Hence, we can compose the true field quantity
using only the P-SV-TM mode. This holds for all other source types that are purely

existing in the P-SV-TM mode. For Ei’lm, we transform

~gm kl _ Jk‘2 -
E‘l1 (kH7‘r37w) = ;Er\form(’{vx37w)_?EH(E7I37"J)

kl = jk2~
= ;qé/(m x3,w) — ?%H(’@ x3,w)

kika = sV S
= {KQ [L;/,J(n,xg,w)gJ’K(n,x3,w)(LV)K’18(/i,x3,w)]

k1ko
K2

[Eg{J(R,mg,w)gle(m, :Bg,w)(f,H)I—{!lQ(n, $3,w)} } jlm(LU),

(3.282)

to
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~ Jm j{n(w) o0 0102 Sy AV =y
El' (x,w) = T/N:O - (L&ng,’K(L )K,8>
0002 fey sH =pe
+ ,1{22 (LngJ,K(LH)K}g)} Jo(kr)kdk
Irw) [~ e
= 12771_ . |:7COS(¢)SHI(¢) (LngJ’K(LV)K}S)
+cos(¢)sin(¢) (EQJQ?,K(IZH);(}Q)] Jo (k) rds. (3.283)
For Ei] én, we transform
Eilgm(kH’xz’)’w) = ﬁE'r‘r,/o'rrn,(“{?x37"~}) - %EH(H,Ig,UJ)
K K
k ik

1~ J ~
= qg;/(n,;rg,w) - 2 92 (I"i,$3,w)
K K

= _—k% [iv (k, w)gv (k,x3,w)(LY) e (5, 2 w)]
- 2 8,J \F, L3, J, K\ T3, K,8\F: 35

B [EH (k, 23, 0)G 1 (K, 3, W) (LHY L (k, 2 w)] I (w)
2 2,J R, L3, J, K\, L3, K2\ T3, 2 5
(3.284)
to
. gm jm © g2 ,_ _ P
B ) = TEE [T O (L1655
2 ey sH =
+:§ (Lng{]{K(LH);(}z)} Jo(kr)kdk
jm 0o 1 /- _ . B
= % / :O {75 (X567 @V)L) (o) — cos(26) Ja(kr)
_% (tg{Jg"iK(iH);<}2) (Jo(kr) + cos(2¢)J2(m"))} rdk. (3.285)

_ gm
For E}® , we transform

~ Ji k1 =
E13 (kH!xS!w) = E’I’YOTM(K” 1‘3,0.)) -

L2y ikz
K

2 EH(K’7 I370J)
K
ki Jka .
= ;qé/(’iv '7:37["}) - ?qg(’@ Jlg,UJ)

- - N 1 .
= jko (ng(n,xg,w)giK(ﬁ,mg,w)(LH)K}Zl(n,:vg,,w)) (% 3 (w)),

(3.286)
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to

A~ Jm
E33 (x,w)

«73 (w)

o 0 { 02 <L§{J9J K(LH)K 4) (i)} Jo(kr)kdk

SHo
j3 w) / rsin(¢) <L2 JgJK (b ( ) Ji(kr)kdk.
(3.287)

~ rb
For E{l, we transform

Bk
1 Ha$37w)

to

L 4b
E{l (x,w)

k k2
= 1E7‘Lform(’€7$37 ) - 7EH(K] xr3,w )
K K2
k1 _ iko _
= *IQX(H’ x3,w) — %QQ (k,x3,w)
K K
= R e 06 k() (B ) 5, )] )
- P I ARk J, K (K, T35 K,3(K, T3, 1
k2 1=~ ~ S R
-2 [LgJ(K7 23,w)G 5 k (K, 23, w) (L) L5 (k, a;g,w)] FPw), (3.288)
K 5
ﬁ{?(w) ° a% sy 5V S~y —1
o1 Jueo | K2 (L&JgJ,K(L )K,3)

o2 - B
-‘r’_i <L2 sk 23,0 )gﬁK(HyI3,UJ)(LH);{713):| Jo(rr)kdr

Fi(w)
2

_% (T8 (1, w3,0)G ] e (1, w3, ) (BT Yy ) (Jo(r) + cos(29) Ja () | wd.

A = {f% (B85 x (B)5cks) (o) — cos(26)1a(sr)

=0
% ::O {7J0(m‘) [(EKJQKK(EV)I;}3>
+ (B 5,25, )6 (20, 0) ()L )
+cos(2¢) J2 (k) [(I:XJQXK(I:V);(g)

7<f‘§,J(H,ws’ )gJK(K z3,w)(L )K3>]}ndn. (3.289)

S
For E{ ! we transform
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~ff
Ell (kH7$37w) = 7Enorm(""’ z37w) - 2
K K

to

e
B (x,w)

k iko ~
! J ZEH(H,zg,,w)

k1 - 'k2 ~
= @ (rasw) - 22 (ks w)
_ gk v 5V Fvy-1 1 pf
- 8, J(H z3,w )gJ,K(H7m3»w)(L )K’Q(Kﬂ $37‘-’J) EY1 (w)

K
2

kY [+ s oy .
+;§ [LXJ(n,acg,w)gij(n, x3,(«1)(LV)K713(I£7 T3,w) (ﬁE ]:{(w))
f
i

~ ~V ~ _ ~
—Lg‘,(n,xg,w)g‘,‘K(n, xg,w)(Lv)K714(n, T3, w) (ﬁ

k% iH 5H LH)-L of o f
+§ 2,J(K7x37w)gJ,K('V”7 :BS,UJ)( )K}g(”sz’w) E}—l (w)
f
1

Flw) 27 0 ey sv vy [ L
o n:0|: J* (Ls 79,k (L )K,g) (5,73)

0? - f
=08 (s s, e, ) () s, 0,)) (2 )
02 /. N
+K; (LngJK K14)£
0% /- f
— 2 (L8] (m w3, 0) G e (s, 3, ) () iy (5,3, )) (ppE)
+ 8 (£ (r, 0,08 £4)=1) £| Jo(erymd
=3 (B30 (s, w3,0) G (s, @) (B L) £] Jo(wr)md
Fb ° (K f=v = - 1
L) [7 {2 (L85 )3h) (35 ) Gater) — cos(2o)a ()
1 - _ f _ ~ - R
+5 [(LSV,JQY,K(LV>;}3) ,’j—E ~ (E¥,67xE)KY) c} (Jo(kr) — cos(2¢) Ja (7))
1 ~ ~ f
| (B4 )8 i, ) £ 25
f,2 gk, z3,w )g”;{K(n, zg,w)(f,H);(il) Li] (Jo(kr) +COS(2¢)J2(HT))} rdk.

27r) k=0 {2 [(Ls G0 L) 2) (;7%)

- = - f SR - R
+ (B0 @il 55 — (B0 E)ich) c} (Jo(kr) = cos(2)J2(kr))

Jrl |:<f;§{J(ﬁ,m3, )gJK(“ z3,w )(LH) ) pjj;

2

- (f‘é—{J(’ia 1’37w)g~iK(f€7 x3,w) (LA % 4)] (Jo(kr) + cos(2¢)J2(mr))} KdK.
(3.291)
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~ rb
For E{Q, we transform

Efg(k
1 H1I37w)

to

b
Bl (xw) =

k1 = iko ~
= 71E7‘1/orm(’€7$37w) - J%EH(H7$37(’J)
K K
k1 . jko _
= ¥ (k,x3,0) — L2 (k,23,0)
K K
kika =y 5V FVy—1 7b
= T3 (L (s, 0) G () BV ) Ry (23, 0) | FB ()
kiko [~ sH =\ — -
o (B8, )G ke (s, 3, 0) (1) ey (., ) | PR (@),

(3.292)

J:'b(w) * [0102 /+ SV =y
2 [Rg (Lz‘s/,JgJ,K(LV)K,lLv,)

2m ~k=0

0102 (- SH =
i (Lg‘](n,xg,w)gLK(mxg,w)(LH)K,lgﬂ Jo(kr)kdk

Fhw) [
4m ~k=0

—cos(¢)sin(¢) (ig{J(H,xg,w)ngK(/i,x&w)(f‘H);(’l:;)] Jo(kr)KkdEK.
(3.293)

[cos(d))sin(q‘)) (ié/,ngK (f;v)}_{l3)

o
For E{z , we transform

~fg'
E? (kg,r3,w)

to

k1 ~ iko ~
= fEXorm(n, z3,w) — J—;EH(R, 3, w)
]{:1 - jk?Q ~
= B () — 228 (25, 0)
K K
Jkiks [= SV oy 1 .
= - [LXJ(/@, x3,w)G j i (K, z3,w)(Lv)K712(n,m3,w) (sﬁE Qf(w)

lek)Q -~ ~V ~ _ pf ~
+ 2 |:L2‘3/:J(K’7x37w)gJ,K('{7x37w)(Lv)K,13(Hvx3vw)( E Qf("‘))

~ ~V ~ _ A n
7L¥7J(Ii, 3:3,w)gJ,K(ﬁ,zg,w)(LV)Kil(n, z3,w) (ﬁ]—'g(w

k)lkg ~ sH = _ J24ES
Bl LI CRT  CRR  Z) FEN GO Ck ()
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3 F(w) [ 0102 SV _ 1
2 - 72 _ 1% vi-1) ([ 1
El (XNA)) = o n:0|: J - (LS ‘]gJVK(L )K2) (SﬁE)
0102 (=v 5V =v._1\ P
T2 (X80 E)RY) B
0102 /= Vv N
T3 ( 8,J9JK(LV)K,4>£
0102 /=~ pf
+ o (L (s, )G e (. w) (B ,)ﬁE
0102 /=~
N ;22( 5{](5,903, )gJK("”v xs,w)(LH } (kr)rdk
ﬁg(w) i . CAVa-14 =y —1 1
= o o [*J” (LS,JgJ,K(L )K,2> spP
f
= Syt P
— (L8865 x@)%)
( 8,J¥J,K Kg) pE
+ (ig 797 K(I:V);( 4) L
f
- . P
+ (B4 ms 0,08 g (3, ) B 3) £
- (f‘gj(ﬂ: :vg,w)QZK(n, z3,w)(L )K4> ﬁ] cos(¢)sin(¢)J2 (kr)kdk.
(3.295)
~fb
For E;?, we transform
_ b o
B G, wa,w) = LB (n,we,0) — L2 BT (5,0, )
K
k jk:
= S (masw) - 228 (m23,0)
—k1 - =V o .
= [LgJ(n, 563,w)gJ,K(K,mg,w)(LV)K}S(I{, xg,w)] (fg(w)>,
(3.296)
to
o f Fhw) [ [ 301 (zv gV fvy—
E{3 (x,w) = :; / |:—— (Lngij(LV)K,l5>:| Jo(kr)kdk
s k=0 K
Fh(w) [ 1. Sy 2V =yl
= :; / [jcos(¢) (LXJQ‘LK(LV)K%)] Ji(kr)kdkK.
a ~k=0
(3.297)

if
For E{3 , we transform
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i1 ki - ks -
Elfs (kH?msvw) = ;lE':"L/orm(Kv Ig,w) - T;EH(Kz 273,0.7)
k1

Jjka
= 2@ (mwaw) - T2 (r, s w)

7k e N
= R (nes @)k wn, ) (EY) g (2, 0] (F] @),
(3.298)
to
~ £f o
E1f3 (x,w) = ]'-32(0-)) / |: ]81 (LVJgJK(L ) ):| Jo(kr)kdk
T Jr=0 K
FHw) [ .
= 327(:‘)) . [jcos(qﬁ) (LKJQKK(LV);(}6>] Ji(kr)kdk.
(3.299)
For EY', we transform
Etlf(kH"'Lg’w) = al E’r‘z/orm(”9$3vw)7 J;{L;EH(K,QU&UJ)
k ik
= 7&8 (ny(i»w) - ji;é?(“@“’iﬁ“’)
k ~ ~ s
= L)@k (ms w) @)y (. 33,0)] (1))
(3.300)
to
Aqi B ]81 -
Ef (x,w) = Ls JQJ x(LY K, 2) Jo(kr)kdk
= —jcos(¢ L&Jg"yk(f,v);{b)] Ji(kr)kdk.
(3.301)

~hb
For E;*', we transform
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_nb
E H(kgy,z3,w)

~ hb
For E??,

k

1 Jk2 =
Ea‘i/orm(ﬁz T3, w) - ?EH(’@ T3, UJ)

k jko

;qs ("”v T3,w) — — G (K, ®3,w)

Fa [- . _ s
L )gim,m,w)(LV)Kl(n or.) ()

- ~ - C S ~
+L¥,J(Hvm37w)g‘J/,K(H7m37w)(LV)}_(,12(H7 x3,w) (M (1 - ?)):| Hlil(w)

. = 5V T —
—jk1 |:ng (k,3,0)G 1 1 (K, w3, 0) (LY) 5 (5, 23, 0)

jk

KQ

(L2 n 20,618 s 0, ) (B )y )

jkik2 [~ ~H ~ 7. 267 .
_72 [L;{J(n, I3,w)gJ’K(I€,J?3’w)(LH)K’ll(/{, z3,w)T Hl{l(w),

H) [ L0018 e ) B .00 ()

K c

+E;J(”’x3’°")g~J7K(“v w3, w)(LY) iy (k, 23, 0) (% (1 - Ki,;))}

- ~V ~ 2GITrs
+01 {Lé{J(n, x3,w)G j K (K, $3,w)(LV)KY13(n,x3,w) N }

3 pavs PR 2GS
-0 (B (e, 8 e 0, ) (B )2

813 sH ~ — 2G
e [L2 gk, z3,W0 )gJ7K(n,:rg,w)(LH)K’ll(/-c,mg,w)

7'1111 (w)
27

fr

|} oteryman.

[ seost@) [EX s s,0,606 e, ) B iy .0 ()

- ~ - C S
+LKJ(H,x3,w)g;K(N, :1,’3,W)(Lv);(712(fi, z3,w) (M (1 — ?)>} Ji(kr)

- v — 2GS
—kcos(¢) [LXJ(K, x3,w)G K (K, 3, w)(LV)K}S(n, x3,w) K

] Ji(kr)

c

2GTT

~cos(o) [igj(ﬁ, 23,0)G ). g (5, 23, 0) (BY) 1 (1, 3, ) } (3J1 (k)
+ (1 — 2cos(2¢)J3(kT)))

K ~ 5 I f?"
= peos(6) B4 (v, 000 k(3. 0) B4 ) 2| (1 o)

— (1 — 2cos(2¢)) J3(kr)) Kdk.
(3.303)

we transform
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b
E;Lm (kg,z3,w)

to

_b
Ef”(kH,xg,w)

kl jk?2

7E7‘7./o7‘m(ﬁ7x37w) - TEH(K,ﬁg,UJ)
K K
k1 Jko .
*C]X(H,CC{;,UJ) - qul("{vx:ivw)
K K
ki [= v o S
B[ 0,18 sz, ) (B (o) ()
i 5V Sy — C S N
+LY 5 (5, $37w)gJ,K(Hvm37w)(LV)K12(K/,ZU37UJ) —(1- = 55 (w)
, i i z,
(= SV o 2GfrS7
I [Lé/"'(ﬁ’xs’w)g"vK(“’x3’w)(LV)K,13(Nv r3,w) } 3o (w)

jk1k2
T2

K
jklkg
K2

~ ~V ~1r_ 2677 .
|:LZ‘§/,J(”7w?ﬂw)gJ,K('{’x37w)(Lv)K}3(”7mva) s :|Ht2)2(w)

+

- ~H ~ _ 2Gf7" ~
{Lé{,(n, z3,w)gJ,K(n, z3,w)(LH)K}1(n, z3,w) } b

/b [e%S) .
H33(w) {& [igJ(H, azg,w)é“]ny(n, 5133,0.1)(1:‘/);(,11 (k,x3,w) (—)

2 ~=0 K

- - - C S
+L¥,J(n,zg,w)g‘iK(n,x3,w)(Lv)}}2(n, z3,w) (M (1 - —))}

~ ~V =~ —
+01 [Lé/’](n, x3,w)G j K (K, x3,w)(LV)K}3(n,$3,w)

0102 [~ - 2GFT
_ ;22 [LKJ(m,xg,w)g;K(/@,xg,w)(L ) k.3 (F, T3, W) S :|
01032 [= - _ 2GfT
;22 [Lg{(,(m,mg,w)g?’}((n, z3,w) (L) (K, 23, w) . :|}J0(I-€T)th:.
’)flb oo ) _ _ _ B S
P [™ —joos(o) [ L s rs0,0)G e (s, V) (s,0,0) ()
2m k=0 ’ ’ ’ K.
- - - C S
+L¥,J(n,x3,w)g‘1K(H,xg,w)(Lv);{}Q(n, x3,Ww) (M (1 - ?)):| Ji(kr)
. - — 2Gfrs
7’€COS(¢) |:L2‘5/:J(K/7 xS:w)gy,K(K/v x37w)(Lv)K’13(K7m3»w) SK. :| Jl(""’)
= = Sy 2GS
_Zcos(qﬁ) [Lg"](n, xg,w)g‘J/:K(n, z3,w)(LV)KY13(,q,m3,w) . i| (J1(k7)

— (1 — 2cos(2¢)J3(KT)))
K ~ 5 I fT
+5c08(9) [Léw z8,0)G1 ¢ (5, zmw)(LHH«h(”vmw%} (2.er)

— (1 — 2cos(2¢)) J3(kr)) Kdk.
(3.305)

~ hb
For E;*, we transform
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~hb. k1 jko =
Elss(kH7x37w) = ?Enorm(n Qﬁg,w) - ?EH(KH 333,&7)

k1 Jka
= T (mwsw) = L2l (k,05,0)

k ~ ~ o N
k1 [Lg J(H T3, w )g‘J/’K(H,mg,w)(Lv)K}l(n,mg,w)] HgS(w),

(3.306)

to

E’?gs(x,w) = His(w) /:OO [Jil (LVJgJ x (L)% 1)] Jo(kr)kdk

= . [—jcos(¢) (Ls JQJ K(Lv) )] Ji(kr)kdkK.
(3.307)

~ hb
For E;**, we transform

b, k Jka
Elm(kHvx?):w) = lEXorm(’i’x& )7?EH(K/ T3,w )

Ic _ Jko .
= ?qg(fﬁ r3,w) — ?qg(m r3,w)

2 ~ ~ ~ ~ ~
= LR (55,006 Y s (5, ) (B )il s, 0,)] () + A @)
2 A~ ~
F2 (T8 (5, 2,008 (5, 2, ) () 2 (5, 23,0)) (A () + 71 (@)
(3.308)

to
b Hig(w) + HE, (w) 2
Efls(x,w) _ ( 13 - 31 ) . Ka <L8 JgJK(L )K7)

6
_; <L£{J9J K(L % 1) Jo(kr)kdk

Hig(@) + A @) oo 11 oy v o
_ b)) 715 (BX85k@)i) Gotr) = cos(26)Ja(rer)

2

+ (igjégK(iH);l) (Jo(kr) + cos(2¢)J2(nr)):| KdK.

1
2
(3.309)

~ hb
For E;?**, we transform
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= h. k1 -~ ko ~
E123(kH?x37w) = %Er‘{orm(nvxf}vw)*%EH(K/vxS:w)
ki ko
= @ (rasw) = 220 (ms,w)
kiks 1~ ~V ~ N N
= S5 [T ws @) ke (s, ) (V) i (v w3, 0) | (A () + o))
k1ka
ik

(L5 (5, 23,0)G 7 ke (s w3, ) (BT (1, 23, 0) ) (P (@) + Hha(w))
(3.310)

to

Efgs(x,w) - <ﬁg3(w)+ﬂ32(w)> /

2m k=0

0102 (e sH e
+ ;22 (LngJ,K(LH)Kh)} JO(HT)}{dK,

' [—0102 [y sV =ya—1
[ 2 (LXJgJ,K(LV)KJ)

(H%(w);ﬂéz(w)) [ [ (B85 k)i

+ (féfJQiK (iH);<11>] cos(¢)sin(¢)J2(kr)kdEk.

(3.311)

, we transform

% k1 ~ gk
E112(kH,CC3,UJ) = ;E'r‘z/orm("{?xlﬁw)_ ’{72

k1 . Jka _
= ;qg{(ﬁ,ws,w) - ?qg(fi,wg,w)

EH(HvxZva)

jk2ko 1= ~V ~ve 2 A
= LY (ks )G (m s, ) (DY) iy ., )] (; (G777 ()
+GI Y ()]

Jk2ky = SH o
+ 12 [Lé{J(’iv I3vw)gJ,K(’<’7 x37w)(LH)K13("ivx37w)i|
K ’ 5

1 A .
- o7 @) + ¢ R )]

k3

= sH = —
2 (B8 (w3, )G (., 0) () 2y ()|

1 N .
5 [GfTHgl(w) + GfTHlﬁ(w)] )
(3.312)

to
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hb
12
El

(x,w) =

(ha@) + A5 @) oo 1 0205 joy sy oy 2677
27 / —0 B I€2 <L8’JgJ’K(L )K'S) s
020,
2 (LngJK(LH )
3
9 (LEJQJK(L >G—] (kr)kdrk

Ab w Ab w o0 T
(7—[12( )+ H3 )) /_0 {Esin(dﬁ [— (EKJQKK(I:V)I_(}S) 26:

—Zsin(d)) (fé{JQiK (f‘H);{,ls

27
af

+ (48550, ) S0 (1) = (04 2c0s(20) Ja(e)

fr
) GT7 (31 (k) + (1 + 2c08(26)) Jg(m"))} rdk.

(3.313)

E>-type two-way field quantity expressions

We here present the Fourier-Bessel transformations for each source-type for receiver-

type Fso, by explicitly focusing on the Eg fields. By selecting different rows of

H\V
LV,

we can obtaln the expressions for 7%, Hi, and V3.

For E2 , we transform

to

~ je
E;t (kg,3,w)

k2 =~ 'kl ~

= 7E7‘L/07'77L(K/1 Z‘37W) + %EH(H, z3,w)
K K
k2

_ Jk1 _
= ;qg/(l’w z3,w) + ?qéq(n, x3,w)

—kike = SV ~
= { = [L?{J(n,xg,w)gJ’K(n,xg,w)(LV)K,l4(n,x3,w)]

kika = ~ ~
+z [LéfJ(n,zs,mgﬁ’,K(n,ws,waH);(L(n,xs,m]} £ (43,314)

K2

It (W) /°° {8132 (EKJQ‘J/,K(I:V)RIAL)
k=0

<L2 ngK(L )% 4>:| Jo(kr)rdk
% [ Jeostrinto) (EX,65x Ech)

—cos(¢)sin(¢) (ig{Jg*f,fK(iH)l;}4)] Ja (k1) rdk. (3.315)
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~ .]6
For E5?, we transform

e ko k1
E (kg,z3,w) = REnorm(” xg,w)—i— EH(/@ z3,w)
ko k
= 7‘]8 ¥ (k, xs,w)-*- éq(ff z3,w)

k2 . ~ ~
= {722 (LY (5, w3,0)G ) 1 (5, 23, 0) (B ) !y (5, 23, 0) |

k2 1~ ~H po——— e
*,T; [Lﬁ{J(H,zg,w)gJ,K(n,xS,w)(LH)K}AL(,{, xg,w)] } 5 (w){(3.316)
to
. Je TE(w) [ [82 /- SV =y
R TGN

02 o am
+?§ (LngJ,K(LH)K}A‘)} Jo(kr)KdK

Js(w) [ Licy 2V oy
= BT (88,6 k)R Galer) + cos(26) Ja(rr)
g gh i .
2<L27 G k(& )K,4> (Jo(kr) — cos(2¢)Ja(kr)) b kdk. (3.317)
For E2J§ , we transform
= ¢ ke ny Jk1 mm
E5? (kg,r3,w) = Enwm(/i,xg,w)—i-?E (k,x3,w)

ko jki1
= ;qé/(”i T3,w) + 2 — (“7:337“))

ko = = - pEL .
= ;2 [LXJ(N,xg,w)g;K(n,xg,w)(LV);(’lG(ﬁ,mg,w)] <p \75 (w))

ik - N
T2 LY (o ws, )G ke (23, @) (EV) iy (., 0) | T (), (3.318)

to

By (x,w) = Lg, JgJK(LV)Kﬁ

€

.73 w) []82 - )ﬁEﬁ

—09 <L8 JgJ K(L )K8> i} Jo(kr)kdk
= i w)/ [ Jsin(¢ Ls JgJK(L % )ﬁé

+r sin(6) (L6 (B)is) i} J (kr)rds. (3.319)

h>
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_ ym
For E5' , we transform

_m ke k1

E‘Z1 (kH1z37w) = E’r“b/ornL(K‘ m37‘”)"" H EH(K‘ T3, w )

k B k1
= *qg(li,rsy )+ LQQ (K, z3,w)

52

= {% L&J(n,xg,w)g‘,,K(H,mg,w)(Lv)I_(ylS(n,mg,,w)]
ki
T

[LgJ(n, T3, w)gﬂZK (k, x3, W)(EH);(}Q(K, x3, w)] } jlm («(B3.320)

to

L gm g, 82 _ _ : B
Eé’l (x,w) = 1275 w) . [_H% (Lé/,ng,K(LV)K,Ig)
02 fov sH =
7% (LnggK(LH)K 2)} Jo(kr)kdk
Jm © (1 /. _ o
— % /H:O {5 (LXJQ“]/,K(LV)K%) (Jo(kr) + cos(2¢) J2 (k7))

+% (IZ?JQI;{K(I'JH);&) (Jo(kr) — COS(2¢)JQ(HT))} Kdk. (3.321)

_m
For E;* , we transform
Jm k k‘
By (kpp,ws,w) = B o (w3, 0) + T B (1, s, 0)

k‘z " jk'l ~
= 2@ (nasw) + 13l (m s, w)

—kiky [ v o
_ { L2 [EY (.23, )G Y (23, ) (B ) i s, 2,0)]

52
kika (=g SH = Hy—1 Fm
+ 752 (B8 (w3, )G ke (s, ) () Ky (3, )] T3 (),
(3.322)
to
e h T (w) [ [0102 (=v sV ey
Ey? (x,w) = 22771’./,;0{ 2 (Lz‘;/,JgJ,K(LV)K,lg)
902 (g gt qm-1)| d
- 12 ( 2,JgJ,K( )KVQ) 0(’*"’)"’i K

Y cos(¢)sin(¢) [(EXJQ.XI/,K(EV);(}S)

— (igJéfK(iH);{12>] Jg(nr)} Kdk.
(3.323)
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,..,J’"L
For E5* , we transform

m

=J.
E23 (kH,fE3,w)

to

B (xw) =

ko

= jk1
= K E'r‘L/orm(“ x3,w) + EH(H T3,Ww)

k2 jk1

. J
- ?qg(ﬁ,ms,w)+?qgl(ﬁ,m3,w)

. ~ ~ ~ _ 1 .
= it (B ()8 (v, ) B (23, (-9 ))

(3.324)

e {81 (f:g{JégK(LH)K 4) (i)] Jo(kr)KdK

~73 (w)
2m
ja%y /::0 —rcos(¢) (IZ%Q?K(EH);&) (suio) J1(kr)Kdk.
(3.325)

~ b
For Egl, we transform

_ b
Ey' (ky,r3,w)

to

~ b
Egl (x,w) =

ko jk1 ~
= EXorm(HszaW) + %EH(I{,.’L‘g,w)

k ~ Jki .
= ;qg(m:cs,w)Jr ?Q2 (K, T3, w)

kiks = v o

= - ;22 [Lé/,J(:“% $3,w)gJ7K(H, Z‘S,W)(LV)K?B(K:,;Ug,w)]
kikz 1= SH o

+ 122 [Lg{J(n,xg,,w)gJ’K(n, :Eg,w)(LH)K’lS(n,z&w)]

K

Fhw) [ [0102 (e 2V =y
17'(”0{12(v v1>

o = (Lss97 k(L )k,
0102
-

]:10-’)

(fé{](n, z3, W)gﬁl((fiy x3, w)(iH);(,l3>} Jo(kr)kdk

/H L {cos (¢)sin(¢p [(igjg‘iK(iv);(,l3>

_ (Lw(n, w3,0)G 0 i (K, zg,w)(iH)I—{}S)] JQ(W)} K.
(3.327)
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_if
For Egl , we transform

Egl (kH7x3vw) = Er‘:orm(’iv T3, w )+ 7EH(’$ T3, w )
. gk
= 7(]8 (K/v w37w) + 72(12 ("/‘./7 ZE3,UJ)
K K
jkiks [~ SV 1
= PR (08 e, (V)i s.) )]

kiko [= 5V Sy
L2 |EY (03,008 k(v ) BV )i (s, >(

§b>

77 (w
;o
- <w>)
~ ~V ~ _ A AL
—Lg’J(H,$3,w)gJYK(H,xg,w)(LV)K}Al(H, T3, w) (E]-'lf (w
kiks [= ~H — pl
0 L8 n0, )G s 0 ) B .0 (25 )

~ ~H ~ _ PN
—ng(ﬁ,xg,w)gJ’K(n,xg,w)(LH)K,lAl(n, T3,w) ([,flf(w

K

to
L -
! F(w) 9192 (1v GV (EV)- ;
E21 (wa) = 127'(' /;;:0 -J K (Lé{JgLK(LV)KE) 'Spﬁ
8102 (= 5V LY) % "
_ ;22 ( KJ(H,ac3,w)gJ,K('iaJCB:‘*’)(LV)Kg(H’I?”w)) (ﬁE>
0102 /= 5V = A
+ K2 ( é‘?a/,J J,K(Lv)Kvl‘l)E
0102 (= >
+ ;22 ( (k23,0 )g”(("i @3, @) (L) iy (k23,0 )) (fTE)
0102

3 (igJ(chﬂd» )gJK("i z3,w)(L )K4)[::| Jo(kr)kdK

- fl;grw) /O:O {cos(¢)sin(¢) |:<f'é/,Jg~‘J/,K(]:V)I_<’12) (;pjg)

f
P P S U TN
LY JgJK LV)K 3) oE + (Lg‘;/,JgJ,K(LV)Ki;) L

-
+ (L8 (23, )G 5 ke (e, ) (B ) j;
- (£

(k,x3,w gJK(Ii T3, w )(L )K4> ] Jg(m‘)}nd/i.
(3.329)

~ b
For Egz, we transform
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= f3
Ey? (kg,x3,w)

to

b
B (xw) =

ko ~ k1 ~

= 7Er‘form(’{713’w) + j B) EH(K»I3’W)
K K
ko _

k1 .
= 2@ (k,23,0) + 2l (k, 23, 0)
K K
~ ~V ~ _ ~
= T3 |:L2‘3/:J(K’7 z3, w)gJ,K('{v x3, w)(LV)K,lg(Hv x3, w)] ]-—Qb(w)

— L (R4 (s, 2, w) G e (1, w5, ) (B Ly (0, 3,0)] Fo(w), (3.330)

Fow) [ [02 /=y sV ,=vy._
2 [ [ (EeTeaniy)
8? T H 5H = Hy—1

+§ <L27J(I€, mg,w)gJ’K(ﬁ,xg,w)(L )K,3> Jo(kr)kdk

b w (e} - - ~
P [ [ (B85 B i) (ot + con20) o)

1 (f,g](n, Ig,w)g.'iK(I{,Ig,w)(]:H)}}s) (Jo(kr) — cos(2¢>)]2(m‘))} KdK.

2
(3.331)

oS
For Ezf2 , we transform

fo
Ey? (ku, w3,w)

to

k2 ~ 'kl ~
= EXU7'm(H7$37W)+ ‘]72 EH(H,J)3,(U)
K K

k‘g o jk'l ~
?qg/(n,xg,,w) + ?qg—l(nv $3,UJ)

_ ik3 [=v 5V FVy—1 1 2y
= L&J(n,mg,w)gJ,K(ﬁ,mg,w)(L )K‘2(I£,£E3,w) Spr]-—Z(w)

k3 [=v 5V V-1 o af
+§ Lg}](fﬁ,$3,w)gJ,K(’i,$37W)(L )K73(H1I37w) ﬁE]'—Q(W)

fié/y‘,(n,xg,w)gfzK(H,xg,w)(f‘V);(}4(n, x3,w) (ﬁﬁg(w)ﬂ

K [gm 5H =\ —1 ol or
+? L2,J(H723»w)gJ,K(fo37w)(L )K,g(ﬁ’lng) ﬁiE}—z(w)

—I:g{J(n,a:g,w)é?K(n,a:g,w)(fJH);(h(n, z3,w) (ﬁf-'g(w))] ,
(3.332)
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~f 2
. tf Fy(w) [ 10) 1
Ey? (x,w) = éTA:O _]f(LngJK(L )K2) spE
B (zv GV (§v o’
o (B90x @) 55
93 v sV Fvy-1) A
+H% (Ls,JgJ,K(L % 4)ﬁ
92 i N
=3 (B4t m0, )G ke s, ) B L) B
82 /- . _ .
L (B8 (5, 0)6 (.3, 0) (B ) 4 Jo(kr)mds
- :
)

HE

ﬁb(w e (1 L /= =V =va—1
- ; -/m:() {5 [7JH <L¥’JgJ’K(LV)K72> sp

+ (Ls JgJK(LV)K 3> g;;

— (EY,67 k (EV)y) £] (Jolkr) + cos(26) (1))

Ui 5 f
| (B8 00 ke, ) )32 25
N (Eg{J(K’xf‘"w)égK(“: xS:W)(f‘H)I?,Z) ﬁ] (Jo(kr) — cos(2¢>)J2(nT))} kdk.
(3.333)
~ fb
For E5?*, we transform
EQf%} (kH7$37w) = k2 E’)L/DT’VTL(H x&yw) + iEJ{(H x3, UJ)
k
- ;ijg (1, 23, w) + ?‘52 (k,z3,w)
—ko [~ _ o )
- TQ [L?‘S/J('{’ 13’"J)gg,K(fﬁxs,w)(Lv)Kg(n, xs,w)] (fg(w)) ,
(3.334)
to
of8 Fhw) [ [ i (=
Egs (x,w) = 32; ) /ﬂ:O {,]TQ (L8 Jg]K(L Vi 5)} Jo(kr)kds
Fhw) [ [ ey sV ey
- Zw /5:0 [jsm(¢) (LXJgJ,K(LV)Kg)] J1(kr)kdk.
(3.335)

_ o
For Eg3 , we transform
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Lt . T
E2f$ (kH?msvw) = %E':"L/orm(nvx3rw)+%EH(szZLw)
ko jk1
= *qs $ (k, x3,w)+ 2 @ (K, w3,w)
fk ~ N
= 2[R (e @s @)k wa, @) (EY) g (s, 0)] (@),
(3.336)
to
~ S f oo
E£3 (x,w) = }- (w / |: jaQ LngJ K(L VK ):| Jo(kr)kdk
f oo
= ]: (w / ]sm((b) Lg JgJK(LV) )] J1(kr)Kkdk.
k=0
(3.337)
For EY', we transform
B _ k2gy Jk1 sm
2 (kH’I37w) - Enorm(n9$3vw) + K/TE (ﬂ9137w)
k jk
= 72‘]8 (ny(i»w) + %(j{l(ﬁ,xg,w)
k i FVy— i
= ; [Lg g(x, xg,w)gJ k(K T3, w )(LV)K}Q(R,CCR,,UJ)] (Q (w))7
(3.338)
to
Eq'i _ ]82 ~
5 (x,w) = Ls JQJK(L )K 2) Jo(kr)kdk
= —jsin(¢ LS,JGKK(va)I_{’Ig)] J1(kr)kdkK.
(3.339)

~ hb
For E5*', we transform
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_nb
E Hkyg,r3,w) =

k jk1
2Enorm(’{ T3,w )+7EH(’{ T3,w )

k jk1

*qs § (k,23,w) + 72(12 5 (ky 3, w)

ko [ . " s
£ (L 2.8 e 0 ) £ (s 00) ()

- ~ - C S ~
+L¥,J(Hvm37w)g‘J/,K(H7m37w)(LV)}_(,12(H7 x3,w) (M (1 - 7)):| Hlil(w)

. = 5V T —
—jk2 |:ng (k,3,0)G 1 1 (K, w3, 0) (LY) 5 (5, 23, 0)

ik2ko |- sV — 26777
77;2 {L;;{J(ﬁ,333,w)g‘],K(n,zg,w)(LV)K}S(R,:1:3,w) } b

+j/f?k2 {~ SH - 2Gf7"} b
KZ2

K

LY (k3,0)G ) i (5, w3, 0) (L) ) (5, 23, w)

H) [ 102 [5G e ) B .00 ()

K c

LY (2,008 20, ) €y w0 (7 (1- 2 ) )]

M K.
- v o 2GS

402 [EY, 023000 s ) £ v, 0) 2 |
8204 v 2GIT

- ;2 [ ’i xr3,w gJ K(N xr3,w )(LV)K,lg(’fvx&w) :|
820 P 26T

+ 122 [L2 gk, z3,W0 QJK(N 3, w )(LH)Kll(/-c,mg,w) }}Jo(nr)ndn.

B ,

Ho SV S
11( w) / —jsin(¢) |:L¥J(Ii, z3,w)G 5 g (K, Ig,w)(LV)K 1 (K, 3, W) ( )
27 k=0 ’ ’ K.
- - - C S

+LKJ(H,x3,w)g;K(N, :1,’3,W)(Lv);(712(fi, T3, w) (M (1 — ?)>} Ji(kr)

: B sV . 2GITS

e sin) [ L, 006 s, ) (V) ) 252 o
K . [~ SV ~ 2G7T

—Zsm(qb) LXJ(H, 173,w)gJ’K(ﬁ,mg,w)(LV)K}S(n, z3,w) :| (J1(kr)

-1+ 2c0;(2¢)J3(HT)))

K. [= sH ~ 2G I
+Zsm(q§) ng(n, xg,w)gJ’K(n,xg,w)(LH)K’ll(n, z3,w)T} (J1(kr)

—(1+ 2c0;(2¢)) J3(kr)) Kdk.
(3.341)

~ hb
For E,*?, we transform
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b
E;m (ky,z3,w) =

to

_b
E;”(kH,xg,w) =

k jk1
QEXorm(“ T3,w) + —EH(K T3,Ww)
k 2 v Jk1 g

s (K, z3,w) + poR (K, 3, w)
k2

K

-~ ~ ~ C S ~
+L¥7J(n, 553,w)g“]/’K(n,azg,w)(LV);{}Q(m,xg,w) (M (1 - ?))] HgQ(w)

- 5 - S
[Ls gk, z3,w )QKK(H,x3,w)(LV)}_(’11(n,mg,w) (?)

) . =V U 2GITS
it [ s, 20, )8 s ) 7 i (s 257

} H22("-’)

c

jk SV Sy 2
= |:LXJ(I€ T3, w )gJ,K(n,xg,w)(LV)K}S(n,:pg,w)

]kle
K2

fr} Hb (@)

- ~H e 267 .
4L (03,000 k(. ) ) (0 3,0) 2| ),

(3.342)

HBy(w) [ {352
k=0

2 K

- ~ ~ S
|25 500,00 0, ) V) s 0,0) ()

+fli‘s/,J(H,zs,w)é‘ik(”@ﬁivw)(f‘v)lz’}?(n’ @3, ) (% (1 - Kiﬂ))}

- ~V R 2GITS
+02 [Lé/’](n, z3,w)G j i (K, x3,w)(LV)K}3(n,$3,w) N }
o3 R 2GS
-2 [ (e, )G e 0, ) (B ) )25 |

8%82 2GTT

= SH = —
-=5 [Lg{(,(m,mg,w)gJ’K(n, 933,w)(LH)K,11 (k,z3,w) } } Jo(kr)KrdK.

r)qb 0o - - ~ S
#/ﬁ —jsin(¢) [LKJ(H, wg,w)g;K(H, z3,w)(LV);{}1(n,x3,w) (Z)

=0
- v — C S
-‘rLé/,J(H,CCg,UJ)gJYK(H,LL‘g,w)(Lv)Kg(K/, T3, w) (M (1 — ?))} J1 (k1)
2GITS
sK.
2GS

} Ji (k7)

. [~ SV ~
—k sin(¢) LgJ(n, xg,w)gJyK(n, :rg,w)(LV)K’ls(ﬁ,zg,w)

—Zsin(@) | LY (r, 2,008, s (@3, 0) (B) (3, 0) }<3J1W>
+ (1 4 2cos(2¢)J3(kT)))

- } } fr
~esin) [ 4 s 20,618 s (5 0, ) ()1 (5,00, 2 | (O )

—(1+ 2c0é(2¢)) J3(kr)) Kdk.

(3.343)

~ hb
For E,*, we transform
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_pb iky -
E;L”(kH,mg,w) = kQEXOTm(N,$3,w)+%EH(KZ,QS?,,LU)
ko _ jk1
= 2a (rasw) + 15l (ms,w)
k ~ =V ~y. ~
= 2[R (5,006 e (@3, @) (B) L (1,3, 0) | B ),
(3.344)
to
b
E;zza(x,w) — 'H33 w)/ [JBZ (LXJQJK( );(11)] Jo(kr)kdk
= M/ —jsin(¢ LS,JQKK(iV);(ll)] Ji(kr)kdEK.
(3.345)
~hb
For E,'*, we transform
_pb ko ~ iky -
E;lS(kH,xg,w) = fEXOTm(n,r3,w)+%EH(n,zig,w)
ko _ k1 .
= 2 (kzs,0) + %qf(ﬁ,x&w)
K K
kiko 1< sV S ya— - -
= S [E nwa0)G ke (s, wa, ) (B )y (s, s, 0) | (R () + 7 ()
kiko /= ~H ~ N ~
_ ;22 (LgJ(n, xg,w)gJyK(n, 13,w)(LH)KY11(n,a:3,w)) (H?S(w) +H‘§1(w)) R
(3.346)
to
fhis (?:L’{3(w)+7:[’§1(w)) ® [Z0102 (zv 5V zvi-1
E2 (x,w) = 27 /70|: K2 (LS’JgJ’K(L )K’7)
8182 (LHJgJK(L )k )} Jo(rr)rdr
fi
13(W)+7"531 I
(= / ~ {eos(e)sin(o) [~ (E¥,67 k@) %)
+(L2 JgJK (LY K, 1)] Jg(mr)}ndn.
(3.347)

=h,
For E4**, we transform
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_pb. k Jk1
E223(kH9x37w) = QEXorm(Kvmi‘h )‘i’iE'H(N T3,w )

k; : k1
= 2 (k@a,w) + Ll (5, a,0)

y 2 [ (s, 5,008, (23, 0) (EY ) 14 (. 28,0) | (Aa ) + o))
+kj <L2 s(5 23,0 )QIJ-{K(m 137w)(f‘H);(}1(n,x3,W)> (?:[33(“]) +?—l§2(w)> ’
(3.348)
to
() 4T (o .
Eggs(x’w) _ (H23( );TH32( )> A |: Haz <L8 Jg,K(L VK 7)

0
02 /- ~H o~
_:é <L£‘{J§J7K(L K,ll)} Jo(kr)kdK

(HBa(w) + H8y())
2m

(ing.’IzK(f‘H);{}l) (Jo(kr) — cos(2q5)J2(nr))} Kdk.

{5 (G0 @) (ater) + cos(26) )

L1
2
(3.349)

For E,5'?, we transform

b k jk1
E;lz (ky,z3,w) = QE,XOTm(H z3,w) + —EH(H T3,Ww)

ik
J*LH(KJ:’,M)

k .
= 7q8 (K7$37 )+

jk k = ~ 2 N
= T2 L (ks )G () (DY) ey m,ma,0)] (g G775, ()

+airae, (w)])

Jk SH = H—
— 2 [ (w3, )G e (3, ) (BF) iy (23, 0)|

1 A .
- o7 @) + ¢ )]

ik1k2 [~ ~H -2
+J w2 2 [ng(’% x37w)g(],K(’§7 CC3,(U)(LH)K}3(I€,$3,UJ)1|

1 N .
5 [GfTHgﬂW) + Gfr'Hl{z(W)] )
(3.350)

to
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b b
. pb (le(w)“’%m(‘*’)) o0 816 2GTT
BN (k) = - /HO{ 2 (60 ENRY) =
83
~ o (B4,60 B,
010% (cy sH =g 1\ GIT
0% (4,65 B5,) E] erinas

)&

2G7T

s

b (w 18 (w 0o
_ (le( )+ Ha ( )) {gcos(qﬁ) [_ (EX,JQ‘;,K(I:V);(@

2T k=0

- ~ - fr
+ (L8850, ) S0 ] 01 er) = (1 2cos(20)) Jater)

fr
¢ (8J1(kr) + (1 — 2cos(2¢)) J3(m"))} Kdk.

(3.351)

_Zcos((ﬁ) (f.;fJéiK (f,H);(13>

vi-type two-way field quantity expressions

We here present the Fourier-Bessel transformations for each source-type for receiver-
type v3, by explicitly focusing on the 5 fields. By selecting different rows of L7V,
we can obtain the expressions for w3, 7%, and —pf. In this section, we drop the
superscrigt s, denoting ‘solid’, for notational convenience.

_J
For 3", we transform

o (kpyas,0) = a (K 23,0)
—kq T~ - - N
= { T R w08 ) )] T ),
(3.352)
to
i ew) = [ GRS | FICI
= ‘71 w) - L}/JQIK(I:V);(}AI)jcos((b)Jl(nr)] Kdk.
(3.353)

_JE
For v3*, we transform

_Jg .
032 (ki xs,w) = @ (K, z3,w)

= {_TICQ [EKJ(K/,E;),,W)QKK(K,1‘3,(/.))(]:‘/)[_(’14([{,:1:3,&))]} 5 (W),
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to

JE je(w) ) 0o /= v
3% (X, w) = 227r —o [_? (LKJQJ,K(LV)K}‘J} Jo(k7)KdK

~

B jQ;Erw /::0 [jsin((b) (f‘YJ(jy,K(f'v)},l4>] Ji(kr)kdk.
(3.355)

_Je
For v5*, we transform

_JE _
03 (kpr,3,0) = Gy (K, 23,w)

AEﬁA
P2 g5 (w)

= []:KJ(N,5037UJ)QKK(H,$37w)(iv)K}6(/§,x3,w)]< -

N—— N—

# [BY 50,00 e, ) (V) . 0,)] (2275 0)

(3.356)
to
e TJew) [ /=y 2V =v._1\ AEL
3% (x,w) = 32§r ) /—o |:<L‘1/,JgJ,K(LV)K,16) c
=~ sV =y IR
+ <LKJgJ7K(LV)K718> ;:| Jo(kr)KkdEK.
(3.357)
For T)SJ !, we transform
ﬁgin(kH,SCB,w) = ¢ (k,23,w)
ko 1~ -V o -
= B 2 nra 0] ) €k )] b I ),
(3.358)
to
LI Tm(W) [ [§02 f=v 2V =y
O3t (x,w) = %/70 |:J72 (LKJQJ’K(LV)K’%)} Jo(kr)kdk

Frw) [® ey sV oy
- % /Kzo —jsin(¢) (LKJQKK(LV)K}S) J1(kr)KrdK.

(3.359)
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m

J
For v5% , we transform

6g£n(kH7x37w) = (jY(KJ,,Z‘g,w)
- _ o .
- {Tl [LYJ(H’$3’w)gt‘f/,K(“’a’Baw)(LV)K}s(&mg,w)]}jz (w),
(3.360)
to
vélr,b(x,w) = Jg w)/ L‘I/JQJK(L )K8> Jo(rr)kdk
T (w) [ . o o
- ZQT) /H:OJCOS(@ (LKJQTI/,K(LV)K’;) Ji(kr)KdEK.
(3.361)

Note that we here do not present the v3 response due to a J3* source: J3" is a
pure SHTE source-type. Since vj is purely a PSVTM field-type, we do not need to
evaluate this specific source-receiver combination.

b
For 17?{1, we transform

b
ﬁgl(kH,x&w) = q}/(ﬁ T3,Ww)
ki - v o )
= = B w8 e, @) BV Ry (k,23,0) ] F ),
(3.362)
to
b j0
6?{1()(,0.;) = [ A JQJK(L % )} Jo(kr)kdk
_ 5V Fvy-1
= - jCOS LLJQJYK(L )K,S) J1(kr)kdE.
(3.363)

f
For vgl , we transform

f
o (kg e,w) = @Y (k2 w)

~ ~ ~ 1 .
= jk1 |:L¥:J(K,7 a:3,w)g“]/,K(n,a:3,w)(LV);(V12(/i,x3,w) (Wﬁf{(W)>:|

ky [- . _ ;.
+;1 {Ll (5, 23,0)G e (k, 23,0) (EY) k3 (k, 23, 0) (ZE f{(w))

—LY (5, 23,08 (5, w3, @) (BV) Ly w3,0) (£F] @))]
(3.364)
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to
g Flw) = fv GV vy 1
Wooe = 252 7 [0 E5E0R) (G5)
i0 f
J 1 (Ll 5 (x, Z‘3,w)gJK(H x3,w)(L )K3(n T3,Ww )) (Z—E)
( d LV)K4> ]Jo(m*)ndn
_ 1
- - {ncos ?) L1 JgJK( V)K,lz) (sﬁE>
- - f - - R
—jeos(9) [ B0k E)5) 2 — (X85 ) £] b o erra
(3.365)
For vf 2, we transform
b
o2 (kmyas,w) = @Y (k,w3,w)
k S o .
= = (L aa w8, wa,0) @) Ky (. w,0) ) FRw),
(3.366)
to
b oo
ﬁg(x,w) = ]:225:1) /_0 |: ji2 (LYJQJ K(LV) ):| Jo(kr)kdk,
b 00
— }—245:)) / jsin(g) (EKJC;}/,K(EV);(}S) Ji(kr)kdk.
J k=0
(3.367)
-
For 05 , we transform
i
2(1(}[,3)3, ) = ‘ﬂ/("ivaj&“))
~ ~ ~ 1
=t [0 kv, ) )y ) (5 F @)
of

(374)

—fJKJ(H, wg,w)gy’K(n, x3,w)(iv)}}4(n,x3,w) (ﬁ]}g(w))] ,
(3.368)

ko [~ 5V FVN—
+;2 |:L¥:J(H, 3:3,w)gJ,K(ﬁ,mg,w)(Lv)K%S(n, z3,w)



3.3. Field composition, combining modes and Fourier-Bessel transformations 137

to
L i
N FHw) > cy GV v 1
U32 (wi) = 2271_ / o 782 (LK(]gJ,K(LV)K,g) SﬁE
Jr=
W22 (8,6 B))
H 1,J¥YJ,K K,3 HE

jO2 f=v sV  =v.— N
_72 (LY,JgJ,K(LV)K,IAL) L} Jo(kr)kdk

Fow) [

. Sy AV =pgy 1
= {n sin(¢) (LKJQKK(LV)K}2> 5pr

2 ®=0

—jsin(@) (LY ;67 (LV) i)

E
+jsin(¢) (f‘KJéyK(f‘V)I_{I4) ﬁ] J1(kr)Krdk.

b
For 173{3, we transform

_rt -
3% (kpr,x3,w) = G (8, 23,w)

= [f,}ij(m, xg,w)gy’K(n, ng,w)(iv);(,ls(ff,:cg,w)] (—ﬁg(w)) ,

to

Ab F@) [ ey sV sy
U:J,:S(x,w) = 3 / —(LY’JQJ,K(LV)K’%) Jo(kr)kdk.

2

f
For 173{3 , we transform

1 .
3% (kar,z3,w) = G (K, 73,w)

= [f‘KJ(n,23,w)éKK(n,xg,,w)(f;V);{ylﬁ(n, x3,w)] (—]:':,{(w)) R

to

=
@3?{ ‘7:3 (w)

2

(x,w) = / - (f‘Y,Jg"‘J/,K(f‘V)I_(Ies) Jo(kr)kdk.
xk=0

(3.369)

(3.370)

(3.371)

(3.372)

(3.373)
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7
For ¢ | we transform
3
~a’ %
08 (kg,z3,w) = G (85,23,w)

= [iKJ(n, xg,w)gKK(n, xg,w)(flv);(’lz(n,mg,w)] (Ql(w)> ,
(3.374)

to

~q* " lrv GV Evi—d
O3 (%, w) / (LLJQJ’K(L )K,Q) Jo(kr)kdK
K

(3.375)

~h%
For v5'*, we transform

_hb -
O (ke 2s,w) = @ (K, z3,w)

~ \% ~ S
= |:LY,J(I€, rg,w)gJ’K(H,mg,w)(LV)K}l(n, z3,w) (?)
~ ~V _— C S
ALY s, 0,0)0 e s, ) By s0,) (7 (1= 2 ) )| Aha()
> ’ M K.

- SV — —2jkGITST .
+ [LY,st,w)gJ,K(n, 23, 0) (L) 3 (. xw)JsT} i ()

jk% FV 5V FVy—1
- LLJ(/@,mg,w)gJ’K(ﬁ,mg,w)(L )K,S(””’x?ﬁw)

2GITT
:| Hl{l(w)’

(3.376)

to
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7'11{1(‘”)

_nb i ~ =V S S
vgn(kH,ZS,W) = 7/70 {(LKJ(H,1’3,W)gJ,K(H,Zg,UJ)(LV)K?I(K/,LB3,UJ)> (?)

+ (fd}/"](lﬁ ;vs,W)QKK(m,m3,w)(iV);(}2(n, :v37w)) (% (1 - K%))

~ ~V .y —2jrGITS

 (BY (23,008 e (5,3, w) (BY) iy (3, w0) ) =202
? ) sK.

02 /- v . 26/
+J71 <L¥,J(K)7 x31w)gJ,K(va37w)(LV)K,13(K’7 3337“)))

} oy,

HE (W) [ - sV I s
- # ./Nzo { [(LYJ(”’ x3,w)G 7 i (K, 9537“’)(1“/)1(,11(”’363’0")) (Z)
= 4 Sy — C S
(B 0,008 a0 ) (B ) (57 (1 1))
5 v o —2jkGITS
+ (LYJ(H, J:3,w)gJ’K(n,m3,w)(Lv)K}3(m, xg,w)) JST] Jo(kr)
(&
Jk (= sV — 26T
— 2 (LY (3, 0) G g (, 3, 0) (DY) iy (23, 0) ) =
(Jo(kr) — cos(2¢)J2(kr)) } kdk.
(3.377)
b
For ﬁg 22 we transform
b
0 (kg w) = a (v, w,w)
= 5V SV — S
= |:LY’J(H,:E3,UJ)QJ’K(F§, mg,w)(LV)K’ll (K, z3,w) (F)
= 4 =N — C S -
+L¥,J(H,$37w)gJ,K(H,x:s,w)(LV)KTQ(H, z3,w) (M (1 - ?))} Hho(w)
(&
~ sV v — —2jkGfTST .
+ [L‘l/,J(“: 23,08 1,1 (%, a:g,waV)K?a(n,zs,w)iT] o (w)
k2 [~ =V v 2677 .
_72 {LY,J(“’:E&‘“)QJ,K(“:xS:W)(LV)K)Ig(Kﬂ1'37“)) 3 HSQ(UJ)»
(3.378)

to
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_h8
0322 (ky,r3,w)

M/: [(iﬁm, 2,000 .1 (s, 23, 0) (BV )¢y (5, 3, ) ) ( : )

27 Z
= 5V v C S
+ (LKJ(m,arg,w)gJ,K(n, xg,w)(Lv)K}Q(n, mg,w)) (M (1 — E))
- ~V . —2jkGITS
(L (2,006 5,8, 0) (B, ,0) ) =22

02 [~ ~V ~vre 2G7T
+]72 (LY,J(Hv $37w)gJ,K(’iv Z3, w)(LV)K713(H, T3, w)

)] Jatryea

M/’m {{(i{mx?,,w)éﬁ,K(n,ms,w)(iv)}h(m 73,)) ( . )

~hj
For 95°%, we transform

~hls
0333 (kg x3,w)

to

N
03 (x, w)

~h}
For 95'#, we transform

~hbsy
0313 (kg x3,w)

to

2 k=0 Z
- ~ - C S
+ (LKJ(n,xg,w)g;K(n, xg,w)(LV)I_{,IQ(n, zg,w)) (M (1 — ?>>
- - ~ —2jrGIT S
+ (LKJ(ﬁ,xg,w)g;K(m, xg,w)(LV);(g(n, J:3,w)) ]:T} Jo(kr)
4 - - - 2GfT
% (LKJ(H, xg,w)gKK(n, CC3,UJ)(LV);(’13(H,13,W) S )
(Jo(kr) + cos(2¢)J2(kr)) } kdkK.
(3.379)
= @ (ra3,0)
= [I:YJ(K, :1:3,w)gﬂ"J/’K(li,zg,W)(f,V);(’ll(n,xg,w)] 5 (w),
(3.380)
Hoa(w) [ 2y 5V =y
% /R:O (L‘l/y‘]g]’K(LV)K,l1> Jo(kr)KdK.
(3.381)
@t (k,x3,0)
k1 = ~ — N .
LY (kiws, )G ke (s, ) (DY) i (w3, 0) | (s (@) + 1 @)
(3.382)
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(s (w) + 78, (@)

b > 50
e (xw) = o /70]; (LY /67 @)K]) Jolkr)rds
Ha(w) +HYy (W) poo N
= ( 13 3 ) / —jcos(¢) (LYJQEK(LV)K 7) Ji(kr)kdk.
27 k=0 ’ ’
(3.383)
~hY
For 95°%, we transform
~hg3 (k _ ~V
H23,w) = § (kz3,w)
ko 1= = o N N
= 2LV wa, )G ke (@3, @) (EY) i (v, wa,0)| (s () + Hha(@))
(3.384)
to
oo (w) + Ho(w)) oo
6333(x,w) _ ( 23 _ 32 )/ Jjo2 <LYJgJK(L )k )Jo(m)ndn
s =0 K

Hi3(w) +H32 o 5V =
= ( / —jsin(¢ Llng;K(LV);{;) J1(kr)KdK.

(3.385)

~h%
For 95'?, we transform

b

h12(kH):E3’ ) = zﬂ/(n,xg,w)
Jkike 1< SV 2 .
= PR LR )G ) (B )] (2 6 )
+GI e )]),
(3.386)
to
Ho, (W) + HE (W) oo r
b 12 21 0102 /= = ~ 2G
f)glz(x,w) = ( ) / JO102 (L‘{ngK(LV);(lS) Jo(kr)kdk
2 Je=0 K ’ ’ ) s

2GFT
Jo(kr)KkdEK.
s

o= jrcos(¢)sin(¢) (I:YJQXK(I:V);(,IQ

(@) + 7, @) /oo

(3.387)
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3.4 2D and 3D numerical modeling with
ESSEMOD

Based on the previous presented theory, we have developed an analytically-based,
numerical modeling code for modeling all electromagneto-seismic and seismo-
electromagnetic source-receiver combinations in layered-Earth geometries. We have
named our modeling code ‘ESSEMOD’, which stands for Electromagneto-Seismic
and Seismo-Electromagnetic MODeling. Our seismo-EM layer-code is developed in
a combined Fortran / C language, and compatible with the ‘Seismic Unix’ parameter
interface. The code can model both 2D and 3D situations, in 1D layered-Earth
geometries. In 2D, the SH-TE and P-SV-TM propagation modes are naturally
decoupled (see e.g. Grobbe et al. (2016b)). We use a 1D spatial inverse Fourier
transformation to transform the data from the horizontal wavenumber-frequency
domain to the space-frequency domain. Care must be taken that proper spatial
sampling occurs in the 2D modeling, such that aliasing, and effects due to the
periodicity related to the discrete inverse fast Fourier transformation, are avoided
(Bracewell, 2000). In 3D, the two propagation modes need to be combined, as
discussed earlier. We use the presented Fourier-Bessel transformations to transform
the data from the horizontal wavenumber-frequency domain to the space-frequency
domain. Proper radial distance-radial wavenumber sampling needs to occur in this
case, such that the Bessel functions damp out sufficiently and the data is correctly
transformed to the space-frequency domain.



Chapter 4

The model: Numerical results of
seismo-EM layer-code modeling

4.1 Numerical tests with different eigenvector sets!

In this section we present the numerical results of seismo-electromagnetic layered-
Earth modeling, using different eigenvector sets. For our tests, we use our layer-code
ESSEMOD. First, we focus on the numerical stability of each of the eigenvector sets.
We investigate both the stability and internal consistency of the eigenvector sets
using two different tests:

1. A numerical stability analysis based on the fact that the combination of system
matrix, eigenvectors and eigenvalues should yield a zero result.

2. A numerical stability test of the flux-normalized eigenvector systems by in-
vestigating the preciseness and correctness of using the transpose of the sub-
matrices as its inverse.

We use N; = 2048 time-samples with a time-sampling step of At = 0.001 s.
We use the same, two-halfspace model for all numerical stability tests, consisting of
halfspace (medium) A over halfspace (medium) B. The relevant model parameters
are specified in Table 4.1. Note that velocity ranges (the real parts of the com-
plex velocities) are displayed in Table 4.1 for the bandwidth under consideration.
We use a Ricker wavelet with a peak frequency of 30 Hz and a peak amplitude of
1-10% N/m3. The source is located at 3 = 100 m and the receivers are placed at
x3 = 770 m depth. The subsurface contains one interface, at 3 = 1000 m depth,
such that both coseismic / coelectric fields as well as interface response fields (or
seismo-electromagnetic conversion) are generated. In the appendices, we present
radial wavenumber-radial frequency (k-w) images for each submatrix element, corres-
ponding to certain row-column combinations of the consistency and stability checks.

IThis section is part of the journal paper published in Geophysical Journal International
doi: 10.1093/gji/ggw128 (Grobbe et al., 2016a). Note that minor changes have been introduced to
make the text consistent with the other chapters of this thesis.
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Table 4.1: Overview of the velocities in [m/s], (static) coupling coefficients in [m? - s -V ~1], and
porosity [-] values for each of the different media. To illustrate the frequency-dependency of certain
wave/field-types, velocity ranges (the real parts of the complex velocities) are displayed for the
bandwidth under consideration, presenting the values for the lowest and highest frequency. Note
that the EM-velocities are proportional to the square-root of frequency.

Phys. quantity Medium A Medium B Medium C Medium D
Pj-vel. [m/s]  3159.81-3159.84 3153.67-3153.68 3145.83-3145.84 4388.43-4388.43
Pg-vel. [m/s]  2.89-92.96 3.98-131.09 3.92-129.12 3.12-4.25

S-vel. [m/s] 2110.79-2110.87 1952.83-1953.03 1959.91-1960.09 1825.74-1825.74
EM-vel. [m/s] 31796.34-1.01-10°  4496.68-1.42-10°  4388.31-1.39- 105 1.0-107-2.84 - 107
Lo [m2s/V] 9.07 -10~° 2.08 -10~? 2.18.107° 9.07 -10~ 14

o [ 0.4 0.2 0.21 4.10-%

Next, we investigate what impact the different numerical stabilities have on the
modeling results. We start with a validating comparison between the Haartsen
and Pride (1997)-based particle velocity normalized eigenvector set (referred to as
the ‘HP’ set), the Haartsen and Pride (1997)-based flux-normalized eigenvector set
(referred to as the ‘HPF’ set) and our flux-normalized eigenvector set (referred to
as the ‘GST’ set) is made. We use the same model as for the numerical stability
tests and prove that all eigenvector sets yield similar results for this model under
consideration.

We also consider the special case scenario for this model, where the seismo-
electromagnetic coupling coefficient L is chosen equal to zero, resulting in a decoup-
ling of the poroelastic and the electromagnetic parts of the seismo-electromagnetic
system. In other words, in this case purely poroelastic and purely electromagnetic
systems are modeled, without coupling between electromagnetic and mechanical
fields. We investigate the differences between the HPF set and the GST set, for
both a purely poroelastic wavefield and a purely electromagnetic field.

We finalize by presenting the results for two different models, that demonstrate
the true impact of these numerical stability issues, and issues with low coupling
coefficients, on the seismo-electromagnetic modeling results.

4.1.1 Numerical Stability

We now test the different eigenvector sets on their numerical stability and con-
sistency. To this end, we carry out two different tests: a system consistency test
and a flux-normalization identity test. We display the results of these checks for
each individual submatrix element, for all radial wavenumber-frequency combina-
tions in Appendices 4.1.A-4.1.E, where Appendices 4.1.A-4.1.C display the results
of the system consistency tests and Appendices 4.1.D and 4.1.E present the results
of the flux-normalization identity tests. Theoretically, all plots should present a
zero-value. The computations are carried out in double precision with 15-17 signi-
ficant decimal places. The results are plotted on a logarithmic scale, running from
107% to 10722. We define 1076 as our absolute threshold-value, where values greater
than this threshold are considered to be unacceptable errors (not anymore below
numerical precision).
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System Consistency Tests

To check the numerical consistency and stability of the seismo-electromagnetic sys-
tems under consideration, we investigate a modified version of equation (2.148)

AHVEHY _[HVELY _ g (4.1)
Since the system matrix AHV g anti-diagonal we can carry-out this check per

submatrix. This yields two independent equations that can be used to check the
system matrix, eigenvector, and eigenvalue inter-consistency and accuracy:

ALV A LPVATY = o, (4.2)
ALVEHYV L THVARY _ (4.3)

The results of equations (4.2) and (4.3) are referred to as H1 and H2 (for the SH-
TE system), respectively, and as V1 and V2 (for the P-SV-TM system), respectively.

Let us first focus on the SH-TE system. We can observe that for the GST
set (Figures 4.9 and 4.10), the diagonal elements (1,1) and (2,2) of the H2 system
(Figures 4.10(a) and 4.10(d)) have the largest error. However, all deviations from
the expected zero-value result are around the acceptable order of 10719, This means
that the observed variations in deviation from zero are displaying the numerical
noise levels.

When we look at the results from the HP set (Figures 4.13 and 4.14), we ob-
serve that H1 element (2,2) (Figures 4.13(d)) and H2 elements (1,1), (1,2) and (2,2)
(Figures 4.10(a), 4.10(b) and 4.10(d), respectively) all have values in the order of
1075 or more, where H2 elements (1,2) and (2,2) (Figures 4.10(b) and 4.10(d)) show
values in the order of 10* and 103, respectively.

When we then look at the flux-normalized version of this eigenvector set, HPF
(Figures 4.17 and 4.18), we can clearly see that the values have decreased signific-
antly. Except H2 element (1,2) (Figure 4.18(b)), which shows a value in the order
of 1077, all elements have values of 107'° or smaller. The way the eigenvectors
are normalized plays an important role in the numerical precision and stability of
modeling seismo-electromagnetic phenomena. The GST eigenvector set is shown to
perform numerically stable for all elements.

Next, we take a closer look at the numerical consistency of the P-SV-TM system.
Again, we start by looking at the results of the GST set, displayed in Figures 4.11
and 4.12. Most of the elements of both the V1 and V2 systems show values in the
order of the numerical noise levels. There is only one visible outlier: V1 element
(4,3) (Figures 4.11(0)) with a value in the order of 1078, but it is still below the
threshold of 1076, This error level is mainly caused due to ‘spikes’ that occur at
specific wavenumber-frequency combinations (e.g. around x = 0.3 m~! at 100Hz).
This is visible as the red ‘peak’ slope in element (4,3) of Figure 4.11(0).

Looking at the results from eigenvector set HP (Figures 4.15 and 4.16),
can clearly observe larger errors, in multiple elements: V1 elements (2,4) (Fig-
ures 4.15(h)), (3,1)-(3,4) (Figures 4.15(i)-4.15(1)), (4,2) (Figures 4. 15( )) and (4,4)
(Figures 4.15(p)) and V2 elements (1,1)-(1,4) (Figures 4.16(a)-4.16(d)), (2,1)-(2,4)
(Figures 4.16(e)-4.16(h)), (4,1) (Figures 4.16(m)), (4,3) (Figures 4. 16( )) and (4,4)
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Figure 4.1: H2 system check, for submatriz element (1,2), plotted for 100 Hz as a function of
radial wavenumber k. (a) HP eigenvector set (b) HPF eigenvector set (c) GST eigenvector set

(Figures 4.16(p)). Some of the elements again show huge deviations from the the-
oretically expected zero-value, resulting in unacceptable error levels (in the order of
1-107% or higher).

When flux-normalizing this eigenvector set, resulting in the HPF set, we can
again observe a significant improvement in numerical consistency and stability. Now,
only 4 elements show a significant error: V1 element (3,4) (Figures 4.19(1)) (order
107%) and V2 elements (2,1), (2,3) and (2,4) (Figures 4.20(e), 4.20(g) and 4.20(h)).
Again, flux-normalizing the eigenvector sets is proven to stabilize the numerical res-
ults and improve numerical accuracy. In addition, it is again shown that the GST
set overall results in the best numerical stability and precision. The numerical con-
sistency errors of the HP and HPF may have implications on finding small amplitude
signals when there are also strong signals in the data. The HP and HPF sets may
generate disturbing numerical noise that partially masks the small amplitude events
(for example interface response fields) that can be correctly modeled with the more
stable and precise GST set.

Figure 4.1 displays the system consistency results for element (1,2) of the H2
system, for the HP, HPF and GST eigenvector sets (corresponding to Figures 4.1a,
4.1b, and 4.1c, respectively), for a single frequency of 100 Hz as a function of radial
wavenumber. These plots provide clear insight in the numerical variations with
different wavenumbers. We can clearly observe that the GST set is numerically
consistent for this element, the HP set shows unacceptable error levels and the flux-
normalizing this HP set results in slightly better consistency, but still less than the
GST set.

Flux-Normalization Identity Tests

Now that we have shown that power flux-normalizing the eigenvector sets improves
numerical stability /precision and internal system consistency, we focus with our
second test only on the power-flux normalized eigenvector sets HPF and GST. We
know that for flux-normalized systems, we can express the inverse of the composition
matrix in terms of the transposes of the composition submatrices (see for example
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equation (2.168)). We make use of this knowledge to carry out the following two
numerical checks

~ t - ~

2{L§”V} LV _fHV = (4.4)
~ t - ~

2{Lf”V} LIV _f1v. — (4.5)

The results of equation (4.4) will be again referred to as H1 and V1 for the SH-TE
and P-SV-TM modes, respectively. Similarly, the results of equation (4.5) will be
referred to as H2 and V2 for the SH-TE and P-SV-TM systems, respectively.

We start again with the SH-TE system. Figures 4.21 and 4.22 show that for
the GST set, all elements have values less than 10~'°, which is beyond numerical
precision and hence only displays numerical noise.

For the HPF set, displayed in Figures 4.25 and 4.26, we can observe that all
elements still show acceptable error levels. However, the maximum values are now
in the order of 1071, slightly higher than the GST set. We can nevertheless conclude
that for both flux-normalized eigenvector sets, we can correctly use the transpose of
the composition submatrices as an inverse. Another observation is the fact that the
matrix of elements of the figures corresponding to H1, Figures 4.21 and 4.25, are the
transpose of the matrix of elements of the Figures 4.22 and 4.26 corresponding to
H2, for both the GST and HPF sets.

Let us now look at the P-SV-TM propagation mode. The results for the GST set
are presented in Figures 4.23 and 4.24. We can observe that most of the elements
have values below or around numerical precision. There are a few elements that
display slightly higher values: elements (3,4) and (4,3) for V1 (Figures 4.23(1) and
4.23(0)) (having values in the order of 10~7 and 10~%, respectively) and for V2 the
elements (3,4) and (4,3) (Figures 4.24(1) and 4.24(o)) (but now having values the
other way around; in the order of 10=% and 10~7, respectively). So once again, the
figures of V1 and V2 are each others transpose. The value in the order of 107 is
caused mainly due to the spike around x = 0.3 for 100 Hz. In contrast, looking at
the results for the HPF set (Figures 4.27 and 4.28), we can observe that element
(3,4) in V1 (Figure 4.27(1)) and hence (4,3) in V2 (Figure 4.28(0)) have lower values
compared to the ones for the GST eigenvector set for these elements. However, other
elements, for example element (1,4) (Figure 4.27(d)) and (2,4) (Figure 4.27(h)) in V1
(and hence (4,1) (Figure 4.28(m)) and (4,2) (Figure 4.28(n)) for V2) display larger
values than for the GST set and element (4,3) of V1 (Figure 4.27(0)) and hence (3,4)
of V2 (Figure 4.28(0)) for V2 have similar values as the GST set. In conclusion, both
flux-normalized eigenvector sets perform also well enough for the P-SV-TM mode
when using the transpose of the composition submatrices as an inverse. The GST
and HPF sets result in larger and smaller values for different elements. Overall, the
GST eigenvector set seems to be slightly more stable for the P-SV-TM mode than
the HPF set, but both sets yield acceptable results.

A clear example can be seen in Figure 4.2, displaying the flux-normalization
identity checks for all radial wavenumbers for a single frequency of 100 Hz. Figure
4.2(a) displays the results of the HPF set, Figure 4.2(b) of the GST set. We can
observe that the GST set results in random deviations from zero in the order of 1078,
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Figure 4.2: V2 identity check, for submatriz element (4,2), plotted for 100 Hz as a function of
radial wavenumber k. (a) HPF eigenvector set (b) GST eigenvector set

which is around numerical precision. In contrast, the HPF set shows correlated
deviations in the order of 1078, which might still be acceptable but is obviously
numerically less stable and precise.

4.1.2 Implications for the Seismo-Electromagnetic Modeling
Results

Validating Comparisons between the Three Eigenvector Sets

We here compare the seismo-electromagnetic modeling results of layer-code mod-
eling for an electric field component in the z-direction, generated by a seismic dipole
bulk force source in the zi-direction, for the model under consideration. We com-
pare the results of using the HPF set (Figure 4.3(a)), the HP set (Figure 4.3(b)) and
the GST set (Figure 4.3(c)). Using the logarithmic plotting scale, we can clearly
observe the different seismo-electromagnetic events and we can observe that there
is a perfect match between the three eigenvector sets in both phase and amplitude
for all events. The logarithmic scale displays the base-10 logarithm of the absolute
value of the data. To illustrate this further, a plot showing a trace-overlay between
the HPF set (black-dashed), the HP set (blue-dotted) and the GST set (red solid)
is presented in Figure 4.3(c). However, differences in the numerical noise levels are
visible (e.g. the noise for t>0.7 s). The HP and HPF sets display higher numerical
noise levels than the GST eigenvector set. This is an indicator for differences in
numerical stability for the different eigenvector sets.

These numerical results serve as a validation for each of the individual eigenvector
sets.
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Figure 4.3: FEigenvector validation comparison of seismo-electromagnetic shot records for a shot
at x3 = 100 m depth registered at depth level s = 770 m, in a model with an interface at
x3 = 1000 m. The displayed fields are the electric field component in the x1-direction due to a
seismic bulk force source component in the same direction. The results of Figures a-c are plotted on
a logarithmic scale. The logarithmic scale displays the base-10 logarithm of the absolute value of the
data. (a) seismo-electromagnetic shot records modeled with the HP eigenvector set. (b) seismo-
electromagnetic shot records modeled with the HPF eigenvector set. (c) seismo-electromagnetic
shot records modeled with the GST eigenvector set.
modeling result displayed with the black-dashed line, the HP result in blue solid and the GST

results displayed in red solid.

(d) Zero-offset trace-overlay of the HPF
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Numerical inaccuracy: strong and weak events

We have seen that each eigenvector set visibly generates the same results for the
two-halfspace model under consideration. But what are then the implications of
the obvious differences in numerical stability and consistency between the HP, HPF
and GST eigenvector sets? To this end, we study a model where an additional
second interface is placed 1000 m below the first interface (at a depth of 2000 m)
of the numerical consistency model used thusfar. The interface separates the upper
medium B from the lower medium C, resulting in only a 5% porosity contrast over
this interface (and of course a resulting contrast in medium parameters that depend
on the porosity). The results are presented in Figures 4.4 and 4.5. Looking at
Figure 4.4, we clearly see that the GST set (Figure 4.4c) results in a very clean shot
record. The HP set is already less clean (Figure 4.4a), and the HPF set shows a
lot of numerical noise for the later arrival times (Figure 4.4b). We can observe that
the strong events arriving roughly in the first 0.5 s, are modeled consistently by the
HP, HPF, and GST sets. However, in Figure 4.4b, we can clearly observe in the
HPF results, that the weak events arriving at later times, related mainly to multiple
reflections and conversions between the two interfaces, are of similar amplitude as
the noise levels. The top inset figure of the trace overlay presented in Figure 4.5,
clearly shows that after roughly ¢t = 1 s, the events modeled with the HPF set (black,
dashed) strongly deviate from the GST results (red, solid). These deviations occur
for the smaller amplitude events, in this model events with amplitudes in the order
of 10~7 V/m. Due to numerical instability, additional wiggles are visible, amplitude
and waveform differences can be observed, and the noise levels reach values that are
similar or even higher than the amplitudes of the events. For the HP eigenvector set
(blue, solid), the results match better with the GST set, also for these weaker events
at later times in the order of 1077 V/m. However, for the very weak events in the
order of 1071 V/m, so 3 orders of magnitude weaker, obvious erroneous modeling
results can be observed for the HP set (bottom inset figure of Figure 4.5, whereas
the GST set still models these events numerically stable and clean.

The Limiting Case of No Seismo-Electromagnetic Coupling

We now investigate the effect of taking £ = 0 (i.e. no seismo-electromagnetic coup-
ling occurs) on the numerical stability of each eigenvector set. We first explore what
happens if we set the seismo-electromagnetic coupling coefficient equal to zero. In
other words, we model situations where there is no coupling between poroelastic and
electromagnetic fields. In this way, we can model the purely poroelastic and purely
electromagnetic fields independently.

We start by focusing on the purely electromagnetic part by looking at the electric
field response in the zi-direction generated by an electric current source in the x;-
direction. Theoretically, we expect only the direct electromagnetic event and its
reflection at the interface at depth. Both events will arrive at almost identical times
on the seismic time scale (around t=0). The results are presented in Figure 4.6(a),
a trace overlay for zero-offset. The results of the GST set are presented with the
solid red line, and the results using the HPF set are plotted in black-dashed. We can
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Figure 4.4: Figenvector comparison of seismo-electromagnetic shot records for a shot at x3 = 100
m depth registered at depth level xs = 770 m, in a model with an interface separating medium A
from medium B at x3 = 1000 m and an additional interface with only a 5% porosity contrast,
separating medium B from medium C, at x3 = 2000 m. The displayed fields are the electric
field component in the x1-direction due to a seismic bulk force source component in the same
direction. The results are plotted on a logarithmic scale. (a) seismo-electromagnetic shot records
modeled with the HP eigenvector set. (b) seismo-electromagnetic shot records modeled with the
HPF eigenvector set. (c) seismo-electromagnetic shot records modeled with the GST eigenvector
set.

clearly observe that no electromagnetic events are being generated, when using the
HPF set, i.e. the result is zero whereas we theoretically expect two events. The result
of the GST set clearly does show an electromagnetic event around t=0. The two
expected events show up as one event on a seismic time scale. Similar observations
can be made for the other offsets. We have already predicted this behaviour by
looking at equations (2.172) and (2.173). For additional electromagnetic comparisons
of seismo-EM layer-code modeling using the GST eigenvector set with independent
electromagnetic modeling codes, the reader is referred to Grobbe et al. (2014) and
Maas et al. (2015).

This electromagnetic test already shows that the HPF set does not correctly
model the purely electromagnetic scenario when the coupling coefficient is zero. So
how about the purely poroelastic scenario? To answer this question, we look at
the results of the x1-component of the particle velocity generated by a seismic bulk
force source in the same direction. Figure 4.6(b) shows the zero-offset comparison
between the HPF set in black-dashed and the GST set in solid red for this purely
poroelastic scenario. The result of the HPF set has been reduced by a factor of 1000.
One can clearly see that the HPF set does not model the purely poroelastic scenario
correctly either. In contrast, for the results using the GST set we can clearly identify
the different events at the correct arrival times that we theoretically expect for this
purely poroelastic scenario (direct and reflected fields). Similar observations can be
made for the other offsets. To truly validate the correctness in both amplitude and
phase, a comparison with an independent poroelastic code can be made. However,
for the purpose of this section, it is sufficient to acknowledge the differences in mod-
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Figure 4.5: Zero-offset trace overlay plot of seismo-electromagnetic modeling with three different
eigenvector sets. The plots show the results for a shot at 3 = 100 m depth registered at depth level
x3 = 770 m, in a model with an interface separating medium A from medium B at x3 = 1000 m
and an additional interface with only a 5% porosity contrast, separating medium B from medium
C, at x3 = 2000 m. The displayed fields are the electric field component in the x1-direction due to
a seismic bulk force source component in the same direction. The blue-solid line shows the results
for the HP set (also the lower zoom inset), the black-dashed line for the HPF set (also the upper
zoom inset) and the red-solid line for the GST set.
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Figure 4.6: FElectric field component in the x1-direction due to a seismic bulk force source in
the same direction, for a shot at x3 = 100 m depth registered at depth level xs = 770 m in a
situation with no seismo-electromagnetic coupling (the coupling coefficient is equal to zero). The
results shown are obtained using the GST eigenvector set in red solid, and the HPF set in black-
dashed. (a) Zero-offset trace comparison for a purely electromagnetic scenario: the electric field
in the x1-direction due to an electric current source in the same direction. (b) Zero-offset trace
comparison for a purely poroelastic scenario: the horizontal particle velocity field component in
the x1-direction due to a dipole bulk force source in the same direction.

eling results between the HPF eigenvector set and the GST eigenvector set in case
of decoupled mechanical and electromagnetic fields, recognizing that the GST set
correctly models these scenarios whereas the HPF set fails. Do the eigenvector sets
yield a correct zero-valued result in case of no seismo-electromagnetic coupling for a
seismo-electromagnetic source-receiver combination: the z; electric field component
generated by a seismic bulk force source in the xi-direction? Theoretically, this
should yield a zero-valued result since no coupling should occur between poroelastic
and electromagnetic fields. Comparisons between the HPF set and the GST set
indeed showed a zero-valued result at all offsets for both sets (not shown).

We now know that the HPF set (and hence also the HP set), is not correctly
modeling the decoupled, purely poroelastic and electromagnetic scenarios when the
seismo-electromagnetic coupling coefficient is equal to zero. So, what happens if
we model coupled seismo-electromagnetic scenarios in media containing layers with
very small coupling coefficients? To this end, we model seismo-electromagnetic phe-
nomena in a two half-space model, where the upper half-space (originally medium
A) now has a very low porosity (almost approaching a pure solid), and hence a very
small coupling coefficient (properties of medium D, see Table 2). The parameters
dependent on the porosity of course change accordingly. Figures 4.7 and 4.8 show
the results of this scenario. In Figure 4.7, we can observe that the GST eigenvector
set (Figure 4.7a) models the seismo-electromagnetic fields correctly and numerically
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stable. In contrast, the HP eigenvector set fails to correctly model this scenario in a
numerically stable fashion (Figure 4.7b). Looking at the trace overlay in Figure 4.8,
we can see that the major events still match reasonably for all three eigenvector sets.
However, zooming in to the weaker events in the first 0.7 s, we can observe differ-
ences in the amplitude of for example the direct source converted EM field at t=0 s.
In addition, we can observe that the GST set has very low noise levels (red, solid),
whereas the noise levels of the HP set are quite high (blue, solid). As an example,
compare the weak amplitude of the arrival around 0.5 s with the noise levels of the
HP and HPF sets at earlier and later times (Figure 4.8). So for models containing
small, multiple arrivals, these arrivals will be masked by the noise levels of the HP
set (and the HPF set), and visible in the GST set. Figure 4.7c shows that the HPF
eigenvector set, when exploiting the power flux-normalized transpose property for
the inverse, completely fails to model this scenario correctly. However, when the
HPF set is used with a numerical inverse instead of making use of this transposition
property (equations (2.169) and (2.170)), the modeling results are identical to the
HP results (compare Figures 4.7b and 4.7d). We can conclude that for modeling
scenarios with small coupling coefficients (due to for example low porosity values or
high electrolyte concentrations), the HP and HPF eigenvector sets can seriously fail
to correctly model all the events, especially weaker events (such as certain seismo-
electromagnetic interface response fields or multiples). The GST eigenvector set
remains stable at all times and always yields clean results.

4.1.3 Discussion

The validating results of Figure 4.3 have shown that the HP and HPF sets suffer
from higher numerical noise levels than the GST set. The HP set shows about
6 orders of magnitude difference between the strongest events in the shot record
and the noise levels, the HPF set about 5 orders of magnitude difference and the
GST set about 10 orders of magnitude difference. Although this might indicate
that the HP set performs slightly better than its flux-normalized HPF version, the
numerical stability tests have proven that the HPF set overall has better numer-
ical stability and precision than the HP set. The HPF set makes use of the power
flux-normalized transpose property to obtain the decomposition matrix (equations
(2.169) and (2.170)), whereas the HP set was always modeled using a numerical in-
verse to obtain the decomposition matrix. This numerical inverse probably smooths
out numerical inaccuracies and instabilities that can be the consequence of a badly
scaled or badly organized composition (eigenvector) matrix, whereas the transpos-
ition operation simply reorganizes the values of the composition matrix to obtain
the decomposition matrix. This fact is nicely illustrated in Figure 4.7, where the
HPF set yields exactly the same results as the HP set when a numerical inverse is
used. The results for the GST set in Figure 4.3 display a 10-orders of magnitude
difference between signal and numerical noise, already providing a first indication
that the GST set yields the best numerical stability and precision. In addition,
the two-interface model and the low-porosity model have proven that the GST set
yields stable and clean results at all times, whereas the HPF set and the HP set
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Figure 4.7: Figenvector comparison of seismo-electromagnetic shot records for a shot at x3 =
100 m depth registered at depth level x3 = 770 m, in a model with an interface at xzs = 1000
m, separating medium D from medium B. The displayed fields are the electric field component
in the xp-direction due to a seismic bulk force source component in the same direction. The
results are plotted on a logarithmic scale. (&) seismo-electromagnetic shot records modeled with
the GST eigenvector set. (b) seismo-electromagnetic shot records modeled with the HP eigenvector
set. (c) seismo-electromagnetic shot records modeled with the HPF eigenvector set, when the
inverse of the eigenvector matriz is obtained from the transposition equivalence property. (d)
seismo-electromagnetic shot records modeled with the HPF eigenvector set, when the inverse of the
eigenvector matriz is computed numerically.
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Figure 4.8: Zero-offset trace overlay plot of seismo-electromagnetic modeling with three different
eigenvector sets. The plots show the results for a shot at x3 = 100 m registered at depth level
x3 = 770 m, in a model with an interface at xs = 1000 m, separating medium D from medium
B. The displayed fields are the electric field component in the x1-direction due to a seismic bulk
force source component in the same direction. The blue-solid line shows the results for the HP
set, the black-dashed line for the HPF set, when the inverse of the eigenvector matriz is computed
numerically, and the red-solid line for the GST set.
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break down.

So what are these numerical instabilities and inaccuracies caused by? The
seismo-electromagnetic composition matrices consist of different parameters and
their columns represent different field types (the fast P-wave, slow P-wave, SV-wave,
TM-field, SH-wave, and the TE-field). The wide variety of seismo-electromagnetic
medium parameters can have a wide variety in terms of orders of magnitude: the
shear modulus has for example relatively large values, whereas the permeability has
small values. Also, looking at the wave/field velocities, the Biot slow P-wave has
much smaller velocity values than the electromagnetic field velocities. These big and
small values interact with each other, for example in the computation of the global
reflection coefficients of the layered-Earth numerical algorithm for each interface in
the model. The relative magnitude of the variables in the computations can dictate
the severity of round-off errors that are introduced. For example, a loss of numerical
precision can occur due to the addition of a large number with a small number. We
have seen that power flux-normalizing the HP set (leading to the HPF set), visibly
improves the numerical consistency of the eigenvector set. This normalization based
on the power of the system adjusts the composition matrix in such a way, that the
relative magnitude of the different variables varies less. The GST eigenvector set
is designed completely independently, taking the underlying physics explicitly into
account. In addition, the GST set is power flux-normalized, balancing the compos-
ition matrix even further. Therefore, the relative magnitude of different variables is
more consistent, and varies even less. We must note that the final expressions of
the GST eigenvector set for the P-SV-TM mode as presented in this thesis are more
complicated and extensive than the HPF eigenvector set.

As we have shown, the numerical stability differences have obvious implications
on finding small amplitude signals when there are also strong signals in the data.
Especially, later arriving, weak events (for example multiples and interface response
fields) are masked by numerical noise levels of the HP and HPF sets, whereas these
events are correctly modeled with the more stable and precise GST set. Further-
more, the fact that the GST set is capable of correctly modeling scenarios with no
seismo-electromagnetic coupling at all (i.e. modeling the independent poroelastic
and electromagnetic fields), is an additional benefit. It is also an indication that the
physics of the HP and HPF sets are not correctly taken into account. In addition, as
soon as there is little coupling between the mechanical and electromagnetic fields (for
example low porosity values or high electrolyte concentration), the modeling results
of the GST set compared to the HP and HPF sets, behave differently. Our mod-
eling scenario clearly shows that the GST set remains stable and models all events
correctly and clean, whereas the HP and HPF sets show numerical noise levels that
are of similar amplitude as the weak events in the data. This makes distinguising
between noise and physical weak events impossible. The seismo-electromagnetic in-
terface response fields that we are mainly after, since those fields can provide us with
information at depth, often have very weak amplitudes. We therefore desire that
our numerical modeling codes model all events correctly and as clean as possible,
enabling better interface response interpretation of our modeling results.

In the model with two interfaces, as well as the model with weak seismo-
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electromagnetic coupling, we have only changed the porosity values of the medium
compared to the model used for the validation of the eigenvector sets (see Table
2). Of course, many other parameters or parameter combinations, as well as model
geometries can yield small seismo-electromagnetic coupling coefficients, weak, late
arriving events or big contrasts between large and small amplitude events. Also, in
this section we have only studied the horizontal electric field due to a seismic bulk
force source. There are many other seismo-electromagnetic source-receiver combin-
ations. The numerical effects and instabilities of the HP and HPF eigenvector sets
might be even more pronounced for other source-receiver combinations, dependent
on for example the model scenario under consideration. Furthermore, for the seismic
frequency bandwidth, the Biot slow wave is actually a diffusive field that decays very
rapidly and diffuses at very low velocities. It almost never shows up in the seismo-
electromagnetic shot records. However, when studying seismo-electromagnetic phe-
nomena in for example the ultrasonic frequency range, the Biot slow wave becomes
a propagating wave and can show up in the records. Numerical instabilities as-
sociated with these parts of the eigenvector sets might become more pronounced
for these frequency bandwidths as well. Typical seismo-electromagnetic laboratory
wave propagation experiments (Schakel et al., 2011; Smeulders et al., 2014; Zhu et al.,
2000; Zhu & Toksoz, 2005) make use of ultrasonic frequencies due to the small scale
of the experiments. Validating such physical experiments by correct, complete, and
precise numerical modeling is crucial for our further understanding of the seismo-
electromagnetic phenomena and the absolute and relative amplitudes that are to be
expected from the different seismo-electromagnetic coupling mechanisms.

One can argue how crucial the discussed errors in the modeling of the weak events
are for the overall picture. It is true that all three eigenvector sets model the major
events correctly. However, the HPF set already models events that have a magnitude
in the order of 10~3 weaker than these major events, not correctly. The HP set mod-
els events that are 10~% weaker than the largest events incorrectly, and these events
are masked by the noise levels. These are serious errors for numerical modeling,
and not neglegible. Of course it might be difficult to measure these weaker events in
field experiments, but with numerical modeling, we desire our results to be complete,
correct, clean and numerically stable. The GST set yields such results at all times.
It is therefore strongly recommended to use this newly developed eigenvector set for
future layered-Earth seismo-electromagnetic modeling experiments.

4.1.4 Conclusions

We have shown how to effectively flux-normalize the Haartsen & Pride (1997) ei-
genvector sets (with particle velocity instead of displacement). In addition, we
have derived an alternative flux-normalized eigenvector set directly from the sys-
tem matrices, thereby imposing specific physical conditions that guarantee correct
modeling of the independent poroelastic and electromagnetic systems as well, when
the seismo-electromagnetic coupling coefficient is equal to zero. Our approach is in
principle applicable to any physical wave or field phenomenon that can be captured
in the presented system matrix format.
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We have carried out two different numerical stability tests: the first test focused
on the internal consistency of the system matrix, its eigenvectors and eigenvalues
and the second test focused on the stability and preciseness of the flux-normalized
systems.

From the first test we conclude that flux-normalizing the eigenvector sets stabil-
izes the numerical results and improves numerical accuracy, for both the SH-TE and
P-SV-TM propagation modes. Flux-normalizing the HP eigenvector set, resulting in
the HPF set, drastically improves the numerical stability, but still there are stability
issues. Our GST set results overall in the best numerical performance both in terms
of stability and preciseness. The HP and HPF sets showed significant numerical con-
sistency errors for specific matrix elements and certain radial wavenumber-frequency
combinations.

The second test focused on how well we can express the inverse of the composition
matrix in terms of the transposes of the composition submatrices. For the SH-
TE mode, the GST eigenvector set results in slightly smaller errors than the HPF
eigenvector set. However, both error levels are acceptable. For the P-SV-TM mode,
the GST and HPF sets have larger and smaller errors at different elements. Overall,
the GST set seems to be slightly more stable for the P-SV-TM mode, but again
both eigenvector sets yield acceptable results. We can conclude that for both flux-
normalized eigenvector sets, we can correctly use the transpose of the composition
submatrices as an inverse.

We have validated the results using the different eigenvector sets in our seismo-
EM layer-code ESSEMOD. From the validating comparisons using a two-halfspace
model we conclude that each eigenvector set generates identical results for all the
major events in the model under consideration. However, the proven differences
in numerical stability and precision between the HP, HPF and GST sets play an
important role for different scenarios. As we have shown, the differences have obvious
implications on finding small amplitude signals when there are also strong signals in
the data. Especially, later arriving, weak events (for example multiples and interface
response fields) are masked by numerical noise levels of the HP and HPF sets,
whereas these events are correctly modeled with the more stable and precise GST
set.

When the seismo-electromagnetic coupling coefficient is equal to zero (i.e. when
there is no coupling between mechanical and electromagnetic fields), it turns out that
only the GST set models the purely poroelastic and purely electromagnetic systems
correctly. The incorrect modeling of the independent mechanical and electromag-
netic fields by the HP and HPF sets has been explained by theoretically looking at
the eigenvector sets as well. It is also an indication that the physics of the HP and
HPF sets are not correctly taken into account. Our approach of explicitly enforcing
the physics in our derivation of the GST eigenvector set results in correctly modeling
of the decoupled purely poroelastic and purely electromagnetic scenarios as well.

In addition, we have shown that as soon as there is little coupling between the
mechanical and electromagnetic fields (for example low porosity values or high elec-
trolyte concentrations), the modeling results of the GST set compared to the HP
and HPF sets, behave differently. Our modeling scenario clearly shows that the
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GST set remains stable at all times and models all coupled seismo-electromagnetic
events correctly and clean, whereas the HP and HPF sets show clearly numerical
noise levels that are of similar amplitude as the weak events in the data, making a
distinction between noise and physical weak events impossible.

Although it might be difficult to measure the physically weak events in actual field
experiments, in numerical modeling, we desire our results to be complete, correct,
clean, and numerically stable to obtain optimal insights in the physics of seismo-
electromagnetic phenomena. The GST set is proven to yield such results at all
times, and we therefore recommend to use this newly developed eigenvector set for
future layered-Earth seismo-electromagnetic modeling experiments.
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Appendix

4.1.A System Consistency Test using GST Eigenvectors

This appendix shows the results of the system consistency tests according to equation
(4.2), for H1 and V1, and equation (4.3), for H2 and V2, respectively. These tests
were carried out using the GST eigenvector sets.
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Figure 4.9: HI1 system check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.10: H2 system check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.11: VI system check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(1,8) (d) submatriz element (1,4) (e) submatriz element (2,1) (f) submatriz element (2,2) (g)
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Figure 4.12: V2 system check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (¢) submatriz element
(1,3) (d) submatriz element (1,4) (€) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
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4.1.B System Consistency Test using HP Eigenvectors

This appendix shows the results of the system consistency tests according to equation
(4.2), for H1 and V1, and equation (4.3), for H2 and V2, respectively. These tests
were carried out using the HP eigenvector sets.

Figure 4.13: HI1 system check with the HP set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.14: H2 system check with the HP set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
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Figure 4.16: V2 system check with the HP set for all radial wavenumber-angular frequency

combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (¢) submatriz element
(1,8) (d) submatriz element (1,4) (e) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
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4.1.C System Consistency Test using HPF Eigenvectors

This appendix shows the results of the system consistency tests according to equation
(4.2), for H1 and V1, and equation (4.3), for H2 and V2, respectively. These tests
were carried out using the HPF eigenvector sets.
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Figure 4.17: HI1 system check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
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Figure 4.18: H2 system check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.19: V1 system check with the HPF set for all radial wavenumber-angular frequency
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Figure 4.20: V2 system check with the HPF' set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (¢) submatriz element
(1,8) (d) submatriz element (1,4) (e) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
element (3,2) (k) submatriz element (3,3) (1) submatriz element (3,4) (m) submatriz element
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4.1.D Flux-Normalization Identity Test using GST eigenvectors

This appendix shows the results of the flux-normalization identity tests according
to equation (4.4), for H1 and V1, and equation (4.5), for H2 and V2, respectively.
These tests were carried out using the GST eigenvector sets.
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Figure 4.21: H1 Identity check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatric element (1,2) (c) submatric element
(2,1) (d) submatriz element (2,2)
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Figure 4.22: H2 Identity check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.23: V1 Identity Check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(1,8) (d) submatriz element (1,4) (e) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
element (3,2) (k) submatriz element (3,3) (1) submatriz element (3,4) (m) submatriz element
(4,1) (n) submatriz element (4,2) (o) submatriz element (4,3) (p) submatriz element (4,4)
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Figure 4.24: V2 Identity Check with the GST set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(1,3) (d) submatriz element (1,4) (€) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
element (3,2) (k) submatriz element (3,3) (1) submatriz element (3,4) (m) submatriz element
(4,1) (n) submatriz element (4,2) (o) submatriz element (4,3) (p) submatriz element (4,4)
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4.1.E Flux-Normalization Identity Test using HPF Eigenvectors

This appendix shows the results of the flux-normalization identity tests according
to equation (4.4), for H1 and V1, and equation (4.5), for H2 and V2, respectively.
These tests were carried out using the HPF eigenvector sets.
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Figure 4.25: H1 Identity Check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.26: H2 Identity Check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(2,1) (d) submatriz element (2,2)
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Figure 4.27: V1 Identity Check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (c) submatriz element
(1,8) (d) submatriz element (1,4) (e) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
element (3,2) (k) submatriz element (3,3) (1) submatriz element (3,4) (m) submatriz element
(4,1) (n) submatriz element (4,2) (o) submatriz element (4,3) (p) submatriz element (4,4)
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Figure 4.28: V2 Identity Check with the HPF set for all radial wavenumber-angular frequency
combinations. (a) submatriz element (1,1) (b) submatriz element (1,2) (¢) submatriz element
(1,3) (d) submatriz element (1,4) (€) submatriz element (2,1) (f) submatriz element (2,2) (g)
submatriz element (2,8) (h) submatriz element (2,4) (i) submatriz element (3,1) (j) submatriz
element (3,2) (k) submatriz element (3,3) (1) submatriz element (3,4) (m) submatriz element
(4,1) (n) submatriz element (4,2) (o) submatriz element (4,3) (p) submatriz element (4,4)
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4.2 Homogeneous Space Green’s Function Valida-
tion

4.2.1 Introduction

In recent years, quite some numerical finite-element and finite-difference codes have
been developed for modeling the seismoelectric effect in 2D (e.g. Haines & Pride
(2006), Zyserman et al. (2010)). Furthermore, Haartsen & Pride (1997) and Garam-
bois & Dietrich (2002) have used an analytically-based code to model some 3D seis-
moelectric source-receiver combinations in horizontally layered, radially symmetric
media. With our code ESSEMOD, we are capable of modeling the wave propagation
of all existing Electromagneto-Seismic and Seismo-Electromagnetic source-receiver
combinations in layered-Earth scenarios. Our layer-code makes use of global reflec-
tion coefficients, leading to an efficient numerical scheme due to the fact that explicit
computation of the scattering matrices is not required. Fourier-Bessel transforma-
tions are used to go back from the horizontal wavenumber-frequency domain to the
space-frequency domain. We compare the results of several of these modeled source-
receiver combinations in a homogeneous medium with explicitly derived analytical
homogeneous space Green’s function solutions, as presented in section 2.4, to val-
idate the results of our seismo-EM layer-code modeling in both arrival times and
amplitudes. Especially the amplitudes are important due to the fact that the main
reason seismoelectric phenomena are not yet used in industry, are the weak amp-
litudes of these phenomena (e.g. Dean & Dupuis (2011a), Thompson et al. (2007)).
By validating our layer-code with homogeneous space Green’s function solutions,
we obtain certainty in our modeling results and can get better insights in which
parameters affect the amplitudes most. Furthermore, ESSEMOD can then be used
to validate existing seismo-electromagnetic layered-Earth numerical modeling codes
(e.g. Garambois & Dietrich (2002), Haartsen & Pride (1997)). When compared
and validated with these codes, our layer-code can be used for testing finite element
and finite difference codes, as well as for further investigation of all parameters and
coupling effects that play a role in this complex physical phenomenon.

4.2.2 Results

We have directly modeled the homogeneous space expressions for the source-receiver
combinations as presented in section 2.4, in order to check the results that are
generated by layer-code modeling for a homogeneous medium (referred to as ‘ES-
SEMOD’). To simulate a homogeneous medium in the seismo-EM layer-code, all
medium parameters in the different layers are chosen equal to each other, such that
all reflection coefficients are zero. For the modeling geometry we have placed a
source at xg = (0,0, 100) m, the receivers at 770 m depth and we consider a receiver
grid of 51 receivers in both the x1- and xzo-directions with a spacing of 10 m. For the
source, we use a Ricker wavelet with a peak frequency of 30 Hz, a phase shift of -0.1 s
to visualize the direct source converted EM event arriving around t=0 more clearly,
and an amplitude of 0.1 GPa/m (for the seismic source types) and 0.1 GA/m? (for
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the electrical current source). An overview of the relevant symbols, their physical
meaning and the values used for the numerical modeling experiments are presented
in Table 4.2. In both numerical schemes (layer-code modeling and the analytical
Green’s function solutions), all seismo-electromagnetic parameters and their mutual
relations are used as input variables, as formulated in Pride (1994). We start by
looking at the ”i] I source-receiver combination. We have derived the explicit ana-
lytical Green’s function solutions using the more compact, HPF eigenvector set. Of
course we could also derive the Green function solutions using the GST set. Figure
4.29 displays the results of the vlJ I source-receiver combination for Figure 4.29a, the
analytical Green’s function solution, Figure 4.29b, the ESSEMOD HPF solution and
Figure 4.29¢ the ESSEMOD GST solution. We can clearly observe the three different
events that are to be expected: the direct source-converted EM field, the direct fast
P-wave and the direct S-wave coseismic fields. We have used the logarithmic scale
in order to be able to see most of the generated fields. All three solutions show a
perfect match of the events in both amplitude and phase. This is emphasized in the
trace-overlay comparison for zero-offset, presented in Figure 4.30. We see the result
obtained from ESSEMOD using the GST set in red, the ESSEMOD result using the
HPF set is displayed in black-dashed and we use blue dots for the analytical result.

However, we can also clearly observe differences in numerical noise levels between
the HPF set and the GST set, by looking at Figure 4.29. The GST set yields
a much cleaner shot record and is once again proven to be preferred for seismo-
electromagnetic layered-Earth modeling. We can also see that the GST set matches
perfectly with the analytically derived Green’s function solutions (which are based
on the HPF set). To truly compare ‘apples’ with ‘apples’, we will only present the
comparison with the HPF-based ESSEMOD results for the other source-receiver
combinations under consideration. We will also adjust the scale of the figures such
that we purely can focus on the events.

-8 ! —200 =100 0 100 200

=200 —100 0 100 200
offset [m] offset [m] offset [m]

—200  —100 0 100 200

(a) (b) ()

Figure 4.29: Comparison between the analytical Green’s function solution and the results of
ESSEMOD using the HPF and the GST eigenvector sets, for the vijl source-receiver combination.
The amplitudes are plotted on a logarithmic scale, in order to clearly visualize all generated events.
(a) The analytical Green’s function solution (b) Result of ESSEMOD using the HPF set (c)Result
of ESSEMOD using the GST set
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Let us examine the homogeneous space solutions compared to ESSEMOD more

b
closely, by looking at a purely P-SV-TM source-receiver combination: E{‘”’.
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Figure 4.30: Single, zero-offset trace comparison for vijle for ESSEMOD GST in red, ESSEMOD
HPF in black-dashed and the analytical result blue-dotted.

Figure 4.30 shows the comparison between the analytical result (Figure 4.30a)
and ESSEMOD (Figure 4.30b), for this combination. We can again observe that both
the timing and the amplitudes of the different fields are identical for the analytical
case and ESSEMOD. A direct flat EM event is visible at ¢t=0 s, which corresponds
to the part of equation 2.301 describing the Grar Green’s function expression. This
is again the source-converted direct EM-wave. Around ¢=0.2 s we can observe a
hyperbola with an arrival time corresponding to the fast P-wave velocity, a coseismic
field. The contribution in the analytical case comes from the part of equation (2.301)
describing the Gp ¢ Green’s function. Around ¢t=0.3 s we observe another hyperbola
with a steeper curvature, meaning a slower propagation velocity. The arrival time
of this event, another coseismic field, corresponds to the vertically polarized shear-
wave velocity, described in the analytical case by the part of equation (2.301) dealing
with GSV. All individual contributions of the different fields for different medium
parameters or fluid properties can be modeled and checked separately using the
corresponding field parts of the analytical Green’s function solutions. Using this
analysis, it can be seen that the slow P-wave does not contribute in this time window,
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which makes sense due to its very low propagation velocity.
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Figure 4.31: (a) Comparison between the analytical Green’s function solution and the HPF

b
ESSEMOD result, for the E{g source-recetver combination. The amplitudes are plotted on a
logarithmic scale, in order to clearly visualize all generated events. (a) The analytical Green’s
function solution (b) Result of ESSEMOD using the HPF set.

Figure 4.32 shows a trace comparison per offset for this dataset, where we have
selected each 5th trace for plotting, and we have amplified the direct EM event with
a factor of 100 and the direct S-wave with a factor of 1000. Again the result of
ESSEMOD HPF is shown with red solid lines, and the analytical result in black-
dashed. Onme can clearly see that the phase, amplitude and waveform all match
perfectly.

b
Finally, Figure 4.33 shows the shot records on a logarithmic scale for the v;' and

b
the Hg ! source-receiver combinations, respectively.

Figure 4.33 displays the result for the vllb source-receiver combination. As we
now consider a seismic wave quantity due to a seismic source type, one can expect
higher amplitudes than in the previous two examples, due to the fact that a complete
field type conversion is not required to generate the desired field. Looking at Figure
4.33a, these higher expected amplitudes can indeed be observed. One can observe
that in this case the slower, SV-wave related event has a higher amplitude than the
fast pressure wave related event. This seems logical, since the source is a dipole bulk
force source in the horizontal zi-direction, generating mainly shear waves. Figure

4.34 shows the result for the Hg ’ source-receiver combination, the magnetic field due
to the same dipole bulk force source as used to obtain the result of Figure 4.33. We
now observe a direct source converted EM field and only a direct S-wave coseismic
field. This is what we expect, since the magnetic field is purely associated with shear
waves (see also e.g. Garambois & Dietrich (2002)).

b b
We again observe for both the v;' and the Hg ! source-receiver combinations, that
the analytical Green’s function solutions and the modeling of ESSEMOD using the
HPF set in a homogeneous domain, match perfectly in both phase and amplitude.
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Figure 4.32: Trace comparison for E{3 for ESSEMOD HPF in red and the analytical result in
black-dashed. We have amplified the direct EM event with a factor of 100 and the direct S-wave
with a factor of 1000.

4.2.3 Conclusions

We have shown by comparison with explicit homogeneous space Green’s function
solutions that our seismo-EM layer-code ESSEMOD correctly models the propaga-
tion of a particle velocity field component in the z;-direction due to both a Jf
and an f? source type, the electric field component in the z;-direction due to an f&
source type and the magnetic field component in the zo-direction due to an f? source
type. We are capable of validating both the amplitudes and arrival times of the res-
ults of layer-code modeling for all electromagneto-seismic and seismoelectromagnetic
source-receiver combinations in homogeneous media. Hereby, we reduce uncertainty
in the obtained numerical results. From the explicit expressions we have obtained
insight in the strength of the contributions of the four different possible wave types.
Once all sources and receivers are validated, ESSEMOD can be used to compare
numerical results obtained with other seismo-electromagnetic layered-Earth codes
and afterwards also to validate existing seismo-electromagnetic finite-difference and
finite-element codes.



186 4. The model: Numerical results of seismo-EM layer-code modeling

—200 —100 0 100 200 —200  —100 0 100 200
offset [m] offset [m]

(a) (b)

Figure 4.33: (a) Comparison between the analytical Green’s function solution and the HPF

ESSEMOD result, for the v{l source-receiver combination. The amplitudes are plotted on a logar-
ithmic scale, in order to clearly visualize all generated events. (a) The analytical Green’s function
solution (b) Result of ESSEMOD using the HPF set.
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Figure 4.34: (a) Comparison between the analytical Green’s function solution and the HPF

b
ESSEMOD result, for the H2f1 source-receiver combination. The amplitudes are plotted on a
logarithmic scale, in order to clearly visualize all generated events. (a) The analytical Green’s
function solution (b) Result of ESSEMOD using the HPF set.

4.3 Numerical reciprocity checks

In this section, we test the algorithm of our seismo-EM layer-code by carrying out
seismo-electromagnetic reciprocity checks. For the reciprocal experiment, every re-
ceiver of the ‘normal’ experiment is turned into a source in the reciprocal experiment.
At the same time, in the reciprocal experiment there is only one receiver at the loc-
ation of the source in the ‘normal’ experiment. The source types and receiver types
are switching as well: in the reciprocal experiment the source type becomes the re-
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Table 4.2: Overview of the relevant medium parameters used for both modeling schemes.

[ Property symbol  Value Dimension ]
Porosity © 0.4 -]
Pore fluid density of 1.0-103 [kg/m3]
Bulk density o° 2.7-10% [kg/m?)
Shear modulus framework of grains GIr 9.0-10° [Pa]
Pore fluid viscosity n 1.0-1073 kg/(m s)]
Tortuosity Qoo 3.0 -]
Static permeability ko 1.3-10712 [m?]
Static electrokinetic coupling L 9.07-107° [m?/(s V)]
Dynamic permeability k w-dependent  [m?]
Effective fluid density e w-dependent  [kg m~3s71]
Magnetic permeability of vacuum 10 4.0-107 77 [Hm™1]
Velocity of light in free-space co 299792458 [m s~1]
Dielectric permittivity of vacuum €0 8.85 1012 [F m~1]
Relative dielectric permittivity er 14.13 [F m~1]
Bulk electric conductivity ¢ 1.2-1073 [Sm™1]
Eff. electr. permittivity incl. coupling € w-dependent  [F m™!]

ceiver type and vice versa. Depending on the relevant reciprocity relations, there can
be sign switches between the normal and the reciprocal experiments. We here com-
pare different source-receiver combinations, for different modeling scenarios. Our
source is in the ‘normal’ experiment located at 100 m depth, the receivers at 770 m
depth. We start by looking at a purely homogeneous space scenario, for medium A.
This is the same medium as used for our homogeneous space validations in Section
4.2, Table 4.2. After that, we introduce a free surface and test for correct recip-
rocal behaviour of the modeling code. Next, we introduce an interface at 1000 m,
creating a contrast medium A over medium B. Medium B varies from medium A
having a porosity of 0.2, a static permeability of 1.6-107'2 [m?] and a concentration
of 1.0-1072 [mol/L]. We finalize by looking at models with multiple interfaces, by
adding another interface at 1100 m, where the contrast is medium B over medium
A.

4.3.1 Homogeneous space reciprocity results

We start by looking at the Ui] I combination and its reciprocal E{lb, displayed in
Figure 4.35a. Figure 4.35b displays the opposite modeling scenario. We can observe
that for both scenarios, the ‘normal’ modeling results displayed in solid red and the
reciprocal modeling results displayed in black-dashed, perfectly match in both phase
and amplitude. Since we are modeling in homogeneous space, both scenarios yield
identical results. In a layered-Earth, the results of Figure 4.35a and Figure 4.35b
would be different. For this source-receiver combination, we have amplified both the
direct EM and the direct shear waves by a factor of 100, for visualization purposes.

We now compare the Hg ¥ results of the ‘normal’ model run with the —vi’ 2" results
of the reciprocal model. The results are presented in Figure 4.36. In this case, we
have amplified the direct EM event with a factor of 10. We can observe that the
‘normal” model and the reciprocal model are identical, but polarity reversed. This
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Figure 4.35: Reciprocity trace comparison with offset (a) Ui’l combination for the ‘normal’

b b e
experiment, Elf1 for its reciprocal (b) E‘lf1 combination for the ‘normal’ experiment, vlJl for its

reciprocal
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Figure 4.36: Reciprocity trace comparison with offset. H;l combination for the ‘normal’ exper-

m
iment in solid red, 7111JZ for its reciprocal in black-dashed.

is due to the fact that the reciprocity relation between these two source-receiver
combinations introduces also an additional minus sign, which we did not yet correct

for in this model.
In order to easily see all generated events in the following, more complicated
models, we will now display the shot records again on a logarithmic scale. We now

b
introduce a free surface in the homogeneous space models. We look at the E{l

e b
combination and its reciprocal v'lj '. Figure 4.37a displays the shot record for E;*
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and Figure 4.37b shows the reciprocal result for v'lj T We again observe a perfect
dynamic match.

100
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Figure 4.37: (a) Reciprocity shot record comparison on a logarithmic scale, for a homogeneous

b e
model with a free surface. (a) E{l combination for the ‘normal’ experiment, (b) vi’l for the
reciprocal experiment. (c) The difference plot (a)-(b), normalized with (b) and multiplied with a
factor 100, displaying the relative error in percentage.

We can observe each of the expected events: the direct coseismic fields and their
source-side ghosts. Some of the events are masked by the direct P- and S-wave
arrivals, since their arrival time is similar to these direct coseismic fields. This
modeling experiment shows that the free surface is correctly implemented. Since it
is difficult to compare figures in small detail on a logarithmic scale, we also look
at the relative difference between the forward model and the reciprocal result. The
difference plot in Figure 4.37c, displays the subtraction of the forward model minus
the reciprocal model, normalized by the reciprocal model and multiplied with a
factor of 100, to result in the relative error in percentage. We can clearly see that
at the locations where the events occur, the relative difference is 0 %. However, a
small difference is observable in Figure 4.37c just before ¢ =0.5 s, which is probably
related to the weak tail of the event starting around ¢t = 0.4 s in Figures 4.37a and
4.37b. The higher relative errors occur at locations where no events are visible. This
is to be expected since when there are minor differences occurring for the values that
are very small (close to zero), the corresponding relative error grows quickly. The
difference plot clearly displays a perfect match between the forward and reciprocal
models. For the following results, we will not display these difference plots anymore,
but we have checked the results in this manner.

4.3.2 Models with interfaces
We start by looking at the reciprocity tests for models with a single interface at 1000

m depth. We look again at the Elf v combination and its reciprocal vi] I Comparing
Figure 4.38a and Figure 4.38b, we can observe as good as identical results in both
phase and amplitude. The shot records contain besides coseismic/coelectric fields,
also flat events corresponding to interface responses. However, these are hard to see
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for this model, due to the fact that they are masked by the coseismic fields.
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Figure 4.38: (a) Reciprocity shot record comparison on a logarithmic scale, for a model with a

b e
single interface at 1000 m depth. (a) E‘lf1 combination for the ‘normal’ experiment , (b) vlJl for
its reciprocal.

Figures 4.38a and 4.38b show that by adding another layer, additional multiples
are observable, due to bounces of the fields in the layer between 1000 and 1100 m
depth. Again, a perfect dynamic match is visible.
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Figure 4.39: (a) Reciprocity shot record comparison on a logarithmic scale, for a model with an
b
interface at 1000 m and a second interface at 1100 m depth. (a) E{l combination for the normal

e
ezperiment, (b) viI 1 for its reciprocal.

b
For the same model, Figure 4.40a shows the result for the H;' combination,
whereas Figure 4.40b displays the reciprocal results for —vl‘] 2 . Again we observe a
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perfect dynamic match.
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Figure 4.40: (a) Reciprocity shot record comparison on a logarithmic scale, for a model with an
b
interface at 1000 m and a second interface at 1100 m depth. (&) H2f1 combination for the normal

m
experiment, (b) —viL" for its reciprocal.

All figures in this section display identical results for both the ‘normal’ and
reciprocal scenarios, for multiple source-receiver combinations, indicating that the
underlying algorithm of ESSEMOD models both geometrical configurations (source
above or below the receivers) consistently.
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4.4 Seismo-electromagnetic wave propagation
modeling in configurations with
fluid /porous medium /fluid transitions:
A numerical validation

4.4.1 Abstract

Based on the theory of Chapter 3, Sections 3.2.3-3.2.9, we have extended our layer-
code to be able to model seismo-electromagnetic wave propagation in arbitrarily
layered Earth geometries with fluid / porous medium / (fluid) interfaces. In this way,
we are capable of effectively simulating full seismo-electromagnetic wave propaga-
tion, i.e. all existing seismoelectromagnetic and electromagneto-seismic source-
receiver combinations, in typical laboratory configurations. We validate the un-
derlying global reflection scheme by comparing it with an independently developed
layered-Earth modeling code for purely electromagnetic fields. The results show a
perfect match in both amplitude and phase, indicating that ESSEMOD is correctly
modeling the electromagnetic parts of the seismo-electromagnetic wave propagation
in horizontally layered media with fluid / porous medium / fluid transitions. We
finalize with a seismo-electromagnetic reciprocal modeling experiment, proving that
also the full seismo-electromagnetic wave propagation through fluid / porous me-
dium transitions is modeled consistently.

4.4.2 Introduction

The main reason why seismo-electromagnetic techniques are not yet widely applied in
industry, is that the seismo-electromagnetic conversion has a very low signal-to-noise
ratio. In addition, very little is still understood of this complex physical phenomenon.
Therefore, it is crucial to be able to perform numerical modeling experiments to care-
fully investigate the effect and the parameters that play a role. However, to really
make a step towards successful application of seismo-electromagnetic methods in
the field, the numerical modeling results have to be compared and validated using
laboratory experiments.

Over the last couple of years, several seismo-electromagnetic laboratory experiments
have been carried out in an attempt to validate the posed theory by Pride (1994)
and to better understand this complex physical phenomenon (e.g., Zhu et al. (2000),
Zhu & Toksoz (2005), Schoemaker et al. (2012)). Typically, the laboratory experi-
ments are carried out using water-tanks in which the sources, receivers and sample
under consideration can be deployed. In order to successfully model these kinds of
configurations, the numerical algorithm must be able to handle configurations with
fluid / porous medium interfaces correctly. Some recent examples of comparisons
between laboratory measurements and theoretical numerical predictions are Schakel
et al. (2011) and Smeulders et al. (2014). However, the numerical modeling scheme
used in these articles was specifically designed for the laboratory configuration at
use. The schemes make use of an explicitly defined seismo-electromagnetic reflec-
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tion coefficient at a certain interface (Schakel & Smeulders, 2010). Furthermore, only
the electric field components due to an acoustic pressure source could be modeled,
thereby only considering the seismo-electromagnetic P-SV-TM propagation mode.

We have extended our layer-code to be able to model seismo-electromagnetic

wave propagation in arbitrarily layered Earth geometries with fluid / porous me-
dium / (fluid) interfaces. In this way, we are capable of effectively simulating full
seismo-electromagnetic wave propagation (i.e. all existing seismo-electromagnetic
source-receiver combinations) in typical laboratory configurations, meaning a por-
ous sample in a water tank.
The theoretical details can be found in Chapter 3, Sections 3.2.3-3.2.9. We will
present a first aspect of the actual validation of the numerical code itself: the com-
parison with an independently developed layered-Earth modeling code for purely
electromagnetic fields (Hunziker et al., 2015). By putting the coupling coefficient
in our modeling code to zero, the poroelastic system completely decouples from the
electromagnetic system. In this way, the seismo-EM layer-code can also be used to
model poroelastic and electromagnetic wave phenomena in layered Earth models. In
addition, the decoupled system provides us with the means to reduce the complex-
ity of the recordings, thereby enabling to validate specific parts of the algorithm, in
this case the reflection and transmission at fluid / porous media interfaces. We will
finalize with a seismo-electromagnetic reciprocal modeling experiment in a geometry
with fluid / porous medium transitions.

4.4.3 Results

We want to focus on the validation of the global reflection algorithm that underlies
the seismo-EM layer-code, adapted for typical laboratory configurations that contain
fluid / porous medium / fluid transitions. To this end, we compare the electromag-
netic part of our code, with the results of an already existing, purely electromagnetic
layered-Earth code, referred to as ‘EMMOD’ (Hunziker et al., 2015).

We model for N; = 2048 amount of time samples, with a sampling step At =
2.083333 - 1077 s. The number of radial frequencies w is defined as N, = N;/2 + 1,
and the radial frequency sampling rate Aw = 27/(N; - At) rad - s~!. The wavelet
is a first derivative of a Gaussian, with a peak frequency of 3 kHz. We consider 51
receivers in both horizontal directions, with a spacing of 10 m. All results represent
the shot records at zero-offset for zo, sliced along the x; direction. The positive
rz-axis is pointing downwards, indicating depth.

Let us consider a geometry with a porous medium (represented by a porous layer)
in between two fluid-halfspaces. We study a purely electromagnetic scenario. We
focus on three different experiments. Firstly, a full transmission experiment where
we place the electric current source (in the horizontal x; direction) in the upper
fluid halfspace at -40 m depth (40 m above the fluid/porous medium interface), and
the horizontal z; electric field component receivers in the lower fluid halfspace at
1200 m depth. The fluid / porous medium and porous medium / fluid interfaces
are located at 0 m and 1000 m depth, respectively. As can be clearly observed
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in Figure 4.41, the modeled results of ESSEMOD and EMMOD almost perfectly
match in both amplitude and phase. Small differences are observable in the later
arriving, weaker field, around ¢ =0.45 s. Despite these small differences, the res-
ults are clearly demonstrating that the full transmission is correctly modeled in our
seismo-EM layer-code. Often in seismo-electromagnetic wave propagation laborat-
ory tests, the receivers / electrodes are placed in the solid, whereas the source is an
acoustic pressure source located in the fluid. To model a similar configuration, we
again consider a source at -40 m in the upper fluid halfspace, but now the receivers
are being placed in the porous medium, at 600 m. The rest of the geometry remains
the same. The results are presented in Figure 4.42. It can be clearly observed that
the global reflection algorithm of the seismo-EM layer-code can also handle these
specific geometries correctly. Thirdly, we will consider a pure reflection geometry,
i.e. source and receivers both placed in the upper fluid halfspace. To investigate
whether the recursive updating of the global reflection matrices works properly, we
have added another porous layer to the porous medium. The interface separating
these two porous layers is positioned at 700 m. We now place the source at -400 m
and the receivers at -30 m. The rest of the geometry stays identical to the previous
model runs. Figure 4.43 clearly shows that the results of ESSEMOD and EMMOD
also perfectly match for this reflection experiment, except for small differences in
amplitude for the later arriving, weaker field, around ¢ = 0.22 s. Despite these small
differences, the results indicate correct recursive calculation of the global reflection
matrices.
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Figure 4.41: Full transmission comparison between ESSEMOD (left panel) and EMMOD (right
panel) for ElJ1 .

As a final experiment, we simulate seismo-electromagnetic wave propagation in
a fluid / porous medium configuration, with the interface located at x5 =0 m. We
have removed the lower fluid halfspace, to avoid complex shot records due to multiple
seismic reverberations in the porous layer. We will test the algorithm by carrying
out a reciprocity test. We first model a horizontal particle velocity field in the z;
direction, registered in the porous halfspace at x3 =800 m, due to a horizontal z;
oriented electric current source placed in the fluid halfspace at x3 =-100 m. For



4.4. Numerical validation for fluid/porous medium/fluid configurations 195

ESSENLOD EJ' fluid-p.m.

. 45
. 4
. 35
. 3
X 25
X 2
) 15
. 1
X 05
- o

offsel [m]

EMMQD EJ' fluid-p.m.
X% 10

. 4.5
. 4
) 35
. 3
. 25
X 2
) 15
X 1
X 0.5
o o

200
oftset m

5

time [s]

Figure 4.42: Source in the fluid, receivers in the porous medium comparison between ESSEMOD
(left panel) and EMMOD (right panel) for Ei]f.
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Figure 4.43: Reflection comparison between ESSEMOD (left panel) and EMMOD (right panel)
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the reciprocal test, we turn every receiver at x3 =800 m into a source and place
only one receiver at x3 =-100 m. The seismo-electromagnetic reciprocal field of
vile is E{ 1b, the horizontal component electric field in the x; direction due to a
seismic dipole bulk force source in the same direction. Now, the first derivative of
a Gaussian wavelet has a peak frequency of 30 Hz. The results in Figure 4.44 show
that also the reciprocal test for seismo-electromagnetic wave propagation in fluid /
porous medium configurations matches in both phase and amplitude. We expect
two interface response fields, related to the seismic P- and S-wave propagation in
the porous medium. The fields arrive at traveltimes corresponding to the one-way
path of the mechanical waves in the porous medium.
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Figure 4.44: Reciprocity tests for seismo-electromagnetic wave propagation in a fluid/porous
medium configuration. Note that the event at the bottom of the time window (around t = 2 s),
represents the acausal part of the direct source-converted EM response arriving around t = 0 s.
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4.4.4 Discussion

The above results show that the global reflection algorithm underlying our seismo-
EM layer-code seems to be working correctly for typical laboratory geometries with
fluid/porous medium/fluid transitions. However, not all aspects of the modeling
code have been validated here. Previously, the amplitudes and phases have been
successfully validated for the full seismo-electromagnetic theory in homogeneous
space geometries (e.g. Section 4.2, Grobbe & Slob (2013)). This gives us some
control on the modeling results, but it does not validate the underlying reflection
mechanism of the layer-code. In an attempt to validate this reflection scheme for
typical seismo-electromagnetic laboratory configurations with fluid / porous medium
transitions, we have here compared the electromagnetic part of the theory with an
existing layered-Earth code for electromagnetic fields. The poroelasticity part of the
seismo-electromagnetic theory has not yet been compared with any other existing
layered-Earth codes. Nevertheless, the reflection scheme is identical for the electro-
magnetic part and the full seismo-electromagnetic theory. In addition, the seismo-
electromagnetic reciprocity test shows consistent modeling of seismo-electromagnetic
wave phenomena in configurations with fluid / porous medium transitions. Further
comparison with other seismo-EM layer-codes is desirable to compare for example
the absolute amplitudes.

In order to be able to really validate the algorithm and its underlying theory, we
need to compare the seismo-EM layer-code with physical laboratory experiments
The algorithm was proven to be working correctly for typical laboratory geometries,
thereby clearing the way to comparisons of this type.
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4.4.5 Conclusions

As we have shown in the previous section, the results of the validation tests indic-
ate that our seismo-EM layer-code is correctly modeling the electromagnetic parts
of the seismo-electromagnetic wave propagation in horizontally layered media with
fluid/porous medium/fluid transitions. The results show a perfect match in both
phase and amplitude for full transmission and pure reflection experiments as well as
for a combination of both. By focusing on the electromagnetic parts only (by choos-
ing the seismo-electromagnetic coupling coefficient equal to zero), we were able to
effectively test the recursive global reflection algorithm of our seismo-EM layer-code
in configurations that resemble typical seismo-electromagnetic laboratory configur-
ations. In addition, the seismo-electromagnetic reciprocity test in a configuration of
a fluid halfspace overlying a porous medium halfspace, shows that also the coupled
poroelastic and electromagnetic fields are modeled consistently and yield the expec-
ted results.

4.5 Validation with seismo-electromagnetic model-
ing code of Garambois and Dietrich

4.5.1 Introduction

Thusfar, we have validated our seismo-EM layer-code ESSEMOD by
1. Comparing runs of ESSEMOD with different eigenvector sets

2. Comparing ESSEMOD with explicit homogeneous space Green’s function solu-
tions

3. Numerical Reciprocity Tests

4. Comparison of the EM-part of ESSEMOD with an independently developed
EM-code.

All of these tests provide confidence that the algorithm of our seismo-EM layer-code
works correctly. Nevertheless, not all aspects of the layer-code have been validated.
For example, the poroelastic part has not been compared with an independently
developed modeling code. Furthermore, we can check visually whether the events
arrive at the expected travel times, but in terms of amplitude we have only obtained
certainty for homogeneous space models and for the purely EM-scenario. There
exists another seismo-EM layered-Earth modeling code, developed by Garambois
& Dietrich (2002). The same deficiency in amplitude validation holds for their
code. Therefore, in this section we try to validate the two independently developed
seismo-electromagnetic layered-Earth modeling codes (ESSEMOD and the code of
Garambois & Dietrich (2002)), not only in terms of phase, but also focusing on
absolute amplitudes. It is crucial to get certainty with respect to the amplitudes
that come out of the modeling codes, since the amplitudes are the bottleneck for the
application of seismo-electromagnetic techniques in the field.
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4.5.2 Results

We compare the results of ESSEMOD with the code of Garambois & Dietrich (2002)
by looking at the electric field in the z;-direction due to a seismic bulk force source
in the same direction. We consider the same model as described in Table 4.1, where
we locate the source at 100 m depth in medium A, the receivers at 300 m depth in
medium A, and the interface separating medium A and medium B located at 1000
m. As a source, we use a Ricker wavelet with a peak frequency of 30 Hz and an
amplification factor of 1-10%. We apply a time shift of 0.1 s to the wavelet such that
the direct EM event arriving at t=0 also has a nice waveform. We use N; =2048,
At =0.001 s, Ny,=N;/2+1 and Aw= N "~z rad-s —1. Figure 4.45 displays a shot record
comparison on a logarithmic scale. We can see that the arrival times and relative
amplitudes of most of the events are matching perfectly. The only events that are
generated stronger by ESSEMOD are the direct S-wave and the reflected S-S wave
related coseismic fields. Figure 4.46 displays a zero-offset trace comparison between
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Figure 4.45: (a) Shot record comparison ESSEMOD with the code of Garambois & Dietrich
b

(2002), for E{l , plotted on a logarithmic scale. (a) Results code Garambois and Dietrich (b)
Results ESSEMOD.

the result of ESSEMOD in red-dashed, and the result of Garambois and Dietrichs
modeling code in blue. The results of ESSEMOD have been amplified by a factor
of 4 to match the absolute amplitudes of Garambois and Dietrich. All events match
perfectly, except for the direct shear wave and reflected S-S wave related coseismic
fields, where the amplitudes of ESSEMOD are (after amplification with the factor
of 4) stronger than the amplitudes generated by Garambois and Dietrich. Another
difference is the polarity switch for the direct source converted EM fields. Since,
we have validated this source-receiver combination already by homogeneous space
solutions and reciprocity tests, we are quite sure that the polarity of ESSEMOD is
correct.
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Figure 4.46: (a) Zero-offset trace comparison of ESSEMOD in red-dashed, with the code of

b
Garambots & Dietrich (2002) in blue, for E{l , where the results of ESSEMOD have been amplified
by a factor of 4.

4.5.3 Discussion and Conclusions

For the model and source-receiver combination under consideration, we have ob-
tained an almost perfect match in both phase and relative amplitudes between ES-
SEMOD and the code of Garambois & Dietrich (2002). The only anomalous events
are the direct S wave and the reflected S-S related coseismic fields. In terms of
absolute amplitudes, there is only a difference of a factor of about 4: the code of
Garambois & Dietrich (2002) yields amplitudes that are about 4 times higher than
ESSEMOD. The cause of this difference is yet unknown and currently under investig-
ation. There is a polarity switch between the codes for the direct, source converted
EM field. Based on homogeneous space validations and reciprocity tests, we are
quite sure that ESSEMOD generates the correct polarity. Despite the small differ-
ences, the almost perfect match in terms of phase and relative amplitudes provides
an acceptable validation of the algorithm of our seismo-EM layer-code. Further
numerical validation tests and comparisons for different models and source-receiver
combinations should be carried out in the future.
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4.6 Seismo-electromagnetic feasibility study

4.6.1 Introduction

The major current challenge for the seismo-electromagnetic method is its meas-
urability in the field. The technique has a lot of potential benefits compared to
conventional geophysical methods. However, if the converted signals are not (or
hardly) measurable by the physical devices (geophones, electrodes) or obscured by
noise or other signals, the method remains mainly a theoretical exercise. There are
some succesful field examples of seismo-electromagnetic signals for groundwater ap-
plications (e.g. Butler et al. (2002); Rosid & Kepic (2005)), but even for aquifers,
that are typically located at tens of meters of depth, the studies show significant
challenges in signal measurability.

For oil and gas exploration, the targets are typically located at a few kilomet-
ers depth (Thompson et al., 2007). To investigate the potential of the seismo-
electromagnetic effect for exploration purposes, we here carry out a small numerical
feasibility study. We investigate for the same model different source-receiver com-
binations and focus on the signal strength recorded at different distances from the
target depth level, which is located at 1000 m depth. At this depth level, an interface
is located separating the upper medium B from the lower medium A (which are the
same media as used for our reciprocity tests in Section 4.3). There is no free surface
in the model, to be able to focus better on a few major events. Currently, seismic
commercial vibrators can apply a maximum pressure of about 0.5 MPa to an area
of about 1 m?. Geophones can generally detect surface displacements larger than
the order of 107° m at frequencies above 1 Hz. We place our source at 1 m depth,
and use a Ricker wavelet with a peak frequency of 30 Hz and an amplification factor
of 5-10°. We focus mainly on the interface response fields, since those are the fields
that can provide us with information at depth.

4.6.2 Results

For the model under consideration, we can expect P-wave related interface response
fields around 0.32 s, and S-wave related interface response fields around 0.51 s (for
the seismic-to-electromagnetic conversions). For the electric-to-seismic conversions,
the interface response fields arrivals vary with the receiver depth, and arrive at times
equal to the one-way seismic time from the interface upwards to the receiver level.
We focus on 6 acquisition geometries, where the receivers are located at 10 m, 15
m, 20 m, 50 m, 500 m, 700 m and 900 m depth. We look at six different source-

b b i
receiver combinations: four seismic-to-electromagnetic combinations (E{ ' E{ 3 EY
b e
and H,'), one electromagnetic-to-seismic combination ( vlJ ') and one seismic-to-
b
seismic combination (v{l ). Note that the logarithmic scale of the figures displaying

Ei’l is adjusted to higher amplitudes. Let us assume that signals equal to or larger
than the order 10~8 are measurable. We start by looking at Figure 4.47. In this
scenario, the source is located at 1 m depth and the receivers at 10 m depth. Since
the source and receivers are located at depth levels quite close to each other, the
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numerical results show higher numerical noise levels than we have seen before. This
can be explained due to the fact that the Fourier-Bessel transformations need to be
evaluated for higher arguments in these scenarios in order to make them damp prop-
erly. This numerical noise issue can probably be tackled by increasing the number
of radial wavenumber samples. Especially Figure 4.47c¢ shows high noise levels, the
rest of the figures are quite clean already for this sampling. We observe that for this
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Figure 4.47: Shot records for the source at 1 m depth and the receivers at 10 m depth, with a
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b
target interface at 1000 m depth. The shot records are plotted on a logarithmic scale. (a) E{l (b)
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scenario, almost all coseismic and interface response fields are below the measur-
able signal strength, except for the direct P- and S-waves. Only the seismic-seismic
source-receiver combination (Figure 4.47d) displays higher amplitudes for the later
events. Note that it seems that there is one type of event missing (P-to-S conversion
or S-to-P conversion). This is not the case: these two events arrive more or less at
the same time due to the fact that the downward and upward pathlengths are more

or less similar for this modeling scenario. In addition, the Ei]l combination (Figure
4.47c), an electric field in the z;-direction due to a monopole pressure source, has
higher amplitudes than the other converted field combinations. It only displays P-
wave related interface response fields, due to the source type under consideration.
At zero-offset, no P-SV conversion occurs, and no electric field is generated. We
observe relatively high amounts of numerical noise for this specific source-receiver
combination for the model configuration under consideration. This most likely has
to do with the fact that the receivers (10 m depth) are located very close to the
source (1 m depth). We will see that by increasing this vertical distance, the noise
levels decrease rapidly. Apparently, the Fourier-Bessel transformation is not suffi-
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ciently damped yet for this specific source-receiver combination with the number
of radial wavenumbers k or radial distance r (the arguments of the Fourier-Bessel
transformation) under consideration. For the other source-receiver combinations,
these parameters are sufficiently sampled and large enough to yield clean numerical
results, also for this specific acquisition scenario.

We can observe that the coseismic magnetic field strengths (Figure 4.47f), which
are purely associated with S-waves, are also slightly higher.

offset [m] offset [m] offset [m]
(d) (e) (f)

Figure 4.48: Shot records for the source at 1 m depth and the receivers at 15 m depth, with a

b

target interface at 1000 m depth. The shot records are plotted on a logarithmic scale. (a) E{l (b)
b i o Je 2
Ej3 (c) E] (d) vyt (e) vyt (v) Hyt.

Figure 4.48 displays for the same radial sampling already cleaner figures, due
to 5 meter depth difference in the receiver level. We can now observe that the

Efl combination shows measurable coseismic responses as well as a measurable P-
wave related interface response field. The other converted field components do not
display measurable converted responses yet. Moving the receiver level 5 meters
downwards, we observe in Figure 4.49 still only measurable converted fields for the

Efl combination (Figure 4.49¢). The amplitudes of all events have been slightly
increased.

Moving the receivers to 50 m depth (Figure 4.50), we start noticing that the
coseismic arrivals for the Hg ! combination start to approach the measurable range
as well. The interface response fields are still too weak to be measured in the field.
We now move the receivers to 500 m depth (Figure 4.51). We can observe that the

P-wave related interface response field at 0.3 s in Figure 4.51c, for Efl is clearly
measurable. However, we can see that the coseismic fields slowly approach the
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Figure 4.49: Shot records for the source at 1 m depth and the receivers at 20 m depth, with a
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arrival times of the interface response field. We see an overall signal strengthening
for all other source-receiver combinations, but still only the direct coseismic fields
are measurable. The coseismic reflected fields and interface response fields have

b
amplitudes of the order 10~1°. For the HQf1 (Figure 4.51f), we can observe that the
S-wave related interface response field starts to become measurable. The results for
the receivers at 700 m depth, displayed in Figure 4.52, clearly show that for the

b i
Hj,' combination, the interface response field is clearly measurable. For Ef , the
P-wave related interface response field is still strongly visible, but starts interfering

with the coseismic arrivals. The E{ 7 fields (Figure 4.52a) seem to show a recordable
S-wave related interface response field for the near-offsets. However, this stronger
amplitude in the near-offsets is probably caused by signal interference with the
coseismic reflected fields.

Our final acquisition geometry has the receivers located at 900 m depth, so
100 m from the target interface (about 1 P-wavelength). We can clearly observe

that this is not an optimal configuration for the Efl combination, since all events
arrive more or less at the same time. Similar behaviour is visible for the other
seismic-to-electromagnetic combinations. The S-wave related interface response field

for the Hzlb combination is also not clearly distinguishable anymore. This can be
explained by the fact that the upgoing seismic paths are not so long anymore, yielding
small phase shifts on the arrival times. Therefore, the interface response fields that
arrive more or less at one-way seismic downgoing time, start overlapping with the
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coseismic reflected fields and the direct fields. For the electromagnetic-to-seismic
configuration of Figure 4.53e, we see that the interface response fields (that arrive at
1-way upgoing time) do not suffer from being masked by coseismic arrivals. These
interface responses arrive all around zero time now. Nevertheless, the amplitudes are
still in the order of 10719, just slightly weaker than required for signal measurability.

4.6.3 Discussion

We can observe that, when using source wavelets with an amplitude similar to the
maximum amplitude of present-day commercial vibroseis trucks, most converted
fields for most seismo-electromagnetic source-receiver combinations have amplitudes
that are just outside the dynamic range of present-day geophones. The source-

i b
receiver combinations that yield the strongest converted signals are Ef and Hg .

Especially the Efz combination seems to generate measurable responses even with
acquisition geometries that approach surface-to-surface acquisition. Moving the re-
ceivers deeper, closer to the target, increases the signal strength of especially the
interface response fields. This is explainable, due to the fact that the electromag-
netic interface response fields are diffusive fields that decay rapidly with distance.
Therefore, smaller propagation distance leads to less losses and stronger recorded
signals. Nevertheless, when moving too close to the target depth, direct and reflec-
ted coseismic fields start interfering with the interface response fields, masking the
desired fields. Specific filtering aimed at separating coseismic fields from interface
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response fields is required for these scenarios. For the electromagnetic-to-seismic
configurations, the interface response fields do not suffer from being masked by co-
seismic arrivals, for the acquisition geometry under consideration. Nevertheless, the
amplitudes are still in the order of 1071, just slightly weaker than required for signal
measurability. Vice versa, seismic-to-electromagnetic configurations would not suf-
fer from interface response fields that are masked by coseismic fields, for acquisition
geometries where the source is located close to the target, and the receivers located
close to the surface. In recent years, an acquisition design appears to emerge in
the industry that makes makes use of horizontal downhole sensor arrays or a high-
density of vertical boreholes in a certain area (e.g. Bakulin et al. (2012b), Bakulin
et al. (2012a) Berron et al. (2012), Cotton & Forgues (2012)). The results of this
small feasibility study show that these types of acquisition geometries are useful, and
maybe even crucial, for potential application of the seismo-electromagnetic method
for exploration purposes. Being able to separate downgoing from upgoing fields
and field types, could help distinguishing coseismic fields from interface response
fields. However, for successful field decomposition, often many different fields need
to be recorded. For seismo-electromagnetics, this number of fields is enormous and
practically not feasible. Being able to decompose fields into their field types and
up- and downgoing constituents using less recorded fields is beneficial. In Section
6.1, we introduce a multi-depth-level decomposition scheme that enables success-
ful field decomposition using less different field type recordings. As a next step
for feasibility studies, more realistic source signals should be used in these studies,
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for example loading a vibroseis sweep signal in the seismo-EM layer-code. In this
way, the responses due to realistic source signals can be investigated. The seismo-
electromagnetic method is sensitive to many different parameters. Certain contrasts
can yield higher converted signals than other contrasts. Therefore, as a next step,
more different geological models should be tested, thereby focusing on the signal
strength variability with different geological contrasts.

4.6.4 Conclusions

The source-receiver combinations that yield the strongest converted signals are Ef%

and H2f. Especially the Efl combination seems to generate measurable responses
even with acquisition geometries that approach surface-to-surface acquisition. The
depth of the receivers plays an important role in the signal measurability of the
seismo-electromagnetic fields. The closer the receivers are located to the target,
the higher the signal strengths, especially of the seismo-electromagnetic converted
fields (interface responses). However, when located too close to the target depth, the
coseismic reflected fields arrive at more or less the same time as the one-way seismic
traveltime interface responses, thereby masking the weaker interface response fields.
The electromagnetic-to-seismic conversions do not suffer from these interferences,
for the acquisition scenario under consideration (i.e. source close to the surface,
receivers at depth).
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4.7 Seismo-electromagnetic thin-bed responses:
natural signal enhancements?"

4.7.1 Abstract

We study if nature can help us to overcome the very low signal-to-noise ratio of
seismo-electromagnetic converted fields by investigating the effects of thin-bed geo-
logical structures on the seismo-electromagnetic signal. To investigate the effects
of bed-thinning on the seismo-electromagnetic interference patterns, we numerically
simulate seismo-electromagnetic wave propagation through horizontally layered me-
dia with different amounts and thicknesses of thin-beds. We distinguish two limits
of bed thickness. Below the upper limit, the package of thin-beds starts acting like
an ‘effective’ medium. Below the lower limit, further thinning does not affect the
seismo-electromagnetic interface response signal strength anymore. We demonstrate
seismo-electromagnetic sensitivity to changes in medium parameters on a spatial
scale much smaller than the seismic resolution. Increasing amounts of thin-beds
can cause the interface response signal strength to increase or decrease. Whether
constructive or destructive interference occurs seems to be dependent on the seismo-
electromagnetic coupling coefficient contrasts. When the combined result of the

iThis section has been published as an open-access journal paper in Journal of Geophysical
Research doi: 10.1002/2015JB012381 (Grobbe & Slob, 2016). Note that minor changes have been
introduced to make the text consistent with the other chapters of this thesis.
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contrast, between upper halfspace and package of thin-beds, and the internal thin-
bed contrast, is positive, constructive interference occurs. Destructive interference
occurs when the combined contrast is negative. Maximum amplitude tuning occurs
for thicknesses of thin-bed packages similar to the dominant pressure- and shear
wavelengths. Artefacts due to model periodicity are excluded by comparing peri-
odic media with random models. By simulating moving oil/water contacts during
production, where the oil layer is gradually being thinned, seismo-electromagnetic
signals are proven very sensitive to oil/water contacts. An oil layer with a thickness
of about % of the dominant shear wavelength is still recognized.

4.7.2 Introduction

Despite several attempts to boost the signal strength of the seismo-electromagnetic
converted fields (e.g. Dean & Dupuis (2011a); Dean et al. (2012); Sava & Revil
(2012); Sava et al. (2014) the desired amplification of the signal for guaranteed
successful measurements in the field has not yet been achieved.

But what if nature itself can already help us? From seismics, it is well-known that
a seismic wave travelling through a package of thin-beds can experience amplitude-
tuning effects that result in anomalously high amplitudes for the seismic signal (e.g.
Widess (1973); Robertson & Nogami (1984)). Can similar enhancing signal effects
occur for seismo-electromagnetic phenomena? We start with a brief recapitula-
tion of seismic amplitude tuning effects in thin-bed geological settings, including an
extension towards the seismo-electromagnetic scenario. We will then numerically
investigate what effects thin-beds can have on the seismo-electromagnetic signal,
thereby focusing especially on the seismo-electromagnetic conversion. To this end,
we use our analytically based, seismo-electromagnetic layer-code
(Grobbe & Slob, 2013; Grobbe et al., 2014, 2016a). We observe that certain thin-bed
geological settings can yield constructive interference of the seismo-electromagnetic
responses, amplifying the signal strength with a factor of 3. We will highlight the
factors that play a role in this possible enhancement of the seismo-electromagnetic
signal strength by thin-beds. We study the effects of the seismo-electromagnetic
coupling coeflicient contrasts by varying the electrolyte concentrations of the pore-
fluid. The seismo-electromagnetic coupling coefficient is a very important seismo-
electromagnetic parameter, since this parameter controls the amount of coupling
between the mechanical waves and the electromagnetic fields. At low frequencies,
this coefficient is fundamentally the same as the coefficient measured in classical
streaming potential laboratory experiments (e.g. Morgan et al. (1989); Jouniaux
et al. (2000); Schoemaker et al. (2012)). We finalize by focusing on an oil/water
contact in a reservoir, and by simulating production we will see the effects a varying
ratio of oil/water thickness has on the seismo-electromagnetic signals.
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4.7.3 Theory: Brief introduction to thin-beds and the rela-
tion with seismo-electromagnetics

In the field of seismic exploration, it is well-known that when a seismic wave travels
through a package of thin-layers (with appropriate amplifying thickness) amplitude-
tuning effects can occur resulting in anonamously high amplitudes (Robertson & No-
gami, 1984). The big question is, can similar naturally signal enhancing effects occur
for seismo-electromagnetic phenomena? Since the seismo-electromagnetic effect is
a complex physical phenomenon of which very little is still understood, the exact
effect of a seismo-electromagnetic wave propagating through a package of thin-beds
is unpredictable. However, one can intuitively understand that constructive interfer-
ence might take place. Let us consider the following thought-experiment: since the
interface response fields arrive almost instantaneously at one-way seismic traveltime,
an incremental increase in seismic traveltime (due to for example downward wave
propagation through a thin-bed) followed by a seismo-electromagnetic conversion at
the bottom interface of the thin-bed (that arrives instantaneously on seismic time
scales), might result in constructive interference of the recorded IR fields. In other
words, when the one-way seismic traveltime is not increasing too much, the gener-
ated IR field of the bottom interface of a certain thin-bed might map constructively
on the generated IR field of the top interface of the thin-bed. The possibility of
IR field enhancing effects due to the presence of a thin-bed has been discussed in
Pride & Garambois (2005), where they show that the amplitude of the converted
electric field can be drastically increased (by a factor of 10 in their example of a thin
shale layer), if there is a thin layer of a third-type of material present close to the
interface that generates the IR field. Furthermore, Dietrich & Garambois (2013) dis-
cuss a possible super-resolution of very thin layers using the seismo-electromagnetic
conversions. When studying seismo-electromagnetic thin-bed responses, important
questions to ask are of course: what is the sub-seismic resolution limit for seismo-
electromagnetic sensitivity? Does an increase in the amount of thin-beds necessarily
lead to an increase of the IR field signal strength? What parameters play a role in
determining whether constructive or destructive interference occurs? Do different
pore-fluid contrasts and relative thicknesses have an effect on the interference pat-
tern? As Widess (1973) already acknowledges: How thin is a thin-bed? Seismically
speaking, based on reflective properties, a thin-bed may be defined as a bed with a
thickness that is less than Apeqx/8. In this case, the reflections of the top and bot-
tom edges of the thin-bed interfere constructively (Zhou, 2014). Here, Apeqr is the
dominant wavelength for the seismic velocity of the bed (Widess, 1973), determined
by the relation between peak frequency of the source wavelet and the seismic wave
velocity of the layer under consideration. In addition, Widess (1973) observed that
for bed thicknesses smaller than the tuning thickness, the composite wavelet ap-
proaches the derivative of the basic wavelet (Zhou, 2014). It is important to realize,
that when geologists speak of thin-beds, they often refer to beds of a few centimeters
until meters thick, whereas the seismic definition of a thin-bed can result in much
thicker beds. As an example, consider a peak frequency of a wavelet of 30 Hz and
a medium with a P-wave velocity of 3000 m/s, which results in a peak wavelength
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of 100 m. According to Widess (1973), every bed with a thickness of 12.5 m or less
is considered a thin-bed. Geologically speaking, according to the seismic definition,
most beds in nature are then a thin-bed. For seismo-electromagnetics, it is yet un-
known what should be considered as a thin-bed, if tuning effects or wavelet shape
changes occur, and for which bed thicknesses the seismo-electromagnetic signals are
not sensitive anymore.

4.7.4 Method: Numerical modeling

To investigate the effects of thin-beds on seismo-electromagnetic signals, we make
use of our seismo-EM layer-code (Grobbe & Slob, 2013; Grobbe et al., 2016a). Our
layer-code ESSEMOD is capable of modeling all existing electroseismic and seismo-
electromagnetic source-receiver combinations. In this study, we focus on the effect of
thin-beds on one of the most common seismo-electromagnetic source-receiver com-
binations, a horizontal electric field component FE; in the z;-direction due to a
horizontal seismic dipole bulk force source f? (for example a seismic shear wave vi-
brator) in the same z1-direction. Of course, a similar numerical study can be carried
out focusing on other source-receiver combinations.

We simulate seismo-electromagnetic wave propagation through layered-Earth
configurations with different amounts and thicknesses of thin-beds to study the effect
of bed-thinning on the amplification or weakening of the IR fields. To fully focus on
the effect of the thin-beds we use two very simple reference configurations consisting
of two homogeneous halfspaces (hs), either medium A and medium B or medium
A and medium C. In Table 4.3, we present the effective seismo-electromagnetic
velocities of the different field types, the input medium parameters and the relevant
petrophysical parameters determining the static coupling coefficient, for each of the
different media. We can observe that the dominant factor is the change in poros-
ity of the medium. The shear waves are more affected by a porosity change than
pressures waves (the pores are saturated with fluid, so higher porosity means more
fluid), which explains why the P-wave velocity does not vary as much as the shear
wave velocity does.

For convenience, we only present the effective seismo-electromagnetic wave ve-
locities resulting from the chosen medium properties and the corresponding seismo-
electromagnetic coupling coefficients. These are presented in Table 4.3. We use
N; = 2048 time-samples with a time-sampling step of At = 0.001 s. The amount
of radial frequencies is N, = N;/2 + 1 and the radial frequency sampling step
Aw = 27/(N; - At) rad- s71. The wavelet is a causal, first-derivative of a Gaussian
with peak frequency of 30 Hz and an amplification factor of 1-10°. Let us start
with the reference configuration of halfspace A above halfspace B. We now define a
package of certain package thickness PT, that we insert in between halfspace A and
halfspace B (see Figure 6.3). We consider configurations with PT = 20, 40, 80, 160
m. In addition, we consider PT = 70 and 105 m, which correspond to the dominant
wavelength of the shear (S)-wave and the Biot fast pressure (P)-wave, respectively.
According to Widess (1973), the minimum seismic thin-bed thickness then reads by
definition Apeqr/8 = 105/8 = 13.125 m for P-waves and Apeqr/8 = 70/8 = 8.75 m
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Table 4.3: Overview of the velocities of the different field types, input medium parameters and
relevant petrophysical parameters determining the static coupling coefficient, for each of the differ-
ent media. To illustrate the frequency-dependency of certain wave/field-types, velocity ranges (the
real parts of the complex velocities) are displayed for the bandwidth under consideration. Note
that the EM-velocities are proportional to the square-root of frequency.

Physical quantity Medium A (top hs) Medium B (layer or hs)  Medium C (layer or hs) |

Pj-velocity [m/s] 3159.81-3159.84 3153.67-3153.68 3348.94-3349.00
Pg-velocity [m/s] 2.89-92.96 3.98-131.09 5.46-189.62
S-velocity [m/s] 2110.79-2110.87 1952.83-1953.03 1886.09-1886.70
EM-velocity [m/s]  31796.34-1005899.70  4496.68-142233.40 20109.77-636104.47
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Figure 4.54: Schematic overview of the two reference configurations and the inserted packages of
thin-beds, with a total package thickness PT.

for S-waves.

We divide the package PT into an even amount of thin-beds NI. The layers
alternate between medium B and medium C or vice versa. We consider the following
amounts of sublayers: NI = 2, 4, 8, 16, 32 and for PT > 40 m also NI = 64. By
fixing the package thickness and dividing it consistently into different amounts of
thin-beds, the bed thickness changes accordingly. In this way both the effects of
bed-thickness and amount of beds can be investigated.

4.7.5 Results

In this section, we present the results of the various numerical thin-bed experiments.
We first present the results of the model A — B — C' — B, which yields constructive
interference. We look at both the effects of varying package thicknesses, varying bed
thickness and varying amounts of sublayers. Then, we present the results of model
A—C — B—C, which leads to destructive interference. To exclude possible artefacts
due to the periodicity of the models used, we compare these results with a model
with arbitrary bed thicknesses and a model with random bed thicknesses. Here,
arbitrary means manually chosen by the user in an arbitrary fashion, and random
means mathematically random. We slowly increase the amount of sub-layers with
varying bed thicknesses for a total package thickness PT of 80 m. To study the effect
of coupling coefficients on the interference patterns, we focus on varying electrolyte



212 4. The model: Numerical results of seismo-EM layer-code modeling

concentrations in the pore fluid. We finalize by investigating the sensitivity of the
model to different saturating fluids, namely an oil/water contact in a porous rock.
We simulate oil production where the thickness of the oil layer compared to the
water layer thickness starts varying.

Constructive Interference

Let us start with the configurations A—B—C—-B,A—B—C—B—C— B and so on.
We model the reference response as halfspace A above halfspace B. A right-handed
Cartesian spatial coordinate system is considered, where x3 is pointing downwards
representing depth. The source is located at 3 =100 m and the receivers are placed
at x3 =700 m. The interface that separates the bottom of halfspace A from the
top of the inserted thin-bed package is located at x3 =1000 m depth (or in other
words, this is the interface separating halfspace A from halfspace B in the reference
response). Considering the seismic wave velocities of medium A (see Table 4.3), we
expect the generated IR fields to arrive at one-way seismic time ¢ =0.285 s for the P-
wave associated IR field (from now on referred to as PIR), and at ¢t =0.427 s for the
IR field generated by an S-wave (referred to as SIR). The rest of the visible events
represent coseismic wavefields. Note that, for this specific medium configuration and
acquisition scenario, the event marked as PIR is actually a combination of the P-
wave associated IR field, and the coseismic field associated with the direct shear wave
from the source to the receiver level. Both events arrive more or less at the same
time in the seismo-electromagnetic record, especially at zero-offset. We first present
the seismo-electromagnetic thin-bed responses for different package thicknesses PT
with equal bed thicknesses (and hence different amounts of thin-beds NI per package
thickness). Figure 4.55a presents the results for bed thicknesses of 10 m and Figure
4.55b for bed thicknesses of 5 m. The reference response is the response when PT = 0
and hence NI = 0. Looking at Figure 4.55, several observations can be made. We
can clearly observe that the PIR signal at ¢ =0.285 s is not strengthened or weakened
at all due to the presence of thin-beds. The SIR at t =0.427 s on the other hand,
is clearly affected by the thin-beds. Figure 4.55a shows that for bed thicknesses of
10 m, multiples are visible which are not present in the reference response. In this
case, the signal can still distinguish between the individual layers. There seems to
be a slight increase of the SIR amplitude with increasing NI, but overall the beds
are still too thick to yield significant constructive or destructive interference. Figure
4.55b shows that for PT' = 20 m and PT = 40 m, multiples are still visible for
bed thicknesses of 5 m, whereas for PT = 80 and PT = 160 m, the multiples start
vanishing. Furthermore, PT = 160 m displays the largest SIR amplification. Hence,
increasing amounts of thin-beds of the same thickness (in this case 5 m) can cause
the multiples to start vanishing at a certain point (in this case for PT = 80 or larger)
and the SIR to increase. Nevertheless, we can also observe that the SIR does not
necessarily increase with increasing NI. Figure 4.56a presents the zero-offset results
for bed thicknesses of 2.5 m. Similar patterns can be observed as in Figure 4.55.
Comparing the results for different PT with the reference response, we see that for
PT =20 and PT = 40, additional multiples are still visible before the SIR compared
to the reference response, whereas these multiples vanish again with increasing PT
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and hence increasing NI. Overall, increasing NI seems to yield an increase in SIR
strength. Figure 4.56b shows the same results but now for 140 m offset. We can see
that the shape of the PIR event changes with offset, but there is still no visible signal
interference due to the presence of thin-beds. The SIR reference response is slightly
diminished. In addition, the highest signal strength now occurs for PT" = 80, instead
of PT = 160. Furthermore, PT = 80 now shows an additional multiple just after
the SIR response, indicating that for greater offsets, not all multiples are compressed
yet for the amount of sublayers in PT = 80. This can be explained in terms of the
apparent thicknesses of the beds, which can vary with offset.
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Figure 4.55: Response for thin-bed geometries of the form A-B-C-B, for different package thick-
nesses PT with equal individual bed thicknesses of (a) 10 m (b) 5 m.
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Figure 4.56: Response for thin-bed geometries of the form A-B-C-B, for different package thick-
nesses PT with equal individual bed thicknesses of 2.5 m (a) at zero-offset (b) at 140 m offset.
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To take a closer look at the effects of increasing NI in a certain PT, we show
in Figure 4.57 the seismo-electromagnetic response for a thin-bed geometry A-B-
C-B, varying with the amount of layers NI for a fixed package thickness of either
PT = 80 m in Figure 4.57a or PT = 160 m in Figure 4.57b. We can observe
that the generated multiple train caused by relatively ‘thick’ beds, at low values for
NI and relatively high PT, is compressed with increasing Nl and correspondingly
decreasing bed thickness. The individual beds are slowly not sensed anymore by the
signal and as a result the multiples vanish and the package of thin-beds starts acting
like an ‘effective’ medium. In this way the multiples start ‘mapping’ at the arrival
time of the SIR. Hence, one can intuitively understand that increasing amounts of
thin-beds can lead to an increased IR signal strength. This is what we also observed
in Figures 4.55 and 4.56. One can argue that as soon as all multiples have been
compressed, the maximum signal strengthening has been achieved. We can observe
that the seismo-electromagnetic signal is still affected for a while by the amount of
thin-beds even when the individual beds are already not recognized anymore (no
multiples). Another way to look at this is that further thinning of the sublayers, at
a certain point does not improve the signal strength of the IR fields anymore, since
the thickness is below the sensitive resolution of the seismo-electromagnetic fields.
Mlustrative examples can be found comparing the signal of NI = 32 with the signal
of NI = 64 for PT = 80 in Figure 4.57a. So, we can distinguish two limits of bed
thickness: an upper and lower limit. The upper limit of bed thickness determines
whether the individual layers are still recognized or not. When beds are thinner than
this limit, the package of thin-beds starts acting like an ‘effective’ medium and the
multiples vanish from the record. The lower limit of bed thickness determines the
border from whereon further thinning does not affect the seismo-electromagnetic IR,
signal strength anymore, because the bed thickness is below the sensitive resolution
of the seismo-electromagnetic fields.

From the results of Figures 4.55, 4.56 and 4.57, we can conclude that both the
thickness of the thin-beds as well as the amount of thin-beds play a role in whether
or not the multiples (created by the individual thin-beds) vanish in the record (i.e.,
are compressed at the SIR of the reference response). The upper limit seems to
occur when the thin-bed thickness reaches a value of around 5 m thickness (and
NI > 16). This corresponds to thicknesses of 1/14 and 1/21 of the dominant S-
and P-wavelengths, 70 m and 105 m, respectively. The lower limit, from whereon
further thinning does not affect the signal strength anymore, seems to occur around
2.5 m thickness. This lower limit corresponds to 1/28 and 1/42 of the dominant
S- and P-wavelengths, respectively. An important anomaly to the general pattern
described above, can be observed in PT = 160, for NI = 2. In this case the
individual bed-thicknesses equal 80 m, which is around the dominant S-wavelength.
This observation stimulates P- and S-wave tuning experiments, where the amount
of thin-beds is increased each with a bed thickness of either the dominant P- or
S-wavelength. These experiments showed that for both cases, increasing NI did
not make a difference for the amplifying effect and the results are not displayed
here. In another tuning experiment, we focus on the package thickness PT. The
results are displayed in Figure 4.58. We look at the interference patterns for varying
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Figure 4.57: Response for thin-bed geometry A-B-C-B, varying with the amount of layers N1, for
a package thickness of (a)80 m (b) 160 m

NI in tuning package thicknesses of PT = 70 m (Figure 4.58a) or PT = 105 m
(Figure 4.58b). We can observe that in both cases, there seems to be a maximum
strengthening of the S-wave related IR signal of a factor 3, higher than we have
observed in the earlier presented experiments. This is an indication that not only the
amount of thin-beds NI and the thin-bed thickness, but also the package thickness
PT itself plays an important role in the amplification of the SIR due to thin-bed
geological structures.
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Figure 4.58: Response for thin-bed geometries of the form A-B-C-B, varying with the amount of
layers N1 for packages with tuning thicknesses of (a) 70 m (dominant shear wavelength) (b) 105
m (dominant pressure wavelength)
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Destructive Interference

Let us now look what happens if we change the order of the thin-beds, i.e. looking
at configurations like A-C-B-C with reference response halfspace A-halfspace C. Ex-
cept the change in the order of the thin-beds, the modeling experiment is identical
to the experiment discussed above. In Figure 4.59, displaying the results of these
experiments, similar observations can be made as before in Figures 4.55-4.58, except
that now increasing NI leads to a decreased signal strength of the S-wave related
IR field. Looking at the medium properties of media B and C', two main differences
can be observed. First, the contrast in electromagnetic velocity between medium B
and medium A is much larger than between medium C' and medium A. Second, the
coupling coefficient of medium B is larger than the one of medium C' and therefore
forms a smaller difference with the highest coupling coefficient, that of medium A.
Hence, the contrast in coupling coeflicients between medium A and package of thin-
beds PT is positive (i.e. the upper layer has a higher value than the lower layer of
the contrast under consideration). Intuitively, one can imagine that the contrast in
coupling coefficients plays an important role in the signal strengthening or weakening
of the IR fields. One can observe that the reference response of halfspace A-halfspace
C indeed has a higher S-wave related IR field than the reference response of half-
space A-halfspace B due to the higher contrast in coupling coefficients. However,
remarkable is the fact that additional thin-bed contrasts decrease the SIR in case
of a packages of thin-beds that have alternating thin-beds starting with medium C
over medium B (a negative coupling coefficient contrast), but increase the SIR when
the thin-bed alternations start with medium B over medium C' (a positive coupling
coefficient contrast).

Intuitively, the controlling factor seems to be whether the package of thin-beds
starts with a positive or negative contrast in coupling coefficient. To focus on the
effect of contrasts in coupling coefficients, we will now briefly investigate what hap-
pens to the thin-bed responses when we change the electrolyte concentrations in the
pore fluid.

Different Electrolyte Concentrations in the Pore Fluid

The electrolyte concentration in the pore fluid directly influences the zeta-potential.
For example, the empirical study by Pride & Morgan (1991) found

¢P = 8 + 26log;,C, (4.6)

to be a reasonable approximation of the zeta-potential (with the zeta-potential in
millivolts). Here, C' denotes the electrolyte concentration of the pore fluid in mol/L.
Revil et al. (1999) have demonstrated this equation from first principles using elec-
trical double layer theory. They provide a physical explanation for the two constants
that appear in equation (4.6). As we have seen, the zeta-potential on its turn, dir-
ectly influences the value of the static seismo-electromagnetic coupling coefficient £
(equation (2.9)).

Several laboratory studies have shown that a higher ionic concentration leads to
a lower seismo-electromagnetic coupling coefficient and a weaker observed seismo-
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Figure 4.59: Response for thin-bed geometries of the form A-C-B-C, varying with the amount of
layers NI for package thicknesses (a) 20 m. (b) 40 m. (c) 80 m. (d) 160 m. (e) 70 m. (dominant
S-wavelength) (f) 105 m. (dominant P-wavelength)

electromagnetic effect (e.g. Schoemaker (2011); Zhu & Toksoz (2013)). We here
focus solely on the effect of changing electrolyte concentrations. Therefore, all other
seismo-electromagnetic input model parameters are chosen equal to each other for all
three media (medium A,B and C), resulting in (more or less) equal seismic velocities
for all media. Since there are no seismic velocity contrasts, there are no coseismic
reflection arrivals to be expected in the records. The parameters that directly or
indirectly depend on the electrolyte concentration of course do change accordingly
(e.g. fluid conductivity), resulting in differences in the electromagnetic velocities
between the three media.

We use a package of PT = 80 m, with structure A-B-C-B. The electrolyte con-
centrations are chosen such that medium A has the highest electrolyte concentration
of 1-10~* mol/L and hence the lowest coupling coefficient with a value of 9.07-10~°9
m?-s-V~!. We vary the relative distribution of concentrations between medium B
and C, using values of 1-107° mol/L and 1-107% mol/L. In this way, either medium
B has a higher concentration than medium C, or vice versa. The corresponding
coupling coefficients are 1.15- 1078 m?-s-V~! and 1.4 - 108 m?.s-V~!, respectively.
The contrast in coupling coefficient between medium A and the package of thin-
beds PT now has a negative contrast (opposite to the results of Figure 4.57a). The
results are presented in Figure 4.60. Figure 4.60a shows the results where medium
C has a higher coupling coefficient than medium B, resulting in a negative thin-
bed contrast within the package PT (since PT starts with medium B over medium



218 4. The model: Numerical results of seismo-EM layer-code modeling

(). We observe, focusing on the first peak of the SIR, that with increasing NI,
the SIR response slightly increases as well. Figure 4.60b presents the results where
medium B has a higher coupling coefficient than medium C', resulting in a positive
thin-bed contrast within the package PT. We now observe that with increasing
NI, the SIR decreases. At first sight, this seems to be contradicting with the ob-
servations of Figure 4.57a, where a positive thin-bed contrast within package PT
resulted in increasing SIR with increasing NI, and a negative contrast resulted in
decreasing SIR with increasing NI. However, there is another difference between
the experiments resulting in Figures 4.57a and 4.60. In Figure 4.57a, the contrast
between medium A and package of thin-beds PT was positive, whereas for Figure
4.60, this contrast is negative. In both cases, when the combined result of the con-
trast between upper halfspace and package of thin-beds, and the internal thin-bed
contrast is positive, constructive interference occurs, whereas destructive interfer-
ence occurs when the combined contrast is negative. We can also observe in Figure
4.60b that a higher contrast between medium A and B results in a higher reference
response SIR. Besides the above observations, we can observe that the PIR response
in these experiments is also affected by the presence of thin-beds. In Figure 4.60a we
can see that the PIR has a smaller reference response than in Figure 4.60b, but has
a signal strengthening due to the presence of thin-beds. We can also observe that
the PIR waveform is slightly changed (this also slightly occurs for the SIR). This
impedes the interpretation of the interference patterns: it is difficult to determine
whether signal strengthening or weakning occurs with increasing NI.

1074 1074
1 1
— 05 05
E 0:, ........ “ E 0,:. ....... N Freeenennnnd E ‘\V .................
€ —05)f < -0.5)f
ER oo N
z == 2 ||z, N
—Lo — —Lof —
72f === REF: HSA-HS | 72§ === REF: HSA-HS |
0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

timels]

(a)

timels]

(b)

Figure 4.60: Response for thin-bed geometries of the form A-B-C-B, varying with the amount of
layers N for package thickness PT = 80 and varying coupling coefficients. (a) Relative distribution
of coupling coefficients: medium A < medium B < medium C. (b) Relative distribution of coupling
coefficients: medium A < medium C < medium B.
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Random models

To exclude the possibility of introduced artefacts due to the periodicity of the thin-
bed models under consideration, we investigate the signal interference patterns for
a model with package thickness PT = 80 m, where the added sublayers have either
arbitrary arbitrarily chosen by the user or mathematically random bed thicknesses.
The random bed thicknesses are determined using a single uniformly distributed
random number generator in the interval (0,1), that calculates the random positions
(for a fixed amount) of the interfaces as a fraction of the sum of the random numbers
times the fixed package thickness. In other words, each layer is a random fraction
of the package thickness. We increase ‘randomisation’ going from arbitrary models
to random models. We still vary the amount of sublayers NI as we did before,with
the pattern A — B — C — B and so on. The results are presented in Figure 4.61a for
arbitrary bed thicknesses and in Figure 4.61b for random bed thicknesses.

We compare the results of Figure 4.61 with the result of the periodic thin-bed ex-
periments for a package thickness PT=80 m with equally thick thin-beds as presented
earlier in Figure 4.57a. We can clearly observe similar signal-enhancing interference
patterns for the shear wave related IR field. We can again observe that for increasing
amounts of sublayers, the multiple arrivals from the relatively thick sublayers (low
amount of sublayers) are being compressed and map at the arrival time of the shear
wave-related IR field. However, where in the periodic case the line representing a
total of 64 sublayers (NI = 64) yields the largest signal strength for the shear wave-
related IR field, in the case of arbitrary sublayer thickness of Figure 4.61a, both
NI =16 and NI = 64 result in the largest signal strength. Looking more closely, we
can still observe that for NI = 64, small multiples are being observed for example
at times slightly less than ¢ = 0.43 s. This might indicate that for NI = 64 and
PT = 80 m, the seismo-electromagnetic signal still did not fully reach its maximum
thin-bed sensitivity in thin-bed settings with arbitrary bed thickness. When we in-
crease the randomness of the bed-thickness, we can again observe that the multiples
are being compressed with increasing NI, but also the maximum amplification for
NI = 64 is less than in the case of periodic and arbitrary layering. Furthermore,
there seems to be a slightly bigger phase shift on the SIR responses for different
Nl in case of completely random bed thicknesses. Overall, the interference patterns
between Figures 4.57a, 4.61la and 4.61b look very similar, with similar multiple
convergence pattern. Therefore, we can conclude that the earlier discussed inter-
ference patterns are not artefacts due to the periodicity of the sublayer thickness,
but represent seismo-electromagnetic signal-enhancing (or destructive) interference
mechanisms. Nevertheless, there seems to be a higher amplification of the SIR when
the thin-bed thicknesses are less random. Also, the multiples seem to converge at
smaller NI in scenarios with less randomness for the bed thicknesses (or in other
words, higher periodicity).

Reservoir Monitoring: Oil-water contacts

We now focus on the sensitivity of the seismo-electromagnetic signals to different
saturating fluids. We investigate what happens when the relative thickness of two
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Figure 4.61: Response for thin-bed geometries of the form A-B-C-B, varying with the amount of
layers N1 for a package thickness of 80 m and with (a) arbitrary bed thicknesses (b) random bed
thicknesses.

different saturating fluids in a fixed package of rock of 30 m thickness (representing
a reservoir) changes. To this end, we simulate a medium, where the thickness of an
oil layer decreases and the thickness of a water layer increases. This situation occurs
for example in an oil reservoir during production. The starting-thickness ratio is 20
m oil layer and 10 m water layer. The water layer is fully-saturated, the oil-layer has
80 % oil-saturation and 20 % water-saturation. This leads to the relevant medium
parameters as presented in Table 4.4 (only the values differing from Table 4.3 are
presented), where the effective values for the oil-layer are displayed (i.e. saturation
has already been taken into account). We have included the effect of saturation in
a linear manner, which is allowed due to the volume-averaging principles that Pride
(1994) applied in deriving the seismo-electromagnetic theory. For viscosity, we have
used a logarithmic version of linear addition, as presented by Warden et al. (2013).
Figure 6.6 displays the results of the oil-water production simulation. The reference
response is the seismo-electromagnetic response from halfspace A over halfspace
B, where both halfspaces are fully water-saturated. Looking at the purely seismic
information of the coseismic fields, we can observe a phase delay due to dispersion
related to the presence of (the more viscous) oil. In addition, we can observe that
the presence of oil has a signal enhancing effect on the SIR field. The highest signal
strength occurs for the thickest oil-layer: 20 m oil layer, 10 m water layer, in other
words the starting-thickness ratio of this model. During oil production, when the
water content in the 30 m package increases and the oil layer gets thinner, the
shear-wave related IR signal strength weakens. Furthermore, we can observe that
the seismo-electromagnetic signal is very sensitive to the oil-water contact: an oil
layer of 0.2 m thickness (the line representing p2-29p8) is still slightly recognized.
Once the oil layer thickness reaches 0.02 m, the corresponding line overlaps with
the reference response, indicating that the seismo-electromagnetic signal does not
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Figure 4.62: Oil-water monitoring. Different colors indicate the coupled seismo-EM response for
situations with different relative thicknesses of oil-water saturation in a fixed package of rock of 30
m. The source is positioned at 3 = 100 m and has an amplification factor of 1109, the receivers
are placed at 3 = 700 m and the interface separating the upper halfspace from the 30 m package
of rock is located at 3 = 1000 m. The blue-dashed line represents the reference response from
halfspace A over halfspace B, both fully water-saturated.

sense the presence of oil anymore. The thickness of 0.2 m is far below the dominant
wavelength of the seismic shear wave generating this SIR, which is about 70 m.
According to Widess (1973), beds with thicknesses less than 1/8 of this dominant
wavelength, 8.75 m, are considered thin-beds. The seismo-electromagnetic signal
clearly has a very high sensitivity to the presence of oil-water contacts.

4.7.6 Discussion

We have studied the effect of changing electrolyte concentrations in the pore fluid
on the seismo-electromagnetic interference patterns. Unfortunately, we cannot dir-
ectly link these effects to the changing seismo-electromagnetic coupling coefficient
only: for example, the fluid conductivity also changes with changing electrolyte
concentration, thereby affecting the electromagnetic velocities. However, it seems
reasonable to address the observed changes to changes in the seismo-electromagnetic
coupling coeflicients, since physically speaking these coefficients control the amount
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Table 4.4: Overview of the relevant parameters and wave/field velocities for each of the different
media colorcor (only the deviations from Table 4.3 are presented). Media A and B are water-
saturated. To illustrate the frequency-dependency of certain wave/field-types, velocity ranges (the
real parts of the complex velocities) are displayed for the bandwidth under consideration. Note
that the EM-velocities are proportional to the square-root of frequency.

Physical quantity =~ Medium A (top hs) Medium B (layer or hs)  Eff. Param. Oil Layer

o [S/m] 0.93 0.93 0.19

&¢ [S/m] 0.12 6.18-1072 1.24-1072

C' [mol L1 1.0 -1072 1.0 -1072 0.002

el [ 70 70 20.4

7 [N s m™2] 1-1073 1-1073 1.4 1073

K/ [Nm™2] 2.25 -10° 2.25 -10° 1.49 -10°

o [kg m~3] 1.0 -103 1.0 -103 9.32 -102

Lo [m2- s V1] 3.64 -10~° 1.82.1079 5.35.1010

¢P V] -4.4.1072 -4.4-10~2 -6.22-1072

Py [m/s] 3166.73-3166.76 3163.19-3163.19 3015.65-3015.66
Py [m/s] 2.91-93.74 4.00-131.93 2.98-96.96

S vel. [m/s] 2110.79-2110.87 1952.83-1953.03 1958.49-1958.57
EM vel. [m/s] 3179.63-1.01-10% 4496.68-142233.38 10054.89-318044.72

of coupling between mechanical waves and electromagnetic fields. For other seismo-
electromagnetic parameters, it is even harder to uniquely determine the effect of
that specific parameter on the thin-bed interference patterns, since most seismo-
electromagnetic parameters are mutually related. We have of course considered a
simple situation where we only changed the electrolyte concentration of the pore
fluid. In reality, the chance that between different media other medium properties
also vary is high. Nevertheless, for monitoring purposes of for example oil or gas
production, this is an interesting observation, since we purely focus on changes in the
saturating pore fluid, and assume that the rest of the reservoir remains the same.
Despite probable changes in permeability during production, this is a reasonable
first assumption.

Our simplified oil/water contact modeling experiments simulating oil production
have proven that seismo-electromagnetic signals are very sensitive to oil-water con-
tacts. This observation has previously been made in laboratory experiments (e.g.
Smeulders et al. (2014)). We have modeled a situation with two immiscible flu-
ids using an approximative theory (Pride, 1994) in which the capillary effects are
neglected. This approach is unable to describe all physical mechanisms involved
in the wave propagation and attenuation in porous media containing two immis-
cible fluids. As an alternative, the formulations of Revil & Mahardika (2013) could
be used. However, macroscopically we believe that the observed sensitivity effects
of seismo-electromagnetic signals to oil/water contrasts are still valid, and only in
terms of amplitudes or exact interference patterns differences might occur when
using the formulation of Revil & Mahardika (2013). In our oil/water experiment,
we have observed that during oil production, when the water content in the 30 m
package increases and the oil layer gets thinner, the SIR signal strength weakens.
However, as we have also seen, effective strengthening or weakening of thin-bed re-
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sponses seems to be determined by the contrasts in seismo-electromagnetic coupling
coefficient. In the laboratory experiments by Smeulders et al. (2014), an increasing
interface response with decreasing oil-bed thickness was observed. However, this can
probably be explained due to the fact that in this laboratory experiment, a porous
sample was placed in a water tank. The pressure wave generated by the source in
the water, therefore experiences a contrast between pure water on both sides of the
sample (where the seismo-electromagnetic coupling coefficient is zero) and a porous
medium. The contrasts in coupling coefficients are then clearly different from our
modeled contrast, and therefore it is expected that different effects on the interface
response signal are observed, as we have also seen in our varying electrolyte modeling
experiments. However, now that we schematically have simulated an oil reservoir
during production, we can use our seismo-EM layer-code to try and validate, as a
next step, the oil/water contact seismo-electromagnetic laboratory experiments as
presented by Smeulders et al. (2014).

Since we of course only modeled a few scenarios and contrasts, we do not exclude
that different interference patterns might occur in for example media with different
medium parameters for the thin-beds and thin-bed contrasts, or for example when
investigating different seismo-electromagnetic source-receiver combinations. Also,
in our varying electrolyte simulations, the upper halfspace always had the lowest
coupling coefficient. Different interference patterns are to be expected when the
upper halfspace has a coupling coefficient that has a value that lies for example in
between the coupling coeflicients of the thin-bed layers. Besides focusing at amp-
litude changes, one could also try to study and exploit the fact that interference
patterns can cause phase shifts and waveform changes as well.

Are thin-bed geological structures the solution for the weak signal-to-noise ratio
of the seismo-electromagnetic signals that limits the use of this technique in the geo-
physical community? Probably not. What is more important is the awareness that
thin-bed geological settings can have serious consequences for the recorded seismo-
electromagnetic interface response signals, due to complex interference patters. For
example, a strong response in the record might be due to a strong reflector/contrast,
but might also be the effect of signal strengthening/weakening due to the presence of
thin-beds. Due to the complexity of the interference patterns and the many possible
parameter combinations that can influence these patters, it is very difficult to find
effective medium expressions that properly describe the response of the package of
thin-beds.

In reality, we of course cannot control the thickness of the beds that we en-
counter in the field and also not the order of the contrasts (determining constructive
or destructive interference). However, we have seen that we can distinguish two
limits of bed thickness: an upper limit of bed thickness that determines whether the
individual layers are still recognized or not and a lower limit that determines the
border from whereon further thinning does not affect the seismo-electromagnetic IR,
signal strength anymore. To have an effective medium response, the beds need to be
thinner than the upper limit. The lower limit than determines the maximum signal
strengthening or weakening that can occur, together with the total package thickness
of the thin-beds. The maximum amplitude tuning occurs for package thicknesses
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similar to the dominant wavelengths of the P- and S-waves. We can take this know-
ledge into account in our acquisition design. By changing the dominant frequencies
of the seismic source signal, we can effectively change the optimal tuning package
thickness for the generated waves. When we have a geological setting where con-
structive interference occurs, we can try to optimize the amplitude tuning effects
by playing with the source bandwidth. Combined with for example velocity ana-
lysis, this determined dominant wavelength can assist in determining the thin-bed
package thickness of the subsurface. Can we obtain the desired factor of amplitude
enhancement that we need to measure the seismo-electromagnetic signals? We are
not sure. However, the investigation presented in this section is carried out only
for one seismo-electromagnetic source-receiver combination and certain geological
models. Different models can result in different interference patterns, that might
lead to even greater amplifying effects. Furthermore, there might be differences in
signal enhancing for different seismo-electromagnetic source-receiver combinations.
Depending on for example the geological properties as obtained from boreholes, the
optimal seismo-electromagnetic source-receiver combination can be determined (i.e.
the combination that is to be expected to experience maximum signal strength-
ening) for the specific geological setting under consideration, and hence be taken
into account in the seismo-electromagnetic acquisition design e.g. which source- and
receiver-types to deploy. In addition, not only amplitude changes but also phase
changes and waveform changes have been observed. These phase and waveform
changes could be useful as well, but require additional investigation.

In this section, we have not focused on the sensitivity of coseismic fields to thin-
bed structures. It is important to realize that coseismic electromagnetic fields can
only provide localized information (at the receivers), since they co-propagate within
the seismic waves. Therefore, all seismo-electromagnetic information of the subsur-
face thin-bed structures has been lost from the signal once the coseismic fields reach
the receivers at the surface. The only information of the thin-bed structures left in
the signal is purely seismic information (and we have seen that seismic signals are
less sensitive to thin-beds than seismo-electromagnetic fields). Nevertheless, there
might still be some useful seismic information in the coseismic fields, for example the
observed phase delay due to dispersion related to the presence of (the more viscous)
oil.

The challenge of the weak seismo-electromagnetic signal-to-noise ratio is unfortu-
nately not solved yet. It is important to be aware that nature can help us in the form
of thin-bed geology, but can also make our lives more difficult due to complex signal
interference patterns that are hard to describe in terms of an effective medium. We
could try to take these geological settings into account in our acquisition designs and
the way we use our seismo-electromagnetic sources. Existing seismo-electromagnetic
signal enhancing techniques like seismo-electromagnetic focusing or specific filtering
techniques combined with a search for optimal natural signal enhancements due to
thin-bed geology could be a way forward. Combined efforts might yield the desired
amplification factor that is required for industrial and global geophysical applica-
tions.
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4.7.7 Conclusions

Using numerical seismo-electromagnetic wave propagation experiments through pack-
ages of thin-beds, we have shown that thin-bed geological settings can improve the
signal strength of the seismo-electromagnetic interface response fields. Increasing
amounts of thin-beds of can cause the shear-wave related interface response strength
to increase or decrease. In our experiments, the pressure-wave related interface re-
sponse fields are not visibly affected by the presence of thin-beds.

Both the thickness of the thin-beds as well as the amount of thin-beds play a
role in whether or not the multiples (created by the individual thin-beds) vanish in
the record (i.e., are compressed at the position of the shear-wave related interface
respounse field in the reference response (the response for which there are no thin-beds
present). We can distinguish two limits of bed thickness: an upper and lower limit.
The upper limit of bed thickness determines whether the individual layers are still
recognized or not. When beds are thinner than this limit, the package of thin-beds
starts acting like an ‘effective’ medium and the multiples vanish from the record. The
lower limit of bed thickness determines the border from whereon further thinning
does not affect the seismo-electromagnetic IR signal strength anymore, because the
bed thickness is below the sensitive resolution of the seismo-electromagnetic fields.
The upper limit seems to occur when the thin-bed thickness reaches a value of around
5 m thickness. This corresponds to thicknesses of 1/14 and 1/21 of the dominant S-
and P-wavelengths in our models, 70 m and 105 m, respectively. The lower limit,
from whereon further thinning does not affect the signal strength anymore, seems
to occur around 2.5 m thickness. This lower limit corresponds to 1/28 and 1/42 of
the dominant S- and P-wavelengths, respectively. This is far below the conventional
seismic definition of a thin-bed.

Tuning package thickness experiments of 70 m and 105 m show that there seems
to be a maximum strengthening of the shear-wave related interface response signal
of a factor 3 for these package thicknesses. This is an indication that not only the
amount of thin-beds and the thin-bed thickness, but also the package thickness itself
plays an important role in the amplification of the shear-wave related interface re-
sponse fields due to thin-bed geological structures. The maximum amplitude tuning
occurs for package thicknesses similar to the dominant wavelengths of the P- and
S-waves.

Whether the thin-beds result in an effective strengthening or weakening of the
signal, seems to be determined by the contrast in seismo-electromagnetic coupling
coefficients between the different thin-beds. Specific experiments where the electro-
lyte concentration of the pore fluid was varied have shown that when the combined
result of the coupling coefficient contrast between the upper halfspace and package of
thin-beds, and the internal thin-bed contrast itself is positive, constructive interfer-
ence occurs, whereas destructive interference occurs when the combined contrast is
negative. Other interference patterns can occur for other combinations of contrasts,
impeding the description of seismo-electromagnetic thin-bed responses in terms of
‘effective’ media.

Arbitrary (user chosen) and mathematically random bed-thickness modeling ex-
periments resulted in responses that are very similar to the periodic bed-thickness
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results. We can therefore conclude that the observed seismo-electromagnetic inter-
ference patterns are not artefacts due to the periodicity of the bed thickness, but
truly seismo-electromagnetic signal-enhancing (or destructing) interference mechan-
isms. Nevertheless, there seems to be a higher amplification of the shear-wave related
interface response fields when the thin-bed thicknesses are less random. Also, the
multiples generated by the individual thin-beds seem to converge at smaller amounts
of thin-beds in scenarios with less randomness for the bed thicknesses (higher bed-
periodicity).

Our oil/water contact modeling experiments where the oil layer is gradually
thinned prove that the seismo-electromagnetic signal has a very high sensitivity to
oil-water contacts: an oil layer with 20% water saturation and of 0.2 m thickness,
a thickness of about ﬁ of the dominant wavelength of the shear wave generating
this response, is still slightly recognized. This is a clear indicator of the high seismo-
electromagnetic sensitivity for different saturating fluids.



Chapter 5

Theory and numerical results of
seismo-electromagnetic
correlation-based interferometry
with two-way fields

5.1 Abstract

We explore the application of interferometric techniques to the seismo-

electromagnetic system, which might eventually lead to an improved signal-to-noise
ratio of the weak converted fields. We present an effective way of deriving expli-
cit homogeneous space Green’s function expressions for the 2D SH-TE propagation
mode, using power-flux normalized eigenvectors. We derive the theory for interfer-
ometric retrieval of 2D SH-TE seismo-EM Green’s functions. Using a theoretically
desirable circular source configuration as well as a more realistic configuration with
sources placed along a line, we show that we can correctly retrieve the dynamic
seismo-EM 2D SH-TE response in a homogeneous medium, using seismic boundary
sources only. We demonstrate this for two source-receiver combinations: an electric
field and a magnetic field due to a seismic source, using explicit homogeneous space
Green’s function solutions. The volume source contributions account for the losses
in the acausal part of the retrieved response as well as the instantaneous source-
converted EM field. Using seismo-EM layer-code data, we then show that we can
also correctly retrieve the direct shear wave-related causal coseismic field in a ho-
mogeneous medium, in both phase and amplitude. To obtain a perfect match in
absolute amplitudes, we apply a single linear scaling factor. We finally carry out
interferometric experiments in a model containing a single interface at 800 m depth,
proving that we can correctly retrieve all 2D SH-TE causal seismic-related direct and
reflected coseismic fields, as well as interface response fields, by cross-correlation in-
terferometry, using seismic boundary sources only. These results are promising for
the application of 3D seismo-electromagnetic interferometry using our seismo-EM

227



228 5. Theory and results Seismo-EM interferometry

layer-code, and later on, in the field.

5.2 Introduction

In order to make the seismo-electromagnetic method feasible for industrial applic-
ations, we need to somehow enhance its signal-to-noise ratio. Recently, the oppor-
tunities for applying a seismo-electromagnetic beamforming technique to maximize
the seismo-electromagnetic conversion have been explored (Sava & Revil, 2012; Re-
vil et al., 2015). Another brute-force approach is to use vibroseis trucks to try and
boost the signal-to-noise ratio by sending large amounts of energy into the subsur-
face (Dean & Dupuis, 2011b; Dean et al., 2012). Having strong sources is not always
possible or desirable and is likely to boost the noise-levels as well.

From an imaging point of view, the principle of interferometry has been shown
effective for a wide class of phenomena, including purely seismic and electromagnetic
systems (Schuster et al., 2004; Draganov et al., 2006; Slob et al., 2007; Wapenaar
et al., 2008a; Schuster, 2010). When applying interferometry, responses recorded at
different receivers are cross-correlated in order to obtain the Green function between
these receivers. It can include the responses of both passive and active sources.
The cross-correlation process reorganizes measured data such that it may allow for
improved imaging compared to the situations where imaging algorithms are applied
to the measured data directly. When having downhole receivers, the virtual source
method based on interferometric principles (Bakulin & Calvert, 2006; Mehta et al.,
2007a) has been proven useful.

Recently, De Ridder et al. (2009) have shown that for a 1D scenario for the
SH-TE propagation mode, correct Green’s function retrieval via cross-correlation
based interferometry is possible using only seismic boundary sources. Eventually,
we desire to know the applicability of interferometric principles for seismo-EM field
data examples. We here make a first step towards this goal, and extend the theory
and configuration to a purely 2D scenario for the SH-TE propagation mode. Us-
ing explicit homogeneous space solutions derived directly from the system matrix
using power-flux normalized eigenvectors, we investigate whether we can retrieve
correct seismo-electromagnetic responses via correlation-based interferometry using
boundary sources only. Starting from a general interferometric Green’s function
expression that is derived from correlation-type reciprocity theorems (Wapenaar
et al., 2006; Wapenaar & Fokkema, 2004), we select a certain seismo-electromagnetic
source-receiver combination to illustrate theoretically the interferometric retrieval of
seismo-electromagnetic fields. We then present two numerical examples of interfero-
metric seismo-electromagnetic Green’s function retrieval in a homogeneous medium
using explicit homogeneous space Green’s function solutions. We numerically in-
vestigate interferometric retrieval of an electric field and a magnetic field due to a
seismic source, for a theoretically desirable circular source configuration, followed by
a more realistic line source configuration. We then follow-up with correlation-based
interferometry using seismo-EM layer-code data modeled in a homogeneous medium,
for the 2D SH-TE scenario. We finalize modeling a scenario with our seismo-EM
layer-code containing a single interface at 800 m depth, and prove that we can cor-
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rectly retrieve the causal coseismic and interface responses using seismic boundary
sources only.

5.3 Theory

5.3.1 Seismo-EM 2D SH-TE homogeneous space solutions

In 2D, mode separation into SH-TE and P-SV-TM occurs naturally. In this section,
we will focus on the 2D SH-TE propagation mode only. A similar analysis can be
carried out for the P-SV-TM propagation mode. We start by expressing the SH-TE
propagation mode into the following matrix differential equation

#F — AF = Sé(x3 — x3), (5.1)

where F* = (F!{,F%) denotes the two-way field vector, A is the two-way system
matrix and S = (S},S%) contains the two-way source terms, with x§ denoting
the x3-coordinate of the source position. We obtain the 2D field quantities, sys-
tem matrix and source terms by setting ks = 0 and dividing the 3D SH-TE field
quantities and source terms, which are presented in e.g. Haartsen & Pride (1997),
Grobbe et al. (2016a), by —jki, where j denotes the imaginary unit and k; is
the horizontal wavenumber in the z;i-direction (and ko the horizontal wavenum-
ber in the xo-direction). The 2D field vector is composed as F! = (&5, Ey) and
f‘g = (7%, —H,), which are the solid particle velocity, the electric field, the bulk
stress component and the magnetic field, respectively. Here the subscripts indicate
the orientation with respect to the right-handed Cartesian coordinate system and
the superscripts provide extra information about the field (or source) type (acting
on solid (s), fluid (f), bulk (b) and so on). The superscript ¢ denotes vector or matrix
transposition. The corresponding source vector is defined as S = (A, + hly, JI),
St = (- {fg - %Jgf} - jklsafr {Bgl + 532} 7—er — ﬁfzf - %J}f"), where 7133 is the
bulk external deformation rate density, j{" the external magnetic current density,
f2 the bulk dipole force source, fo the fluid dipole force source, hl, is the bulk
external deformation rate density, j§” the external magnetic current density, j§ the
external electric current density and where iLZ{Q = Egl and ng = iLgZ. Here, s = jw
(where w is the radial frequency) and the hat indicates the space-frequency domain
(or frequency-dependency). The SH-TE two-way system matrix reads

=~ [ 0 Ap
A2 Ae). 52

where the SH-TE two-way system submatrices are defined as

A A+k2 -

- 0 - o+ = X

A12=<ﬂ A)§A21: o’ NI : (5.3)
A e

Furthermore, 3 = e f ="+ su, X = spff, & = sp° and HF = 6¢ + se. In ad-
dition, 6™ is the frequency-dependent magnetic conductivity (chosen zero since we
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ignore magnetic relaxation losses), i = pop., the product of the magnetic permeab-
ility in vacuum and the relative magnetic permeability, p/ being the density of the
@)
pE

where pP is the bulk density and p¥ = i (with n being the viscosity of the fluid

_ ¢of
= 9o

fluid, £ representing the seismo-electromagnetic coupling coefficient, p¢ = p® —

and k the permeability of the medium). Furthermore, ¢ is the frequency-

dependent electrical conductivity with ¢ denoting the porosity of the medium, o/ the
conductivity of the fluid and a, the tortuosity of the medium. Finally, ¢ = €ge,., the
product of the dielectric permittivity in vacuum and the relative dielectric permittiv-
ity. The 2D system matrix A can ‘again be decomposed into matrices consisting of its
eigenvectors and eigenvalues via A =LA,L™!, where L and L~ represent the com-
position and decomposition matrices, respectlvely7 that consist of the eigenvectors of
the SH-TE system matrix. A; = diag(—Tsy, —I'rg,Tsy,'rE), a diagonal matrix
consisting of the eigenvalues of the system, where '} HTE = V2 arE T k?. Similar
to Section 2.4, we use the following expressions for the Green matrices

G = —2jksLEGILE, (5.4)
G = 2A,L,GLE, (5.5)
Go1 = 2A,L,GLY, (5.6)
Goy = —2jksL,GILL. (5.7)

Here, G is a diagonal matrix consisting of the 2D scalar Green’s functions for the
two field types (horizontally polarized shear waves and transverse electric fields).
The space- frequency solution of this matrix looks like

G = dlag( Ko(yvsuR"™), 27TKO('VSHR”)). Here, Ko(ysureR"™) is the modified
Bessel functlon of the second kind and order zero. Its argument contains the spherical
wavenumber ysg rE = with ésg i representing the SH wave or TE field ve-

cSI-I TE
locities. Furthermore, R"® denotes the distance between the source position (super-

script s) and the receiver position (superscript r) R™ = /(2] — 27)% + (2} — 23)2.
We now have all ingredients to derive the desired explicit 2D homogeneous Green’s
functions expressions for the SH-TE propagation mode for each source-receiver com-
bination. This enables us to model all 2D SH-TE seismo-electromagnetic responses
in a homogeneous domain that are required for the application of interferometry.

5.3.2 2D SH-TE interferometry

Following the description of the 3D seismo-electromagnetic system in Wapenaar &
Fokkema (2004), we start by capturing the 2D SH-TE system also in the general
diffusion, flow and wave equation format: jwAu + Bt + D, = 8. Here 01 and §
contain the field and source quantities, respectively, whereas A and B are matrices
containing space-dependent material parameters and D, is a matrix containing the
spatial differential operators ai and ‘9 . Note that this A is different than before.

_ b b _ _
Here, 0! = (EQ,Hl,Hg,U2,7T23,7T21) and 8¢ = (31, 82, 83, 84, 85, 86), where §; =

—Js—Lf], 8 = —Ji", 83 = —J§", 84 = fi— 5 2 f1 85 = hbo+hby and 8 = hly+hb,.
For the details of A, B and D,, the reader is referred to Wapenaar & Fokkema
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(2004). By replacing the source vector § by a point source matrix I6(x — x4), the
field quantities in @ can be replaced by a Green’s matrix, resulting in

~

G(XB,XAM) =

CAT‘E2751 GE2732 G‘Ez,ss GE27S4 G‘Ez,ss G'Emse
G‘Hl,sl G’Hl,82 GAHI’SS G’Hl,84 éH1755 GHI;SG
G’HSvSI éHs,Sz GH3753 GH.%,SAL GH3785 G’H.%Se
él}z 381 GAU2782 é1)2783 é’U2784 G?)Q,Ss évg ;86 ?
Gras.s1 (mes,s2 (7es,ss (Tessa (YTesss (ITesise

Grass1 (3ras2 (32183 (3Te1sa (IT21ss (GT21.86

(5.8)

where x4 corresponds to the source location and xp to the receiver location and
the superscripts denote (receiver-type, source-type), according to their position in @
and 8§, respectively. Each of the elements corresponds to a Green’s function which
we can model using the homogeneous space Green’s function expressions as de-
rived in the previous section. We can now select the Green function for a certain
seismo-electromagnetic source-receiver combination and evaluate the interferometric
Green’s function retrieval expression as presented in Wapenaar et al. (2006):

G(xp,x4,w) + Gl (x4, xp5,w) =

- G(xp,x,w)N. G (x4, x, w)dx +
as

/ G(xp,x,w) (—2w%(A) +B+ BT> Gl(xa,x,w),
s
(5.9)

where the first term on the left-hand side represents the causal retrieved Green’s
function with the virtual source at receiver location x4 and the receiver at xg and
where the second term represents the acausal retrieved Green’s function with the
virtual source at receiver location xp and the receiver at x4. The dagger sign denotes
the complex conjugate transpose. Furthermore, the first integral on the right-hand
side is the boundary source integral, summing the contributions from different source
locations x to receivers x4 and xp and the second integral represents the volume
source integral. N, is the matrix consisting of normal vector elements n; and ns
with positions and signs equal to the organization of partial derivative matrix D,.
We will here focus on element (1,4) of equation (5.8), and evaluate expression (5.9)
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for this element considering only boundary source contributions, which results in

N A B
) §és [GE () (G) + GEP (G

+G " (—na) (G + G ™ m (G™)
+égz’S4n3(G3‘27ss)* _i_égzaszlnl(éy,ss)*

FOR (G G on () Sax, (5.10)

where the subscript B replaces the spatial and frequency terms in the Green func-
tion argument (xp,x,w) and where the subscript A replaces (x4, %,w). We model
all Green’s functions using a Ricker wavelet with a peak frequency of 30 Hz. In
the above equation, S denotes the power spectrum of this Ricker wavelet and the
asterix denotes complex conjugation. We will model the left-hand side of equa-
tion (5.10) as the reference response (that will be displayed in blue), whereas the
right-hand side will result in the interferometrically retrieved response (displayed
in red-dashed). Similar integral representations can be derived and modeled for all
other seismo-electromagnetic source-receiver combinations (including the combina-
tion of our second numerical example).

5.4 Numerical Results

5.4.1 2D SH-TE interferometry using homogeneous-space
solutions

Circular source acquisition

Our aim is to investigate whether we can retrieve the correct seismo-electromagnetic
response that we are after using correlation-based interferometry with boundary
sources only, preferably of a certain type. We first consider a 2D circular source
geometry in the (x1,x3)-plane with two receivers located at x4 = (0, —200) and
xp = (0,200) and 500 sources located at the boundary of the circle with centerpoint
= (0,0) and radius R=1200 m (see Figure 5.1). This will yield perfect illumination
from all sides.

Having illumination from all sides, we should theoretically be able to retrieve
the response matching in both phase and amplitude. However, the volume source
terms in equation (5.9) account for the losses. When losses occur, using only
boundary sources might not yield the desired retrieved responses. We consider a
porous, fluid-saturated medium with properties such that in the frequency band-
width under consideration (0-500 Hz), the shear wave velocity ranges from about
¢spg = 2110.8 — 2110.9 m/s and the transverse electric field diffusive velocity ranges
from about érp = 31421.5 — 1005811.5 m/s. Since we model a homogeneous me-
dium, only coseismic fields and source-converted fields are to be expected, and no
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Figure 5.1: Schematic overview of the interferometric experiments. Red indicates the source
positions, either circular or two line source configurations. The blue-dashed line indicates an
interface, the blue square is the center point of the circle, and the black triangles are the receivers
x4 and xp.

interface response fields. We use the explicit homogeneous space Green’s function ex-
pressions to model the responses. We investigate the retrieval of two source-receiver
combinations:

1. GE2’84(XB7XA,t)+Gv2781(xA’XB’_t)7
2. GH1’84(XB,XA,t)+Gv2’82(XA7XB’_t)’

where the positive times represent the causal responses and the time-reversals the
acausal responses. The distance between receivers x4 and xp is 400 m, resulting in
a direct coseismic or coelectric event at a shear wave arrival time of around t=0.19
s. Furthermore, we expect a source-converted field with EM velocity, arriving more
or less instantaneously at t=0. The results of these two interferometric numerical
experiments are displayed in Figures 5.2, 5.3, and 5.4, subfigures (a) and (b), respect-
ively. Starting by looking at Figure 5.2, we can observe that by using all boundary
sources, we correctly retrieve the desired direct shear wave coseismic event in the
causal part in both phase and amplitude, for both source-receiver combinations.



234 5. Theory and results Seismo-EM interferometry

1012 10710
1

= £

= = 08
= =06
2 £

5 %04
= £ 02
%, 5000
o o

I T 02
2 Z 04
5 208
z i —08
oy T
S TETS08-06-04-02 0 02 04 0.6 03 S TLTS08-0.6-04-02 0 0.2 04 06 08

time [s] time [s]

(a) (b)
Figure 5.2: Interferometric retrieval of 2D SH-TE source-receiver combinations using all bound-
ary sources for a circular acquisition geometry. Blue: reference, red-dashed: retrieved. (a) In-
terferometric retrieval of GF2:%4 (xg,x 4,t) + GV2:51 (x4,xp, —t) (b) Interferometric retrieval of
GH1s4(xp x4, t) + GV2%2 (x4, xp, —t).
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(a) (b)
Figure 5.3: Interferometric retrieval of 2D SH-TE source-receiver combinations using seismic
boundary sources only for a circular acquisition geometry. Blue: reference, red-dashed: retrieved.
(a) Interferometric retrieval of G¥2:%4(xp,x,t) + GV2:°1 (x4,xp,—t) (b) Interferometric re-
trieval of G134 (xp,x4,t) + GV2%2(x4,%xp, —1).

The acausal part of Figure 5.2a displays a polarity reversed direct arrival and two
additional spurious events. This also holds for the response of Figure 5.2b. We also
observe that the instantaneously converted EM arrival at t=0 s is not correctly re-
trieved using boundary sources only. The boundary sources only slightly contribute
to this source-converted EM field in Figure 5.2a, and hardly in Figure 5.2b. Based
on our knowledge from 1D results (De Ridder et al., 2009), we expect that by adding
the volume source contributions, the spurious events will vanish, the polarity of the
acausal direct shear wave arrival will be reversed, and that the instantaneous conver-
ted EM arrival will be retrieved correctly as well. In other words, the volume sources
which account for the losses in the medium are necessary to correctly retrieve the
events in the acausal part as well as the direct source-converted EM field. These
volume sources are not required to retrieve the events in the causal part. Since we
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(a) (b)
Figure 5.4: Interferometric retrieval of 2D SH-TE source-receiver combinations using EM bound-
ary sources only for a circular acquisition geometry. Blue: reference, red-dashed: retrieved. (a)
Interferometric retrieval of GF2:%4(xp,x4,t) + G251 (x4,xp5, —t) (b) Interferometric retrieval
of GH1:S4(xg x4, t) + G¥2%2 (x4, X5, —t).

are interested in the causal part of the response, the losses in the medium and lack
of volume sources do not matter. Figure 5.3 shows the retrieved response using only
seismic boundary sources (a more realistic acquisition scenario). For both source-
receiver scenarios (Figures 5.3a and 5.3b), we can still observe a correct retrieval of
the event in the causal part without visible amplitude losses. We see a very small
contribution of the seismic boundary sources to the source-converted EM field. Fig-
ure 5.4 shows the retrieved events using only EM boundary sources. In Figure 5.4a,
we can indeed observe that these sources do not contribute to the retrieval of the
shear wave velocity related direct coseismic fields, but they do contribute to the
instantaneously source-converted electric field at ¢ = 0 and to the spurious events
at negative times greater than ¢ = —0.25 s. Figure 5.4b emphasizes that the EM
boundary sources do not really contribute to the source-converted magnetic field,
and that this field should be almost completely recovered by the volume sources
accounting for the losses in the medium.

Line source acquisition

We now move on to a slightly more realistic acquisition scenario, where sources are
located at two horizontal lines above and below the receiver levels. We use two
source arrays located at —1200 m and 1200 m depth (see Figure 5.1). We apply a
far-field approximation, meaning that only the terms in equation (5.10) related to the
nz normal components are contributing. Based on stationary phase analysis of the
correlation gathers of G¥2:%4 (xp,x4,1)+G"2*1 (x4, %X, —t), presented in Figure 5.5,
we determine the maximum offset that we need for our source coverage. Based on this
stationary phase analysis, we determine we need about 1025 sources with a source
spacing of 4 meters to obtain enough illumination for the interferometric Green’s
function recovery. A Hanning taper with a taper length of 500 is applied, tapering
the non-stationary zones to avoid artefacts. We have already applied this Hanning
taper in Figure 5.5. We can clearly observe in Figure 5.5 that the Hanning taper
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nicely tapers most of the non-stationary zones in the correlation gathers, avoiding
artefacts in the interferometric retrieved result. The receivers are located at the
same positions as before, and we investigate the same Green’s function retrieval.

2000 —1,000 0 1,000 2,000 X —1.000 0 1,000 2,000 —1.000 0 1,000 2,000
source position [m] source position [m] source position [m]

Bow =100 0 1,000 2,000 X —1.000 0 1,000 2,000 Bow Lo 0 1,000 2,000
source position [m] source position [m] source position [m]

(d) (e) (f)
Figure 5.5: Cross-correllograms for both source acquisition lines, where a Hanning source taper
with a taper length of 500 has been applied; (a) all source types, upper source line at -1200 m (b)
seismic source types only, upper source line at -1200 m (c¢) EM source types only, upper source
line at -1200 m (d) all source types, lower source line at 1200 m (€) seismic source types only,
lower source line at 1200 m (£f) EM source types only, lower source line at 1200 m.
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(a) (b)
Figure 5.6: Interferometric retrieval of 2D SH-TE source-receiver combinations using all bound-
ary sources for a line source acquisition geometry. Blue: reference, red-dashed: retrieved. (a)
Interferometric retrieval of GF2:%4(xp,x,t) + G¥2°1(x4,xp5, —t) (b) Interferometric retrieval
Of GH1:54 (xBy XA, t) + G2 (XA’ XB> 7t)

Figures 5.6a and 5.6b show again a perfect dynamic retrieval of the causal direct
shear-wave related coseismic field. Comparing the red-dashed retrieved signal of
Figure 5.6a, with the circular source configuration of Figure 5.2a, the amplitudes of
the acausal spurious events are now slightly less, and also the source-converted field
contribution has a smaller amplitude. Figures 5.7a and b show the retrieved response
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Figure 5.7: Interferometric retrieval of 2D SH-TE source-receiver combinations using seismic
boundary sources only for a line source acquisition geometry. Blue: reference, red-dashed: re-
trieved. (a) Interferometric retrieval of G254 (xg,x4,t) + GY2%1 (x4, xp, —t) (b) Interferomet-
ric retrieval of GH1:%4 (xp, x4, t) + GY2%2 (x4, X, —1).
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Figure 5.8: Interferometric retrieval of 2D SH-TE source-receiver combinations using EM bound-
ary sources only for a line source acquisition geometry. Blue: reference, red-dashed: retrieved. (a)
Interferometric retrieval of GF2:%4(xp,x4,t) + G251 (x4, x5, —t) (b) Interferometric retrieval
of GH1:S4(xp x4, t) + G¥2%2 (x4, X5, —t).

using only seismic boundary sources. For both scenarios, we still observe perfect
retrieval of the direct shear wave coseismic event in the causal part without visible
amplitude losses. There is no visible contribution of the seismic boundary sources to
the source-converted EM field. Figures 5.8a and b present the retrieved events using
only EM boundary sources. In Figure 5.8a, we can indeed observe that these sources
do not contribute to the retrieval of the S-wave velocity related direct coseismic fields,
but they do contribute to the instantaneously source-converted electric field at t=0
and to the spurious events at negative times greater than t=-0.25 s. Figure 5.8b
emphasizes again that the EM boundary sources do not visibly contribute to the
source-converted EM field for the magnetic field recovery, and that this field should
be almost completely recovered by the volume sources accounting for the losses in
the medium.
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5.4.2 2D SH-TE interferometry using layer-code data

The interferometric examples thus far, have been obtained with an independent
numerical script, using the explicit analytical homogeneous space Green’s function
expressions. From these experiments, we can conclude that also for line source con-
figurations (i.e. having no perfect illumination from all sides), using the far-field ap-
proximation, we can still correctly retrieve dynamic seismo-EM 2D SH-TE responses,
using seismic boundary sources only. This paves the way to carry out interferometric
experiments with our layer-code ESSEMOD, where line source configurations can be
easily modeled, exploiting the lateral invariance of the layered-Earth medium. We
can model the required 2D SH-TE data using one source and an array of receivers
with the length of the required line source arrays, for example 1025 receivers with 4
m receiver-spacing, corresponding to the 1025 sources with 4 m source-spacing of the
homogeneous space line source experiments presented earlier. We apply the same
Hanning source taper as determined previously. We will focus on interferometric
retrieval of GF2%4(xp, x4,t) + G¥2%1 (x4, x5, —t).

Homogeneous Scenario

First, we will model a homogeneous scenario, where we choose all layers to be the
same medium, with identical medium parameters as used for the earlier described
interferometric experiments. The results are presented in Figures 5.9 and 5.10. We
can observe a perfect match for the direct shear wave-related coseismic causal event
in both phase and amplitude. To obtain a correct match in absolute amplitudes,
between the reference response in blue and the interferometrically retrieved result
in red-dashed, we have multiplied the reference response with a single scaling factor
of 6.2-103. We have determined this scaling factor by dividing the amplitude of the
retrieved response at t = 0.185 s with the amplitude of the reference response at that
time. This time corresponds more or less with the direct shear wave-related causal
coseismic field arrival time. Comparing these homogeneous results with the results
earlier obtained using the explicit homogeneous space Green’s functions (Figure 5.6,
5.7, and 5.8), we can observe some differences. First of all, the absolute amplitudes of
the results using the homogeneous space Green’s function solutions are in the order
of 10712, whereas the results using the seismo-EM layer-code data are in the order
of 1075, In other words, the layer-code data yields larger amplitudes. Furthermore,
the amplitude of the source-converted retrieved EM field using the layer-code data
(red-dashed line around ¢ = 0 s), is much larger compared to the result using the
homogeneous space solutions. The relative amplitude of the direct shear wave with
respect to the source converted field seems a bit weaker for the layer-code data
than for the homogeneous space solutions. Nevertheless, despite these differences,
there are also a lot of similarities. The two spurious events in the acausal part are
located at the same time in both experiments, the direct shear wave related causal
coseismic field is perfectly retrieved in both amplitude and phase, and the acausal
direct coseismic field has a polarity reversed retrieved field. The retrieved response
using the layer-code data has a larger amplitude than the reference response. This
is remarkable, and indicates, together with the fact that the absolute amplitudes of
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the results using the layer-code data are about 6 orders of magnitude larger than the
results using the homogeneous space solutions, that probably either some of the 2D
cross-correlated source-receiver combinations are modeled not perfectly correctly in
terms of amplitude in our seismo-EM layer-code, or that there is a simple constant
scaling factor lacking somewhere else in the 2D part of our layer-code program
(e.g. a factor in the spatial Fourier transformation). Nevertheless, the dynamic
match of the interferometric result, and the great similarities between the results of
both experiments, provide confidence that we can trust the interferometric results
obtained using our seismo-EM layer-code (except for a single scaling factor), allowing
to carry out interferometric experiments in layered-Earth scenarios.
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Figure 5.9: Interferometric retrieval of the 2D SH-TE GF2:%4(xp5,x4,t) + GY2°1 (x4,%xp5, —t)
source-receiver Green’s function combination in a homogeneous medium, using all boundary
sources, for a line source acquisition geometry. The data being cross-correlated are modeled with
our seismo-EM layer-code. Blue: reference, red-dashed: retrieved.

Looking at Figures 5.10a and 5.10b, we can again observe that the seismic sources
are sufficient to retrieve the direct shear wave-related causal coseismic field, and
that the EM sources contribute to the retrieval of the source-converted EM field.
Furthermore, for the retrieval of the acausal direct coseismic field and the source
converted EM field, we require the volume sources.

Scenario with an interface at 800 m

We now explore interferometric seismo-electromagnetic Green’s function retrieval in
the same model as used for the homogeneous experiment, but we add an interface at
800 m (so 600 m below receiver xp, ssee Figure 5.1). There is a contrast in porosity
(0.4 above and 0.2 below), static permeability (1.3 -107!2 m? above and 1.6 10712



240 5. Theory and results Seismo-EM interferometry

£ 12 E qof
= =
=08 Lot =08
2 06 u_/\/\,_ £ 06 /\Vf\
=04 L 04
\>_’/ 0.2 (’) 1" 0.2 0.3| \‘rj,/ 0.2 f 0.2 0.3|
“ 0 i 7 0 e

+ Q .
2y 02 2y 02
T —04 T —04
=06 =06
T 08 T 08
m 1 m -1
i) )
512 512
&5 14 & 14 i
Ty —1 —08-06-04-02 0 02 04 06 08 Ty T —08-06-04-02 0 02 04 06 08

time [s] time [s]
(a) (b)

Figure 5.10: Interferometric retrieval of the 2D SH-TE G¥2:%4(xp,x4,t) + GY2°1 (x4,Xp5, —1)
source-receiver Green’s function combination in a homogeneous medium, for a line source acquisi-
tion geometry. The data being cross-correlated are modeled with our seismo-EM layer-code. Blue:
reference, red-dashed: retrieved. (a) Retrieved Green’s function using seismic boundary sources
only. (b) Retrieved Green’s function using EM boundary sources only.

m? below), and electrolyte concentration (1 -10~* mol/L above and 1 -10~2 mol/L
below). We have zero-padded our data in the time domain, to avoid periodicity
effects. The expected arrivals are a source converted EM field, a direct shear wave-
related coseismic field around ¢ = 0.1896 s, a reflected shear-wave coseismic field
around ¢t = 0.76 s, and a shear wave-related interface response field, arriving at
one-way seismic time from the source level to the interface, t = 0.47 s.

The results are presented in Figures 5.11 and 5.12. We can observe a perfect
match for all causal events (except the source-converted EM field) in both phase
and amplitude. To obtain a correct match in absolute amplitudes, between the
reference response in blue and the interferometrically retrieved result in red-dashed,
we have again multiplied the reference response with a single scaling factor of 6.2 -
103. We have determined this scaling factor again by dividing the amplitude of the
retrieved direct shear wave-related causal coseismic field with the amplitude of the
reference response for that event, around ¢t = 0.185 s. We can observe that this
single scaling factor is sufficient to let the amplitudes of all causal events (except
for the source-converted EM field) match perfectly. In other words, it only requires
a constant, time-independent scaling factor. We can observe a spurious event in
the acausal times, at the location of the acausal interface response field. In Figure
5.12a, we observe that all causal events (except for the source-converted EM field)
can be correctly retrieved without visible amplitude losses, using seismic boundary
sources only. Also the polarity reversed direct coseismic acausal field is generated
solely by seismic boundary sources. Figure 5.12b emphasizes that the EM sources
do not contribute to the retrieval of these events. The seismic sources contribute
to half of the amplitude of the acausal spurious event (Figure 5.12a). The EM
sources contribute to the other half of the amplitude of this acausal spurious event,
as well as to the large amplitude of the source-converted retrieved field (Figure
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Figure 5.11: Interferometric retrieval of the 2D SH-TE GF2:%4(xp,x4,t) + G2 (x4,Xp, —1)
source-receiver Green’s function combination in a medium with a single interface at 800 m, using
all boundary sources, for a line source acquisition geometry in a homogeneous medium. The data

being cross-correlated are modeled with our seismo-EM layer-code. Blue: reference, red-dashed:
retrieved.
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Figure 5.12: Interferometric retrieval of the 2D SH-TE GF2:%4 (xp,x4,t) + GY2°1 (x4,Xp, —t)
source-receiver Green’s function combination in a medium with a single interface at 800 m, for
a line source acquisition geometry. The data that is being cross-correlated is modeled with our
seismo-EM layer-code. Blue: reference, red-dashed: retrieved. (a) Retrieved Green’s function
using seismic boundary sources only. (b) Retrieved Green’s function using EM boundary sources
only.

5.12b). The observations are again very similar to the observations made for the
homogeneous model. We can conclude that we can correctly retrieve all 2D SH-
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TE causal seismic-related direct and reflected coseismic fields, as well as interface
response fields, by cross-correlation interferometry, using seismic boundary sources
only. For the retrieval of the acausal responses, as well as the source-converted EM
field, we require volume sources that account for the losses in the medium.

5.5 Discussion

We have carried out correlation-based interferometric experiments for the 2D SH-TE
propagation mode. Experiments for the 2D P-SV-TM propagation mode, as well as
for the full 3D system where both modes are combined, will most likely lead to similar
conclusions. The observed differences in absolute amplitudes are probably related
to the integration constants of the Fourier transform. Besides interferometry by
cross-correlation, we can apply interferometry by multi-dimensional deconvolution
(MDD), using one-way decomposed fields (Wapenaar et al., 2011; Van der Neut
et al., 2011). The multi-component approach to decomposition requires recordings
of different field quantities (e.g. White (1965)). The seismo-EM scenario is described
by many different field quantities. It is practically unfavorable, or maybe even
impossible, that recordings of a wide-variety of these field quantities are required to
decompose seismo-EM field data into one-way fields. Therefore, in Section 6.1, we
will present an effective way of decomposing seismo-EM fields using recordings at
multiple depth levels, thereby reducing the amount of field quantities necessary for
the decomposition. The decomposed fields can then be used for e.g. interferometry
by MDD.

5.6 Conclusions

We have presented an effective way of deriving explicit homogeneous space Green’s
function expressions for the 2D SH-TE propagation mode, using power-flux normal-
ized eigenvectors. The theory for interferometric retrieval of 2D SH-TE seismo-EM
Green’s functions was also presented. Using both a circular source configuration
and a line source configuration, we have shown that we can correctly retrieve the
dynamic seismo-EM 2D SH-TE response in a homogeneous medium, using seismic
boundary sources only. This was demonstrated for two source-receiver combinations:
an electric field and a magnetic field due to a seismic source, using explicit homogen-
eous space Green’s function solutions. The volume source contributions account for
the losses in the acausal part of the retrieved response as well as the instantaneous
source-converted EM field. Using seismo-EM layer-code data, we have shown that
we can also correctly retrieve the direct shear wave-related causal coseismic field in
a homogeneous medium, in both phase and amplitude. To obtain a perfect match
in absolute amplitudes, a single linear scaling factor was required. Finally, the in-
terferometric experiments in a model containing a single interface at 800 m depth
prove that we can correctly retrieve all 2D SH-TE causal seismic-related direct and
reflected coseismic fields, as well as interface response fields, by cross-correlation
interferometry, using seismic boundary sources only.



Chapter 6

Methods and applications of
seismo-electromagnetic phenomena

6.1 Unified Multi-Depth-Level field decomposition’

6.1.1 Abstract

Wavefield decomposition forms an important ingredient of various geophysical meth-
ods. An example of wavefield decomposition is the decomposition into up- and down-
going wavefields and simultaneous decomposition into different wave-/field-types.
The multi-component field decomposition scheme makes use of the recordings of dif-
ferent field quantities (such as particle velocity and pressure). In practice, different
recordings can be obscured by different sensor characteristics, requiring calibration
with an unknown calibration factor. Not all field quantities required for multi-
component field decomposition might be available, or they can suffer from different
noise levels. The multi-depth-level decomposition approach makes use of field quant-
ities recorded at multiple depth levels, e.g. two horizontal boreholes closely separated
from each other, a combination of a single receiver array combined with free-surface
boundary conditions or acquisition geometries with a high-density of vertical bore-
holes. We theoretically describe the multi-depth-level decomposition approach in a
unified form, showing that it can be applied to different kinds of fields in dissipative,
inhomogeneous, anisotropic media: e.g. acoustic, electromagnetic, elastodynamic,
poroelastic and seismo-electromagnetic fields. We express the one-way fields at one
depth level in terms of the observed fields at multiple depth levels, using extrapola-
tion operators that are dependent on the medium parameters between the two depth
levels. Lateral invariance at the depth level of decomposition allows us to carry out
the multi-depth-level decomposition in the horizontal wavenumber-frequency do-
main. We illustrate the multi-depth-level decomposition scheme using two synthetic
elastodynamic examples. The first example uses particle velocity recordings at two

iThis section has been published as a journal paper in Geophysical Prospecting
doi:10.1111/1365-2478.12290 (Grobbe et al., 2016b). Note that minor changes have been intro-
duced to make the text consistent with the other chapters of this thesis.
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depth levels, the second example combines recordings at one depth level with the
Dirichlet free-surface boundary condition of zero-traction. Comparison with multi-
component decomposed fields shows a perfect match in both amplitude and phase for
both cases. The multi-depth-level decomposition scheme is fully customizable to the
desired acquisition geometry. The decomposition problem is in principle an inverse
problem. Notches may occur at certain frequencies, causing the multi-depth-level
composition matrix to become uninvertible, requiring additional notch filters. We
can add multi-depth-level free-surface boundary conditions as extra equations to the
multi-component composition matrix, thereby overdetermining this inverse problem.
The combined multi-component-multi-depth-level decomposition on a land data set
clearly shows improvements in the decomposition results, compared to the perform-
ance of the multi-component decomposition scheme.

6.1.2 Introduction

Separation of recorded fields into downgoing and upgoing constituents is a technique
that is used in many geophysical methods. Decomposed fields form the basis for
various surface-related multiple elimination and deghosting procedures (e.g. Frijlink
et al. (2011), Majdanski et al. (2011)) and for depth imaging using primary and
multiple reflections (e.g. Muijs et al. (2007)). Novel methodologies that make use
of horizontal downhole sensors, such as the virtual source method (e.g. Bakulin &
Calvert (2006), Mehta et al. (2007b), Alexandrov et al. (2012)) and multidimen-
sional deconvolution (Wapenaar et al., 2011), rely on decomposing the seismic field
at depth.

The principle of decomposition can be applied to all kinds of fields. However, ap-
plying field decomposition to a real data set is often quite challenging. The multi-
component (MC) field decomposition scheme makes use of differently recorded field
components, for example both pressure (p) and vertical component particle velocity
(vs) data for a purely acoustic case (e.g. White (1965), Day et al. (2013)).

In practice, recordings can be obscured by different sensor characteristics, requir-
ing calibration with an unknown calibration factor e.g. Schalkwijk et al. (2003),
Day et al. (2013). A way to find the calibration factor for land data with buried
receivers is described by Alexandrov et al. (2014). They make use of auto- and
cross-correlations between the geophone and hydrophone data (with muted direct
arrivals) and find the calibration factor by minimizing the auto-correlation energy
in a time window placed around an estimated two-way travel time. In addition to
the problem of an unknown calibration factor, the noise levels might be different for
different sensor types, resulting in different data quality for different fields (Burn-
stad et al., 2012). This can lead to unsatisfactory decomposed data. Furthermore,
not all field quantities required for MC field decomposition might be available. Es-
pecially, when dealing with more complex field phenomena (e.g. elastodynamic or
seismo-electromagnetic fields), the MC field decomposition requires measuring many
different field quantities. Let us focus for example on the elastodynamic fields. The-
ory tells us that for decomposing non-normal incidence elastodynamic fields into
upgoing and downgoing compressional waves (P-waves) and shear waves (S-waves),
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it is required to record, at a certain desired decomposition receiver level, all three
components of the particle velocity fields and all three components of the traction
tensor (Wapenaar et al., 1990). Depending on the setting and respective boundary
conditions, certain components might vanish. For example, considering a typical
land acquisition geometry with receivers placed at the Earth’s surface, it is well
known that the traction tensor is zero due to the Dirichlet boundary condition. As
a result, MC decomposition can be carried out with 3-component geophones only
(e.g. Dankbaar (1985), Nakata et al. (2014)). At the seafloor (for example in marine
Ocean-Bottom-Cable or Ocean-Bottom-Node acquisition), only the shear tractions
vanish, such that 4-component sensors are required (e.g. Schalkwijk et al. (2003),
Amundsen & Reitan (1995)). When considering an acquisitional setting with re-
ceivers placed in a horizontal or vertical borehole in the subsurface, all traction
and particle velocity components are non-zero. For this case, to carry out successful
elastodynamic MC field decomposition, registration of all six components is required.
However, shear tractions are in general not recorded, leading to an underdetermined
problem (Van der Neut et al., 2010).

In recent years, an acquisition design appears to emerge in the industry that
makes use of horizontal downhole sensor arrays (e.g. Bakulin et al. (2012b), Bakulin
et al. (2012a) Berron et al. (2012), Cotton & Forgues (2012)). Inspired by marine
acquisition designs that utilize recordings at multiple depth levels for successful
field decomposition (e.g. Moldoveanu et al. (2007), Van Borselen et al. (2013)), we
develop a multi-depth-level (MDL) field decomposition scheme for land acquisition.
This MDL approach uses configurations with field quantity information on multiple
depth levels, for example two horizontal boreholes that are closely separated from
each other. Alternatively, a combination of a single receiver array just below a free
surface combined with the natural (Dirichlet) free-surface boundary conditions could
be considered as well.

The MDL decomposition scheme might provide solutions to practical issues of
the MC decomposition scheme, since the MDL decomposition scheme requires only
specific field quantities to be recorded, and fields with different receiver signatures
or noise levels can be treated separately. In modern seismic acquisition, it can be
highly relevant to have a configuration of two horizontal boreholes that are closely
separated from each other. Effectively, a similar acquisition geometry, with record-
ings at multiple depth levels, can be obtained by having a high density of vertical
boreholes in a certain area (e.g. Bakulin et al. (2012b), Bakulin et al. (2012a)). In
the fields of microseismic monitoring and passive interferometry, downhole sensors
are often being deployed to reduce the noise level (e.g. Maxwell et al. (2010), Al-
magro Vidal et al. (2011) and Xu et al. (2012)). Applying the MDL decomposition
scheme using a single horizontal sensor array in combination with the free-surface
Dirichlet boundary condition, might be useful for these scenarios.

Since the principle of decomposition is not limited to acoustic fields only, we
will present a unified MDL decomposition scheme that can be applied to all kinds
of fields. In the appendices, we explicitly show how to apply the MDL theory
to acoustic, elastodynamic, poroelastic, electromagnetic and seismo-electromagnetic
phenomena. Special attention is paid to possible issues concerning the measurability
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of certain fields in 2D borehole configurations.

We will illustrate the MDL decomposition first with two synthetic examples for
a flux-normalized elastodynamic case. However, the MDL decomposition problem
cannot always be solved. Depending on the acquisition design and the wave ve-
locities, the problem can be ill-posed at certain (notch) frequencies. In practice,
these problems can be circumvented by designing appropriate notch filters (see e.g.
Appendix A for the acoustic case). An alternative route is to integrate MC and
MDL decomposition, leading to a joint inverse problem that can be solved in the
least-squares sense, thereby combining the best of both worlds. We refer to this
approach as MC-MDL decomposition. We demonstrate with a field data example
that MC-MDL decomposition can lead to better decomposition results than pure
MC decomposition, since additional data are utilized.

6.1.3 Unified theory of multi-depth-level field decomposition

Our starting point is the following matrix-vector representation of the two-way wave
equation in the space-frequency domain (denoted by the hat), for a right-handed
Cartesian coordinate system where the positive zz-direction is pointing downwards
(depth),

Q%) _ 4 1y w)ig(ox, ). (6.1)

({91'3

Equation (6.1) expresses the vertical variations of the field quantities in §(x,w), in
terms of the medium parameters and the horizontal partial differentiation operators
in matrix A(x,w) acting on these field quantities (e.g. Woodhouse (1974), Kennett
(1983), Ursin (1983), Wapenaar & Grimbergen (1996)). The field quantities in §
are continuous across horizontal interfaces. Considering the fact that in the Earth
the major variations occur in the depth direction, it makes sense to take the vertical
axis as the direction of preference and separate the vertical variations of the field
from the horizontal variations of the same field. However, the coordinate system can
also be rotated and alternative expressions can be derived in for example curvilinear
coordinates (Frijlink & Wapenaar, 2010). In equation (6.1), x is the space-coordinate
vector (x1,xe,r3) and w represents radial frequency (we will omit these terms now
for notational convenience). Throughout this section, boldface symbols indicate
vector or tensor quantities. We use f(z;,w) = J75, fzi t)e 9+t as the definition
for the forward temporal Fourier transform. Throughout this section we consider
positive w only.

The general two-way wave equation holds for different kinds of fields in dis-
sipative, inhomogeneous, anisotropic media, e.g. acoustic fields, electromagnetic
wave and/or diffusive fields, elastodynamic fields, poroelastic fields and seismo-
electromagnetic fields (Wapenaar et al., 2008b). We can carry out the MDL decom-
position in the space-frequency domain, making use of pseudo-differential operators
as illustrated for an acoustic case in e.g Grimbergen et al. (1998). However, already
for the elastodynamic system this process is both mathematically and numerically
quite tedious. In this section, we will assume that the medium is laterally invari-
ant at the depth level of decomposition. This assumption allows us to carry out
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the decomposition in the horizontal wavenumber-frequency domain (denoted by the
tilde sign). We use the following definition for the forward spatial Fourier transform:
flky, ko, xs,w) = [0 [T f(ag,w)edkr@1eik2%2dyy dxy. The following general rela-
tion then holds between the recorded two-way fields and the decomposed one-way

fields
a Ly Ly \(p'
)= 1 : 2
( a2 ) < Ly Ly p )’ (62)

where the + sign indicates downgoing fields (in the positive x3-direction) and the
— sign indicates upgoing fields. For wavefields, p™ represents the one-way, decom-
posed downgoing field and p~ the one-way, decomposed upgoing field at a certain
level of decomposition. For diffusive fields, p™ is the field that decays in the positive
x3-direction and p~ is the field that decays in the negative zs-direction. Further-
more, L and LF represent submatrices of the composition matrix L that depend
on the horizontal wavenumber and the medium properties at the receiver level (e.g.
Ursin (1983), Wapenaar et al. (2008b)). Decomposed fields are not uniquely defined.
The fields can be normalized with respect to different quantities. Depending on our
wishes, we can retrieve the up- and downgoing constituents of a particular field
component (e.g. pressure or particle velocity normalization). Most of the mar-
ine wavefield separation/deghosting schemes make use of either pressure or vertical
component particle velocity normalization (e.g. Beasley et al. (2013b), Day et al.
(2013)). However, in principle any normalization of the composition matrix will
work. Throughout this section, we will consider a normalization based on power,
referred to as power flux-normalized composition matrices. One of the advantages
of using power flux-normalization is that favourable reciprocity relations hold for
the flux-normalized one-way fields (Frasier (1970), Wapenaar (1998)). In equation
(6.2), q1 represents a subvector of the two- Way field quantity vector q, being com—
posed from one-way fields by applying the L1 submatrices to the one-way fields p*
Slmllarly, Q2 is the subvector being composed from one-way fields by applying the
L; + submatrices to the one-way fields p*. Note that for both L and § q the subscripts
1 and 2 do not represent spatial directions.
In the multi-component (MC) field decomposition schemes, the downgoing and
upgoing one-way fields can be obtained by left-multiplying the two-way field vector
with the inverse of the composition matrix,

(F)-(5 &) (2) 0

Here, additional regularization can be applied or, alternatively, equation (6.3) can
be solved for by a sparsity promoting algorithm (Van der Neut & Herrmann, 2012).
When dealing with an power flux-normalized composition matrix, we can express
the inverse of the composition matrix in terms of the transposes of the composition
submatrices as follows

= _( —Ly(-km)' Lj(~kn),
t (kH)_( Li(-kn)! -Lf(-kp) ) (64
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Here, kg = (k1, k2) is the horizontal wavenumber vector. For notational conveni-
ence, the z3 and w arguments are omitted here. Equation (6.4) generally holds, i.e.
for both anisotropic and isotropic media. In case of an isotropic medium, we can
organize the field quantities in q in such a way that we obtain an anti-blockdiagonal
symmetry in the system matrix A. In this case, the following properties hold for
the composition submatrices Ly = LT and L; = —LJ. As can be observed in
equation (6.3), in order to be able to perform the up/down decomposition correctly,
all two-way field components of @ must have been recorded.

In the multi-depth-level (MDL) decomposition scheme, we express the one-way
fields at one level in terms of the observed fields at multiple levels. In this way,
we require only a certain selection of field quantities to be measured on multiple
depth levels for carrying out successful up/down decomposition. With closely we
here mean a distance over which it is reasonable to assume a homogeneous domain
between the two depth levels, or where smooth velocity variations can occur and
the propagators need to be correctly estimated from the data. It is important that
no reflectors are present between the two depth levels. Let us first illustrate the
principle of MDL decomposition in terms of the governing matrix-vector equations.
We start by defining equation (6.2) in terms of multiple depth levels. In this section,
we will develop MDL decomposition for the minimum requirement of two different
depth levels, x3.4 and z3,p, where 3.4 < x3,5. However, when information at
more depth levels is available, this can help stabilizing the decomposition procedure
(Van der Neut et al., 2013). We start expressing the decomposed downgoing and
upgoing power flux-normalized fields at one depth level in terms of the observed
fields at multiple levels. We do so by extrapolating one-way fields from one depth
level to another,

pp = WT(xsp,234)P%, (6.5)
ISE = F_(x3;Bax3;A)ﬁZ~ (66)
When using these extrapolation operators, it is implicitly assumed that the medium
between the two depth levels is source-free and homogeneous. For all kinds of fields,

the inverse extrapolation operator f‘*(xg; B,%3.4) in equation (6.6) is closely related
to the forward propagator W (x3.5,23.4) as:

]?‘7(333;3,333;14) = (W+($3;B,x3;,4))71. (6.7)

When we are dealing with purely propagating waves in a lossless medium, the fol-
lowing relation holds

F~(z3,5,73.4) = (W (23,5, 73,4))". (6.8)

Here, the asterix (*) denotes complex conjugation. The forward extrapolation oper-
ator W (z3.5,73,4), extrapolates the downgoing (+) fields downwards, from depth
level 3.4 to depth level x3.5. The inverse extrapolation operator F_($3;B7$3;A),
extrapolates the upgoing fields (-) downwards from depth level x3.4 to depth level
x3,p. The downgoing and upgoing forward extrapolation operators V~V+(w3; By T3:4)
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and W~ (23,4, 23.) are defined as
W (23,5, 234) = W (23,0, 23,8) = exp(—jHzsp — w3.4]), (6.9)

where —jH represents an n-by-n diagonal matrix containing the eigenvalues for each
of the n-wavetypes present in the system under consideration (for example n = 3
for the elastodynamic case, where the P-wave and S-wave are the wavetypes under
consideration). Note that the above equation (6.9) is a symbolic notation (due to
the use of a matrix in the argument of the exponent). Effectively, the exponent
of each of the individual elements in diagonal matrix H is taken. Since we are
dealing with laterally invariant media, H is a purely diagonal matrix with elements
that correspond to the vertical wavenumbers k3., and that can be defined for each
wavetype w as

ks = 4| = — K2. (6.10)

Here, the radial wavenumber is defined as £ = y/k? + k3, w denotes the radial
frequency and ¢, represents the complex, frequency-dependent velocity for each field
type (Wapenaar & Berkhout, 1989) (i.e. in its general form it includes attenuation).
Note that it is crucial to define the sign of the field extrapolation operators in such
a way that evanescent and diffusive fields decay. The sign of the square root in
equation (6.10) should be therefore chosen accordingly.

Let us look for example at electromagnetic fields. Similar to Amundsen et al.
(2006), we can express the complex electromagnetic velocity as

1

e= (6.11)
where

E=c+ % (6.12)

is the complex electric permittivity, consisting of the electric permittivity e, the
electric conductivity o and the magnetic permeability p, which is often taken equal
to the magnetic permeability in free space, po = 47 - 10~7. Examining equations
(6.11) and (6.12) more closely, we can distinguish three different scenarios depending
on the medium parameters and the frequencies under consideration. When the
term J% > ¢, which is effectively the case for very low frequencies (and/or high
conductivity values), we can neglect the first (electric permittivity) term and the
expression for the complex velocity becomes purely imaginary. We refer to this case
as purely diffusive fields (Figure 6.1(a)). We can observe that the ks-values in this
case start at a -45 degree angle in the complex plane (opposite real and imaginary
parts) for k = 0 and that both the real and imaginary parts of ks decrease with
increasing x-values. Going towards higher frequencies (and/or lower conductivity

values), the first term becomes more important and we are dealing with a ‘mixed’
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Figure 6.1: Real and imaginary parts of k3 in the complez plane. (a) Purely diffusive fields. Only
the sign of the imaginary part of ks needs to be constrained. (b) Wave propagation with losses.
Only the sign of the imaginary part of k3 needs to be constrained. (c¢) Wave propagation without
losses. In this case the sign of both the real and imaginary parts of k3 need to be constrained.

scenario; this scenario occurs for wave propagation in a medium with losses (Figure
6.1(b)). In this case the ks-value for x = 0 is almost purely real, and moves with
increasing values for k via combinations of non-zero real and imaginary parts of k3
towards an almost purely imaginary ks-value. Finally, when we reach a frequency
bandwidth that results in = < €, we can neglect the second term and the expression
for the complex velocity becomes purely real in the limit. This scenario occurs for
wave propagation in lossless media (Figure 6.1(c)). Here, k3 is in the limiting case
purely real for kK = 0 and remains purely real with increasing values for x until

2 . .
K2 = %, which can be described as
w
2 2
w w
kg;w = = /422, for /‘132 S o (613)
CU) cw

When k then further increases,

] w? w?
k3w = —j4 K2 — 2 for k%> 2 (6.14)

holds, resulting in purely imaginary ks-values in the limiting case. So in this scenario
we can basically distinguish these two separate cases (for our definition of the Fourier
transform).

What can be clearly observed in Figure 6.1 is that for the first and second case
(purely diffusive fields and wave propagation with losses) it is sufficient to constrain
the sign of the square root such that the imaginary part of k3 < 0. For the third
case, since we have obtained equations (6.13) and (6.14) by taking Ef(}’ ks actually

still has a very small imaginary part for propagating waves. Hence, by constraining
the sign of the imaginary part (equation (6.14)), the sign of the real part (equation
(6.13)) is still automatically determined as well.
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If o is exactly equal to zero (and w exactly real-valued), an ambiguous situation
is created for the third case of wave propagation in lossless media. To overcome
this ambiguity, we then need to constrain the signs of both the real and imaginary
parts of k3. Note that in this case equation (6.13) results in a purely real-valued
k3, and that equation (6.14) yields a purely imaginary ks. Since we want the real
part of the arguments of the exponents in equation (6.9) to be negative (in order
to avoid that the exponents blow up), we take the negative sign of the square root
in equation (6.14). We choose the correct sign for the real part (equation (6.13))
based on the fact that we desire that the phase decreases with increasing distance,
whereas the amplitude stays constant. One can physically link these choices to the
fact that for propagating waves in lossless media, the amplitude remains constant (no
losses), whereas the phase is decreasing with increasing distance. On the contrary, for
evanescent fields in lossless media, the phase remains constant whereas the amplitude
is decreasing with increasing distance. Please note that the first case of purely

diffusive fields as described above, is in principle also a limiting case, where the hﬁ)l
€

is taken, resulting in an almost purely imaginary complex velocity. However, for
this case, regardless of whether we consider the limiting case or whether we take ¢
exactly equal to zero, constraining the sign of the imaginary part is always sufficient
to constrain the problem, as can be observed in figure 6.1(a).

Imagine now a field situation where we have obtained only Qs field quantity
recordings, at different depth levels. According to equation (6.2) we can express the
two-way field quantities of 2 recorded at depth level x3.4 in terms of the one-way
up- and downgoing fields as

- - ph _
(LY Ly )( -4 ) = d2;4, (6.15)
Py
and for the recordings at depth level x3.p5
- - pr N
(Ly Ly )( B ) = Q2.8 (6.16)
Pp
Note that the subscripts A and B have been omitted in the composition submatrices,
since we have already assumed that the medium is homogeneous between those two
depth levels. If recordings at more than two depth levels are available, this procedure
can be extended for all possible depth levels. By using equations (6.5) and (6.6),

we can express the one-way fields for depth level 3.5 also in terms of the one-way
fields for level x3. 4,

(TsW+ i) ( P ) ~ o (6.17)

Combining equations (6.15) and (6.17) in terms of the one-way fields at depth level
23,4, We obtain

L L, PA d2;4
et T Pa ) _ ( dza ) 6.18
( LW+ L;F- ) ( P d2;B (6.18)
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or more general

S( P > = < T4 > (6.19)
Pa 92;B

Here, S represents the MDL composition matrix. When we assume that the me-
dium properties between the levels are known (for example from borehole data), the
extrapolators can be computed. Alternatively, one might be interested to estimate
the extrapolation operators directly from the data. One way of doing this is via
direct-field interferometry. For a discussion on interferometric propagator estima-
tion, the reader is referred to Van der Neut et al. (2013). We have now obtained an
expression relating the one-way fields at depth level x3.4 via the MDL composition
matrix S to the recorded two-way field quantities of the subvector g2 at both depth
levels 3,4 and z3.p. By multiplying both the left- and right-hand sides of equation
(6.19) with the inverse of the MDL composition matrix S—1, the one-way up- and
downgoing flux-normalized fields (for each wavetype (e.g. P-waves and S-waves in
the elastodynamic case)) at depth level z3.4 can be obtained

-1

5= ) = W+ LR do.
Pa L L, ¥ 925 (6.20)

—§( Q)
q2;B

In other words, the two-way field system under consideration has now been decom-
posed (for depth level x3.4), using only g field recordings at two depth levels. We
can invert the modified composition matrix S numerically at each frequency and
horizontal wavenumber individually. Additional regularization can be applied to
solve the inverse problem. Note that in this decomposition procedure we treat the
different vertical arrays simultaneously. The benefit of this procedure is that instead
of decomposing only for the plane wave, normal incidence (wavenumber k; = 0)
events, we decompose for all the angles of incidence. A drawback of this procedure
is that since we treat everything in the horizontal wavenumber-frequency domain,
our horizontal spatial sampling must fulfill the Nyquist sampling criterion. Be aware
that the inversion of the composition matrix in equation (6.20) might not always be
stable, due to the occurrence of notches at certain frequencies. The matrix inversion
is unstable, when the determinant of the composition matrix is equal to zero. In
other words, for certain frequency-wavenumber combinations and certain velocities
and depths, the field extrapolation operators can obtain a value that makes the rows
of matrix S no longer linearly independent (Van der Neut et al., 2013). Looking at
the definitions of the field extrapolation operators (equations (6.9) and (6.10)), it
can be seen that the notch frequencies are highly dependent on the vertical distance
between the receiver arrays (Day et al., 2013). The notch problem is further ad-
dressed in Appendix A, using the acoustic representation of the field data example
of this section. Bear in mind that similar notch problems can occur for all wave and
diffusion phenomena captured in this unified MDL scheme.
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In addition to the notch problems, alternative instabilities can occur for example
at the critical angles in the wavenumber-frequency spectrum. This is because at the
critical angle, ks = 0 and elements of the composition matrix L can contain divisions
by k3. The MDL decomposition of equation (6.20) will be illustrated by Synthetic
Elastodynamic Example 1.

Depending on the data acquisition geometry under consideration, one might
prefer to express the one-way fields at depth level x3. 4 in terms of the one-way fields
at depth level x3.5. This can be beneficial for example in passive geometries with
the earthquake or microseismic sources below the lowest receiver level 3. 5. Slightly
different to the basic case described above in equations (6.5) and (6.6), we then
express the up- and downgoing fields at x3.4 in terms of the up- and downgoing
fields at z3.p as

I‘BX = F+($3;A,I3;B)f)g, (621)

Py = W (234,238)Pp, (6.22)
where

F+(x3;z4a 133;3) = (W7 (‘TS;A7173;B))71~ (6.23)

Again, in the case of purely propagating waves,

F+(x3;z4a ‘TB;B) = (W_ (x3;A7 x3;B))*7 (624)

holds. The MDL decomposition procedure can be further modified according to
one’s preferences. For example, combinations of the field subvectors q; and g2 and
the corresponding submatrices of the composition matrix L, might be useful. For
example, when a certain depth level, in our case x3.4 since 3.4 < x3,p, coincides
with the free surface of the Earth (or for example the ocean-bottom), the boundary
conditions at that level might imply that certain field quantities in either q; or qs
are equal to zero.

Let us consider this specific case, where we move depth level x3.4 upwards such
that it coincides with the Earth’s free surface and where we assume that the (pass-
ive) source is located in the subsurface. We now assume that the field quantity
subvector q is zero at the free surface due to the Dirichlet boundary condition.
Hence, we do not explicitly need physical receivers at depth level x3.4. We combine
this constraint with the physical recordings of field quantity subvector q2 at depth
level x3.5. Analogous to equation (6.20), we can then obtain the one-way up- and
downgoing fields at depth level x3.5, by solving

- -~ - =~ -1, _
(5)-CHF 5 ) (%)
Ps L Ly a2;B (6.25)
_§1 ( Aua =0 )
q2;B

Alternatively, one could derive explicit expressions for f)g and pp using analytical
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expressions for the inverse of the composition matrix, yielding
- I IV
By = [L; ~ i {Trw} LfF*} d2.5, (6.26)

- e (e~ 41 -1
by = {LQ—L;{LTFJF} LIW‘} o5 (6.27)

The system of the wave/field phenomenon under consideration has now been
decomposed (for depth level z3.5), using only the field quantity recordings of field
subvector gz measured at depth level z3.5, combined with the fact that the field
quantities of the subvector q; at level 3,4 are zero. Note that if x3,4=23.5, equa-
tion (6.25) reduces to the MC decomposition scheme of equation (6.3). The applic-
ation of equation (6.25) will be illustrated with Synthetic Elastodynamic Example
2. Interesting to mention is the similarity between equation (6.25) and deghosting
procedures (e.g. Fokkema & Van den Berg (1993), Frijlink et al. (2011)). However,
in equation (6.25), the deghosting procedure is expressed more generally, holding for
all kinds of fields.

We can summarize the MDL decomposition theory using a general notation,
distinguishing between decomposition at the upper depth level and decomposition at
the lower depth level (hereby still assuming that x3.4 < x3.5). For the decomposition
at the upper level, we would like to express the one-way fields at level 3.5 in terms
of the one-way fields at z3.4

LI PA ) _ (@ , (6.28)
LW+ L F- P ax:B
where j and k can take up the values 1 or 2 and j is not necessarily equal to k.

Similarly, for the decomposition at the lower level, we express the one-way fields at
level 23,4 in terms of the one-way fields at x3.p

( LZ]‘? L;w ) ( Ps ) — ( dj;4 ) (6.29)
Lk: Lk Pp qk;B

Equations (6.28) and (6.29) form the basis of the MDL field decomposition scheme.

Theoretically, one can even set-up the decomposition problem in a similar way as

equations (6.28) and (6.29), but then trying to obtain one-way fields at both depth

levels, e.g. f)g and p,.

When looking at equations (6.28) and (6.29), we can observe that in order to suc-
cessfully carry out MDL up/down field decomposition, we either need field quantity
recordings at at least two depth levels x3.4 and x3.5, or recordings at one depth
level 3.5 combined with boundary conditions at depth level z3.4. One can imagine
that instead of measuring the full field quantity subvectors q; or g2 and their cor-
responding submatrices fq,g, one wishes to select only a few, easily measurable or
well-constrained field quantities of q; and g9 to solve the decomposition problem.
By selecting the desired rows of the composition submatrices corresponding with the
selected field quantities, the MDL decomposition can be carried out. Be aware that



6.1. Unified Multi-Depth-Level field decomposition 255

this can only be done if the selected rows that compose the matrix S have sufficient
rank. In other words, the matrix to be inverted should not be rank-deficient. If the
matrix is full-rank, the custom character of the adapted composition matrix S will
not cause any additional problems since the decomposition matrix is obtained via
numerical inversion. The customly defined combinations of measured or boundary
condition-defined field quantities and selected composition submatrix rows are not
explicitly defined in the general scheme of equations (6.28) and (6.29). Here, we
only want to point out the possibility of these kinds of combinations.

Please remain aware that the equations above are defined in the horizontal
wavenumber-frequency domain, implicitly assuming lateral invariance at the depth
level of decomposition. A similar scheme can be developed in the space-frequency
domain for inhomogeneous media, using pseudo-differential operators (e.g. Fish-
man et al. (1987), Grimbergen et al. (1998), Wapenaar et al. (2001), Wapenaar
et al. (2008b)). However, already for the elastodynamic case, the space-frequency
derivations become quite a tedious exercise, both analytically and numerically.

Now that we have obtained a unified MDL decomposition scheme, we can apply
the scheme to different wave phenomena. The Appendices A-E show in more detail
how to apply the scheme when dealing with acoustic, elastodynamic, poroelastic,
electromagnetic and seismo-electromagnetic fields. Throughout this section, we will
consider geometries where horizontal boreholes are located in the subsurface. The
MDL decomposition scheme is then applied to obtain up/down field separation. Be-
sides up/down decomposition, the scheme also decomposes the field quantities into
its different wave modes. One can theoretically imagine that when considering sur-
face measurements at several horizontal spatial locations and rotating the geometry
of the MDL scheme, one might also apply the MDL decomposition principles to field
left/right decomposition.

We will start illustrating the principle of the MDL decomposition scheme further
with two synthetic flux-normalized elastodynamic examples. In this case, q; = — T3
and Q2 = v and the flux-normalized composition matrix L is chosen according
to Wapenaar et al. (2008b). Here, 75 represents the traction vector acting at a
horizontal plane and v denotes the particle velocity vector. Note that for these two
synthetic examples no approximations regarding amplitudes have been made. After
the synthetic elastodynamic examples, we will present an acoustic representation
of a field land data example where the MC and MDL decomposition schemes are
combined.

Before we look in closer detail to the examples, let us make some final, but crucial
remarks regarding borehole measurements. First of all, one can imagine that if the
receivers are placed in a horizontal borehole, this results in a ‘line’ measurement.
Let us for example consider a horizontal borehole in the zi-direction. When we
then consider propagation/diffusion in a 3D medium, out-of-plane waves/fields are
still taken into account, and hence variations of a certain field quantity in the zo-
direction are still considered (e.g. Bleistein et al. (1987), Bleistein (1987)). This is
called the 2.5D situation. In contrast, we can consider a purely 2D situation where
effectively line-sources in e.g. the xs-direction are considered. In this situation, the
field quantity components have no variations with respect to the xo-direction. The
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resulting data are referred to as 2D (e.g. Bleistein et al. (1987), Bleistein (1987)).
In the 2D scenario, natural mode separation can occur for e.g. elastodynamic (P-
SV and SH mode), electromagnetic (TE and TM mode) or seismo-electromagnetic
(SH-TE and P-SV-TM mode) phenomena.

In addition, the type of borehole also plays a crucial role. For example, if the
borehole has a concrete casing and is filled with a fluid, this has consequences for
the receivers and types of fields that can be recorded. For example, theoretically
no shear waves will be measurable inside the borehole if it is fluid-filled. Certain
field quantities might then be zero at for example depth level z3.5, whereas the
field quantity is theoretically non-zero and measurable (in absence of the borehole).
However, in practice, shear waves are routinely measured in for example VSP and
logging using sensors in a fluid-filled borehole (e.g. Cheng & Toksoz (1981)). In this
section, we will develop everything from an ideal theoretical point-of-view. Keep in
mind that in reality, the situation is far more complex. Fluid-filled boreholes modify
the responses as for example formulated by Peng et al. (2003). This does not neces-
sarily mean that the MDL decomposition scheme does not work. On the contrary,
having for example shear wave measurements available in fluid-filled boreholes might
help the MDL decomposition scheme (it does need additional calibration).

In case of electromagnetic fields, metallic borehole casings can cause problems as
well. In the following synthetic examples, we assume that the receivers are buried
on a horizontal line in the subsurface, but not placed in a fluid-filled borehole. In
the field data example presented afterwards, the receivers are similarly placed in the
subsurface. We will use an acoustic scheme for decomposing this data set.

6.1.4 Synthetic Elastodynamic Example 1: Configuration with
Two Receiver Depth Levels

To illustrate the MDL decomposition approach, we will apply the method to a
synthetic elastodynamic example, using equation (6.20). We make use of a 2D elast-
odynamic finite-difference model (Thorbecke & Draganov, 2011), where receivers are
being placed at two depth levels 3.4 = 1000 m and 3.5 = 1010 m, below a strongly
reflecting salt body (see Figure 6.2). We consider the plane spanned by x; and x3.
Hence, the fields in the zo-direction in the field vector of Appendix C decouple. The
P-wave and S-wave velocities for the layer in which the receivers are located are 2500
m/s and 1800 m/s, respectively. The density of the layer is 1500 kg/m®. The source
is a monopole pressure source with a peak frequency of 20 Hz. We use the more
stable, alternative 2D versions of the power flux-normalized composition matrix L,
as presented in Wapenaar et al. (2008b). Figure 6.3 represents the original shot
records as recorded at depth level x3. 4, with the two-way physical field quantities
T13, T33, v1 and vz. Due to the complexity of the model, up- and downgoing events
are interfering. Furthermore, the presence of the strongly reflecting salt body results
in strong differences in amplitudes between down- and upgoing events.

We now carry out both MC and MDL field decomposition, resulting in the de-
composed fields of Figure 6.4, where the MC decomposed one-way fields are shown in
black and the MDL decomposed fields in red (dashed). There is an excellent match
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Figure 6.2: Geometry of Synthetic Elastodynamic Example 1. (a) The colors represent P-wave
velocities in m/s. (b) The colors represent S-wave velocities in m/s. (c) The colors represent
density values in kg/m3.

in both amplitude and phase. In other words, the MDL decomposition scheme man-
ages to retrieve the correct one-way fields at x3, 4 using only particle velocities at 3,4
and z3,5. There is a difference for the first upgoing P-wave event (Figure 6.4(c)).
The MC decomposition scheme shows a (black) event where this event is absent for
the MDL decomposition scheme. It turns out that this is leakage from the strong
downgoing P-wave energy. This is most likely caused by small numerical errors in
the computed pressure fields (in combination with the large relative strength of this
downgoing event), which had to be interpolated in time and space to align with the
particle velocity fields, because a staggered grid has been used in the finite differ-
ence code (Virieux, 1986). The MDL decomposition scheme does not suffer from
this problem, since it only uses particle velocity data.

For the MDL decomposition, we have carried out a damped least-squares inver-
sion of the customized composition matrix S, using a Tikhonov regularization with
damping factor of 1-107* of the maximum amplitude of SST. Here the dagger-sign
denotes the complex conjugate transpose.

It is very nice to see the effect of the strongly reflecting salt body. One can observe
in the downgoing fields (for both P- and S-waves) three pronounced downgoing
events, corresponding to the direct downgoing field and the internal multiples within
the salt layer. Also when looking at the two-way input data, one can clearly see
that the upgoing fields are obscured due to the presence of the salt body. However,
after decomposition, the upgoing fields are clearly distinguishable and similar results
are obtained for the MC decomposition and the MDL decomposition methods. In
addition, the MC and MDL decomposition schemes are handling the interference
between up- and downgoing fields equally well.

Note that for a 2.5D scenario, also To3 and vs should be measured for MC de-
composition, and only o2 should be measured additionally for MDL decomposition.
Similar results are then to be expected.
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6.1.5 Synthetic Elastodynamic Example 2: Configuration with
a Single Horizontal Sensor Array below a Free Surface

As mentioned above, the MDL decomposition procedure is fully customizable ac-
cording to one’s preferences. Here we will consider a special case, moving depth
level x3.4 upwards such that it coincides with the Earth’s free surface. Effectively
we have an acquisition geometry consisting of a single horizontal sensor array com-
bined with a free-surface constraint. We will use equation (6.25) as the governing
equation of the MDL decomposition scheme matching the acquisition geometry un-
der consideration. Again, a 2D finite-difference elastodynamic model will be used,
with receivers placed only at x3,5, at 5 m depth. We first consider a homogeneous
medium. The P-wave velocity of the medium is 2000 m/s, the S-wave velocity 1400
m/s and the density is 1000 kg/m®. A 45 degrees (anti-clockwise) oriented dipole
force source with a peak frequency of 20 Hz, buried at 2000 m depth, is considered
as the (passive) source. The only upgoing fields to be expected, are one upgoing
P-wave and one upgoing SV-wave. At the free surface, P-SV field conversion can
occur (Aki & Richards, 1980). Therefore, we expect two downgoing P-wave events
(P-P and SV-P) and two downgoing SV-wave events (P-SV and SV-SV).

The originally recorded two-way fields are presented in Figure 6.5. Due to the
45 degrees anti-clockwise diagonally oriented force source, the recorded fields reveal
asymmetric amplitudes along the hyperbolas. We again compare the results of the
MC decomposition and the MDL decomposition approach in Figure 6.6. The black
lines represent the one-way fields at depth level x3. 5 obtained via MC decomposition.
In this case, both stress and particle velocity measurements were required. The
MDL decomposition results are displayed in red (dashed). These up/down and
wave mode decomposed fields were obtained using only particle velocity recordings
at x3,p combined with the free-surface Dirichlet boundary condition of zero traction.
One can clearly observe that the MDL approach, using now only particle velocity
data at one depth level, again retrieves the correct one-way fields. There is a perfect
match in both phase and amplitude. In addition, the decomposition results show
indeed only the expected one-way fields, i.e. one upgoing P-wave and one upgoing
SV-wave, two downgoing P-wave events and two downgoing SV-wave events. Again,
by measuring additionally 73 and vs for MC decomposition and only 75 as extra
quantity for MDL decomposition, similar results are to be expected for the 2.5D
scenario.

The downgoing field can be interpreted as the elastodynamic free-surface ghost
of the upgoing field. The proposed algorithm can therefore be used for elastody-
namic deghosting. This can be very useful for passive data processing, for instance
for passive seismic interferometry (Draganov et al., 2006; Xu et al., 2012). In addi-
tion, decomposition has been used in combination with multi-dimensional deconvo-
lution of passive recordings at the surface (Nakata et al., 2014). Using MDL decom-
position, similar multi-dimensional deconvolution procedures can be carried out on
passive data with receivers located in the subsurface (which might lead to a better
signal-to-noise ratio of the recordings) (Almagro Vidal et al., 2014; Almagro Vidal
& Wapenaar, 2014).
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Figure 6.7: Geometry of Synthetic Elastodynamic Example 2 with velocity variations of -20% to
+20% with respect to the homogeneous velocities. (a) The colors represent P-wave velocities in
m/s. (b) The colors represent S-wave velocities in m/s.

So far, we have only considered scenarios where the correct velocity has been used
at the decomposition level as well as for extrapolating the fields between the different
depth levels. We will now investigate the sensitivity of the MDL decomposition
scheme to errors in the velocity model. We therefore consider the same acquisition
geometry as described for the homogeneous example above, but now with a velocity
model that experiences a horizontal gradient from —20% velocity error to +20%
velocity error with respect to the homogeneous P- and S-wave velocities (see Figure
6.7). The resulting two-way data is presented in Figure 6.8. We apply MC and
MDL decomposition using the homogeneous velocities. In this way, the effects of
using erroneous velocities on both the MC and MDL decomposition scheme are
investigated.

The results of both decomposition schemes are displayed in Figure 6.9. In black,
the results of MC decomposition using an erroneous velocity at the depth level of
decomposition are displayed. In red, dashed, the results are displayed of applying
MDL decomposition with erroneous velocities at the depth level of decomposition
as well as for the extrapolation operators. We can observe that the downgoing
P- and S- fields are correctly resolved and equally-well in terms of both phase and
amplitude. The upgoing P- and S- fields show leakage of downgoing energy (indicated
by the arrows), but again the amount of leakage is comparable for the MC and MDL
decomposition schemes. However, please note that it is crucial to have properly dealt
with the notch problems (due to e.g. notch filters), or that the distance over which
extrapolation takes place is small enough to avoid notches that overlap with the
data bandwidth. If this is namely not the case, the undesired notch effects on the
decomposition results will become more pronounced when using incorrect velocity
models.

Since we are here effectively considering a laterally varying medium, which is a
realistic scenario for (near-surface) land data, we know that theoretically the applied
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horizontal wavenumber-frequency decomposition approach is not valid. We predict
that the leakage (for both decomposition schemes) can be avoided when carrying
out the field decomposition in the space-frequency domain (e.g. Grimbergen et al.
(1998)).

For the MDL decomposition, we have carried out a damped least-squares inver-
sion of the customized composition matrix S, using a Tikhonov regularization with
damping factor of 1-107% of the maximum amplitude of SSft.

6.1.6 MOC-MDL Acoustic Decomposition applied to a Field
Land Data Set

Theory of the MC-MDL Decomposition

Following the MC decomposition procedure, up- and downgoing one-way fields can
be obtained by inverting the forward problem of equation (6.2). In the MDL de-
composition scheme, the decomposition problem is treated slightly different. We
have seen that using field extrapolation operators, we can express the one-way fields
at one depth level in terms of the observed fields at multiple levels. The synthetic
elastodynamic examples have shown that the MDL up/down decomposition obtains
correct one-way fields in both amplitude and phase. However, as discussed in Ap-
pendix A for acoustic fields, the MDL inversion can suffer from notches at certain
frequencies. The MC decomposition scheme does not suffer from these notches, but
might suffer from different sensor characteristics (Schalkwijk et al., 2003) or the fact
that differently recorded field quantities might not be of similar quality due to dif-
ferent noise levels (Burnstad et al., 2012). The success of the MDL decomposition
scheme on synthetic data combined with the discussion of the notch problems, has
led to the idea of combining the MC decomposition scheme with the MDL decom-
position schemes (MC-MDL), thereby combining the best of both worlds. We will
investigate this idea by applying it to an acoustic representation of a real land data
set recorded in Annerveen, the Netherlands. Here, the aim is to perform up/down
field separation at depth level z3.5.

We start by looking at the decomposition problem as an inverse problem. Using
equation (6.2) as the basic equation, we try to improve the decomposition with an
additional inversion constraint: the free-surface condition from the MDL decomposi-
tion scheme, where depth level 3. 4 coincides with the free surface. This corresponds
to the Annerveen acquisition geometry, where x3.4 = 0 m and z3,5 = 50 m. This
leads to the following overdetermined inverse problem:

a1p Lis  Lig ot

axp | =| Lip Ly ( 5 ) (6.30)
F4E - - B

0 L{,F* L ,W

For our field data example, we will consider scalar versions of equation (6.2), referred
to as the MC decomposition problem, and equation (6.30), referred to as the MC-
MDL decomposition problem. Here, §; = p, the acoustic pressure field, and o = 03,
the vertical component of the particle velocity (see also Appendix A for an extensive
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discussion on acoustic MDL field decomposition). The flux-normalized scalars L
and f/Qi, as well as the scalar field extrapolation operators W~ and F, are taken
as defined in Wapenaar (1998). For clarity, the subscripts A and B have been
added in equation (6.30). However, as discussed earlier, we assume that the medium
between depth levels 3,4 and 3.5 is homogeneous. Although the distance between
x3,4 and x3;p is only 50 m, and taking into account the near-surface geology of
this specific part of the Netherlands, this seems a valid assumption. Due to this
assumption we can omit the subscripts of the composition submatrices. As can be
observed, the added row in equation (6.30) overdetermines the inverse problem, but
does not require additionally recorded fields. The added equation makes use of the
Dirichlet free-surface boundary condition, that is, the pressure at the free surface
equals zero. We will now investigate whether this overdetermined inverse problem
improves the decomposition results of the Annerveen data set. The inverse problem
will be solved in the least-squares sense. Again, other approaches, like sparsity
promotion (Van der Neut & Herrmann, 2012), could also be considered. For both
the MC and MC-MDL decomposition, we have carried out a damped least-squares
inversion of the (customized) composition matrix S, using a Tikhonov regularization
with damping factor of le~* of the maximum amplitude of SST.

Up/Down Decomposition Results of the Annerveen data set

The data have been acquired on land in Annerveen, located in the North of the
Netherlands. One receiver array consisting of 96 receivers with a spacing of 11.75
m was buried at 50 m depth. In addition, 144 shots were fired at 4 m depth with a
source spacing of 11.75 m, alternating positions with respect to the receiver positions.
The receivers have registered both the pressure and vertical component particle
velocity fields.

Several initial data processing steps need to be performed, before we carry out the
field decomposition. We use standard filtering techniques to filter out the surface-
waves. In addition, all dead traces are removed. Since we are dealing with a pseudo-
2D data set, we correct the amplitudes by multiplying with the square root of time.
In addition, the data show quite a variety in amplitudes for different shots. There-
fore, we carry out a shot normalization, where we normalize the shotgathers with
the power of each shot. Since the MC-MDL decomposition scheme assumes depth
level z3.4 to be coinciding with the free surface of the Earth, and depth level z3.p
corresponding to the receiver level at 50 m depth, one can directly notice that our
source in this configuration is located between the two depth levels. The theory does
not account for this configuration. This has to do with the fact that in the derivation
of the field extrapolation operators (Wapenaar, 1998), it is assumed that no sources
are located between the depth levels. However, by removing the incident fields from
the data set (i.e. direct field and direct source ghost), the MC-MDL decomposition
can still be applied to the remaining reflected data set. We remove these direct fields
by applying a time gate, which has been selected by visual inspection (Figure 6.10).

We carry out the visual inspection looking at an average over 10 adjacent common-
source gathers. The underlying assumption of this approach is that the Earth is lat-
erally invariant over the distance of these 10 shots, which is a reasonable assumption
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Figure 6.10: Average over 10 common-source gathers. The black line represents the start of the
Hanning taper, separating incident fields from reflected fields, and has a taper length of 10 samples
downwards. The black arrows indicate a strong upgoing reflection and its receiver side ghost. We
make use of our knowledge of polarity reversal between the two data sets to estimate the P-wave
velocity. (a) Pressure data p (b) Vertical component particle velocity data v3
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Figure 6.11: Two-way reflected data. The boxes represent selected windows for data calibration.
The black box is used for calibrating p and 03 in MC decomposition. The black and the dark green
box are used for up/down calibration in the MDL decomposition scheme. (a) Pressure data p (b)
Vertical component particle velocity data vs
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considering the area of interest.

The crucial parameter for our acoustic MC-MDL decomposition that needs to be
determined, is the P-wave velocity in the layer between depth levels x3.4 and z3.5.
The P-wave velocity determines, via the vertical wavenumber k3, the forward and
inverse extrapolation operators W~ and FT, respectively. Furthermore, the P-wave
velocity is an important constituent in the composition matrix L (Wapenaar, 1998).
Here, we determine the P-wave velocity by looking at the arrival time difference
between a strong upgoing reflection and its receiver side ghost. To identify these
two events, we make use of the two individual pressure and particle velocity data sets,
and exploit our knowledge about polarity reversal of registered events. Effectively,
this means that p and vz have opposite polarity for the first upgoing reflection, but
identical polarities for the later arriving receiver side ghost. This can be clearly
observed in Figure 6.10, indicated by the two arrows. Based on the zero-offset time
difference between those two events and knowing the propagation pathlength (2 z
50 = 100 m), the P-wave velocity can be estimated. Our best estimate of the P-wave
velocity is ¢p = 1639 m/s. Exact knowledge of the density is not required, since
it appears as a scalar that occurs in each element of the composition matrix. To
precondition the inversion, we scale composition matrix element Lo from Wapenaar
(1998) with the impedance (with the density taken as 1 kg/m?), resulting in a
better-posed inverse problem.

We start with the MC field decomposition, according to equation (6.2). Since
both the pressure and particle velocity data are involved simultaneously in the MC
decomposition schemes, we want to make sure that the sensors are correctly calib-
rated. Therefore, we focus on a clear event in the two-way recorded data set and
select a data window around this event. We select the top, black box, as indicated in
Figure 6.11. The event in this data window is a purely upgoing event. We therefore
want to minimize the downgoing energy in this data window. We use a least-squares
minimization subtraction algorithm to find the correct scaling factor between the
pressure and particle velocity data that minimizes the downgoing energy and scale
the data accordingly. We now carry out the MC decomposition, resulting in the
decomposed flux-normalized one-way fields shown in Figures 6.12(a) and 6.12(Db).

Next, we focus on the MC-MDL decomposition. Looking at row 3 of equation
(6.30), we observe that the following relation must hold at the free surface

LTFYph = —LyW ™ pp. (6.31)

This equation also holds for an individual event. We enforce equation (6.31) to
hold by selecting a certain upgoing event and its corresponding downgoing event,
indicated with the two boxes in Figure 6.11. The term L1 pB then corresponds
to the selected downgoing event in the two-way pressure data set, illustrated by
the dark green boxes in Figure 6.11, and E;ﬁ]g to the selected upgoing event in
the two-way pressure data set, indicated by the black boxes in Figure 6.11. We
will propagate the two-way data set, including the selected upgoing event, forwards
(in the propagation direction) to the free surface using W-. Secondly, we will
propagate the two-way data set, including the selected downgoing event, backwards
(against the propagation direction) to the free surface. Here, equation (6.31) must



270 6. Methods and applications of seismo-electromagnetic phenomena

0.1

0.4

-200 400 600 ’ —-200 400 600

0 200 0 200
Offset (m) Offset (m)

(a) (b)

—-200 400 600 ’ —-200 400 éOO

0 200 0 200
Offset (m) Offset (m)

(c) (d)

Figure 6.12: Comparison of the decomposition results of the Annerveen land data set (a) MC
decomposed upgoing fields (b) MC decomposed downgoing fields (¢) MC-MDL decomposed upgoing
fields (d) MC-MDL decomposed downgoing fields.

hold. We now calibrate the two shifted two-way events at the free surface with
each other, using a least-squares minimization subtraction algorithm on the selected
event. A similar minimization problem has been defined for the vertical component
particle velocity field. Both minimization problems are solved for simultaneously.
We then apply this calibration factor to the composition matrix element containing
F+, corresponding to the downgoing fields (see equation (6.30)). The overall weight
of the extra equation in the inversion can be further tuned according to preference.

We are now all set to carry out the MC-MDL field decomposition. The decom-
position is carried out by least-squares in version of equation (6.30).

Figures 6.12(a) and 6.12(b) display the up- and downgoing MC decomposed
fields. The results of the overdetermined MC-MDL decomposition problem are
shown in Figures 6.12(c) and 6.12(d). What can be clearly observed is that by
adding the extra constraint to the inversion (the third row in the composition mat-
rix of equation (6.30)), we have improved the decomposition results, especially for
the downgoing fields (compare Figures 6.12(b) and 6.12(d)). In addition, it can be
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observed that the MC decomposition result has vertical ‘white’ bands at certain
offsets, corresponding to dead or noisy traces in the two-way recorded data. Our
MC-MDL decomposition result does not show these ‘white’ bands so strongly. This
is explainable due to the applied field extrapolation operators in the wavenumber-
frequency domain, implicitly yielding an interpolation between the traces.

6.1.7 Discussion

We have shown that the MDL decomposition scheme correctly decomposes different
kinds of fields. However, the MDL scheme might suffer from invertibility issues due
to the presence of notches. The notch problems have been investigated more closely
for an acoustic example (Appendix A). We have shown that notch filters can be
designed such that the MDL field decomposition for the acoustic case can still be
carried out using only pressure or particle velocity recordings. Similar notch filters
might be required for the other field phenomena treated in the appendices. The
notch filters remove certain (notch) frequencies from the data. Which frequencies
are missing depends on which data set is used for the decomposition. Since, for
the acoustic case, the pressure and vertical component particle velocity data are
complementary to each other, combining the two data sets will result again in full-
bandwidth decomposed fields.

A way to avoid suffering from notches in the frequency spectrum of the data is
to carry out deghosting in the space-time domain. Using single-component meas-
urements only (e.g. only pressure data), Beasley et al. (2013b,a) show that by using
the wave equation to simulate up- and down-going wavefield propagation between
the receiver level and the water surface, wavefield separation can be achieved. In
addition, Robertsson & Amundsen (2014) show that by using finite-difference mod-
eling to predict ghosts from upgoing waves (after removal of the direct wave) and by
instantaneously injecting these predicted ghosts, destructive interference takes place
with the recorded ghosts. In this way, successful deghosting in the space-time domain
is achieved, without suffering from notches. Furthermore, Amundsen & Robertsson
(2014) present a similar method for deghosting in the space-time domain that relies
on multi-component recordings. An important challenge of these space-time domain
decomposition approaches based on wave propagation is the fact that they require
unaliased data and hence fine receiver sampling (Beasley et al., 2013b). For 3D
deghosting this fine sampling is also required in the cross-line direction. In order
for the method to work, the water velocity, receiver depth and receiver positions
must be known. However, these are mainly challenges that also hold for most other
deghosting procedures (including our MDL decomposition scheme). If one would
like to apply a similar space-time domain approach to land data, the fact that the
velocities are required to be known might be problematic, and one should carefully
investigate the sensitivity of this method to the use of incorrect velocity models.
The same holds for the MDL decomposition scheme, for which we investigated the
velocity sensitivity in Synthetic Elastodynamic Example 2.

As we discussed in Appendix A, we can straightforwardly add the pressure and
vertical component particle velocity data (with some calibration factor) to obtain
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the full-frequency spectrum decomposed fields. Alternatively, one might for example
prefer to combine the two data sets in a very late stage. One possible way would be
via multidimensional deconvolution (Wapenaar et al., 2008b). The multidimensional
deconvolution method can be useful for e.g. surface- and sea bottom-related multiple
elimination (Wapenaar & Verschuur, 1996; Amundsen, 1999). Via multidimensional
deconvolution, that makes use of upgoing and downgoing (flux-normalized) fields,
the reflection response of the medium below a certain depth level can be obtained,
as if the medium above this depth level was homogeneous. The multidimensional
deconvolution procedure can be applied to different types of fields (Amundsen &
Holvik, 2004; Holvik & Amundsen, 2005; Van der Neut et al., 2010; Wapenaar et al.,
2008b). Instead of adding the pressure and vertical component particle velocity data
to obtain full-frequency spectrum decomposed fields, we can alternatively combine
these two data sets smoothly at the stage of multidimensional deconvolution, thereby
exploiting the benefit of treating the two data sets separately until a very late stage
of the imaging workflow. Despite the problem of the notches, one of the benefits
of applying MDL decomposition based on either pressure or vertical component
particle velocity data independently (for the acoustic case), is that sensor calibration
(as is needed for MC decomposition) is not required. Combining these two data
sets in the stage of multidimensional deconvolution also avoids the need of sensor
calibration, since the same sensor calibration functions act on both the up- and
downgoing fields. Therefore, they will occur at both the left- and right-hand side of
the multidimensional deconvolution equations to be solved and will drop out of the
equations automatically.

The MDL decomposition scheme makes use of recordings at multiple depth levels.
So far, we have shown land data examples, where recordings in a horizontal borehole
(or recordings using a high-density of vertical boreholes) on land were used. More
generally speaking, the MDL scheme needs recordings at multiple depth levels, ap-
plicable to any medium. One can think of combining for example marine (dual)
streamer data with Ocean-Bottom Node (OBN) data.

6.1.8 Conclusions

Applying field decomposition to a real data set is often quite challenging. The multi-
component (MC) field decomposition scheme makes use of differently recorded field
components, for example both pressure (p) and vertical component particle velocity
(v3) data in a purely acoustic case. In practice, recordings can be obscured by differ-
ent sensor characteristics, requiring calibration with an unknown calibration factor.
In addition, not all field quantities required for MC field decomposition might be
available and they may not always be of similar quality due to different noise levels.
Especially, when dealing with more complex field phenomena (e.g. elastodynamic or
seismo-electromagnetic fields), the MC field up/down decomposition requires meas-
uring many different field quantities.

We have presented a multi-depth-level (MDL) field decomposition scheme for
land acquisition that is inspired by marine acquisition designs that make use of
recordings at multiple depth levels for successful field decomposition. Our MDL
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decomposition approach makes use of configurations with field quantity information
on multiple depth levels, for example two horizontal boreholes that are closely sep-
arated from each other, or a combination of a single receiver array just below a free
surface, thereby exploiting the natural (Dirichlet) free-surface boundary conditions.

We have theoretically described the MDL decomposition approach in a unified
form, showing that in principle it can be applied to different kinds of fields in dissipat-
ive, inhomogeneous, anisotropic media, like for example acoustic fields, electromag-
netic fields, elastodynamic systems, poroelastic fields and seismo-electromagnetic
fields. The theoretical details of decomposing each of these types of fields, for later-
ally invariant media at the depth level of decomposition, are given in the Appendices
A-E.

Assuming that the medium is laterally invariant at the depth level of decompos-
ition allows us to carry out the MDL decomposition in the horizontal wavenumber-
frequency domain. We have illustrated the MDL decomposition scheme using two
synthetic elastodynamic modeling examples. We have first demonstrated that the
MDL decomposition scheme leads to correctly retrieved power flux-normalized one-
way fields, for both P- and S-waves, using only particle velocity recordings at two
depth levels. Secondly, we showed that when we have particle velocity recordings at
one depth level, in combination with the free-surface Dirichlet boundary condition
of zero-traction, we can correctly decompose the data into one-way fields as well.
Comparison with MC obtained decomposed fields shows a perfect match in both
amplitude and phase for both cases.

We have additionally tested the effects of using erroneous velocities on both the
MC and MDL decomposition schemes. For the considered example, we observed that
the downgoing P- and S- fields are correctly and equally-well resolved in terms of
both phase and amplitude. The upgoing P- and S- fields show leakage of downgoing
energy, but the amount of leakage is comparable for the MC and MDL decomposition
schemes. Please note that it is crucial to have properly dealt with possible notch
problems. Otherwise, the undesired notch effects on the decomposition results will
become more pronounced when using incorrect velocity models.

We have shown that the MDL decomposition scheme is fully customizable to the
acquisition geometry and measured field quantities under consideration. Care must
be taken that the customized composition matrix to be inverted is always of suffi-
cient rank. However, depending on the acquisition design and wave velocities under
consideration, notches may occur at certain frequencies, causing the customizable
MDL composition matrix to become uninvertible. Additional notch filters are then
required.

The success of the MDL decomposition scheme on the synthetic elastodynamic
data, combined with the problem of the notches, has led to the idea of combining
the MC and MDL decomposition schemes. The decomposition problem is in prin-
ciple an inverse problem. By adding an extra equation of the MDL decomposition
scheme to the MC composition matrix, we can overdetermine the inverse problem
and hereby better constrain the inversion. Since this equation makes use of the
Dirichlet free-surface boundary condition, where for the acoustic case the pressure
at the free surface equals zero, we do not require additionally recorded fields for
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this extra inversion constraint. Comparison of the results of this overdetermined
MC-MDL decomposition scheme with the results of the conventional MC field de-
composition, clearly showed improvements in the obtained one-way flux-normalized
fields, especially for the downgoing fields.
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Appendix

6.1.A Acoustic Field Decomposition, Notches and Filters

In this appendix we closely investigate the notch patterns for an acoustic case and
show that acoustic MDL decomposition can also be carried out using only pressure or
vertical component particle velocity data, in combination with notch filters. We use a
scalar version of equation (6.2) as the basic starting equation for field decomposition,
where we take g1 = p and ¢o = v3. Here, p corresponds to the acoustic pressure
field and v3 denotes the vertical component particle velocity field. We will focus
on single horizontal downhole sensor arrays combined with a free-surface constraint,
which corresponds to the acquisition geometry of our present field data example.
Let us consider two scalar versions of equation (6.29), where level x3.4 coincides
with the free surface and level x3,p is located at some arbitrary shallow depth level,
measuring either pressure or vertical component particle velocity fields. We locate
the source for example at the free surface. This leads to
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where o = 3. As can be seen, the same downgoing and upgoing decomposed fields
at depth level x3.p can be obtained in two independent ways. We can either apply
the inverse of the MDL composition matrix, S; L to a zero value of the pressure
field at level x3. 4 combined with a measured pressure field at 3.5 (equation (6.32)),
or apply the inverse §;31 to a zero pressure field at level x3,4 combined with a

~
measured vertical particle velocity at level z3.5 (equation (6.33)). Here, L1~ and

Ezi are again taken as defined in Wapenaar (1998). However, notches occuring at
certain notch frequencies, can cause the S matrix to become uninvertible. In both our
elastodynamic synthetic examples, the distance was small enough, to avoid suffering
from notches when solving the inverse problem. However, for certain distances,
notches will occur at certain frequencies overlapping with the data band. In these
cases, additional notch filters are required in order to be able to invert the MDL
composition matrices correctly. In our field data example we combined MC with
MDL decomposition, such that we did not suffer from the notches. Alternatively,
the following approach could be taken.

From a mathematical point of view, we expect the notches to occur in those
situations where the determinant of the composition matrix to be inverted, S,.,,,
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becomes zero (or close to zero). By evaluating when the determinant becomes zero
(or close to zero), we can analytically obtain information about the specific notch
frequency patterns at which the matrix becomes uninvertible (or poorly invertible).
Starting from equation (6.32) we can determine the notch patterns for the pressure
data. We can see that in case of a zero-determinant, the following equation holds

LTIy [ﬁ+ - W—] = 0. (6.34)

Besides the zero-solutions for LT (or for Ly in case of equation (6.33)), the term
in between the square brackets can be zero. Considering propagating waves, we can
apply equation (6.24) leading to

iy [(Vv—)* ~W]=o. (6.35)

Rewriting the term in the square brackets using Euler’s formula, yields the following
relation describing the notch patterns

W) - W = —2jS
( ) IV (6.36)
= —2jsin (—ks|rs,p — z3,4|) = 0.

When we start from equation (6.33), we can obtain the notch patterns for the ver-
tical component particle velocity data in a similar way. We can use the following

properties LT = LT and Ly = —L3. This leads to the following zero-determinant
condition
¥t {—F+ - W—} =0. (6.37)

Considering propagating waves, we can again apply equation (6.24) leading to
Lh Ly [_ (W—) - W—] —0. (6.38)

Rewriting the term in the square brackets using Euler’s formula, yields the following
relation describing the notch patterns

(W) W = —an{i-
( ) ) (6.39)
= —2cos (—ks|zs,p — w3,4|) = 0.

We can clearly observe that the notch patterns for the pressure and vertical com-
ponent particle velocity data follow a complementary trigonometric pattern (sine
or cosine) with identical argument. This complementary pattern has been widely
exploited for marine/OBC deghosting procedures (e.g. Day et al. (2013)).

As an alternative approach, as known from inverse theory, the condition num-
bers can provide us with information about the invertibility of a certain matrix.
The condition number represents the ratio between the largest and smallest singu-
lar value of the matrix. High condition numbers indicate that the matrix is poorly
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Figure 6.13: Wavenumber-frequency domain plots indicating the invertibility of the matrices Sp

and Sv;;- The plots show the inverse of the condition numbers for (a) the pressure field data (b)
the vertical component particle velocity data.

conditioned and therefore difficult to invert (Van der Neut et al. (2013)). Investigat-
ing the invertibility of S,,,, by looking at 1/(Condition Number), clearly shows us
the locations of the notches for both the pressure and vertical component particle
velocity data (see Figures 6.13(a) and 6.13(b), respectively). Since we here display
the inverse of the condition numbers, low values correspond to the notch frequencies
for that specific type of data. One can see that the two types of data are indeed
complementary to each other. In other words, where a notch occurs for the pressure
data at a certain frequency-wavenumber combination, the particle velocity field can
provide the data and vice versa.

We have designed two filters that follow these notch patterns and are also comple-
mentary to each other. To exploit the fact that the filters should be complementary
to each other, we have used sin?(a) + cos?(a) = 1. In this way we try to find a
certain a that matches the notch patterns, such that a maximum contribution is
given to the maximum amplitudes in the inverse condition number plots (corres-
ponding to low condition numbers and good matrix invertibility) and a minimum
contribution is given to the minimum amplitudes in the inverse condition number
plots. Using the analytical solutions of equations (6.36) and (6.39), we have found
that a = ks(zs,5 — x3,4) exactly follows the moveout patterns in the wavenumber-
frequency plots. The notch filters are therefore taken as w, = sin2(k3(x3; B—%3:.4))
and w,, = 1 — wy, for the pressure field and vertical component particle velocity
field data, respectively (see Figure 6.14).

Applying these filters to the MDL decomposition matrices Sp vy avoids suffer-
ing from the notches in the MDL decomposition. In this way, the acoustic field
up/down decomposition can be carried out using either solely pressure recordings at
x3,p combined with a free-surface, zero-pressure constraint or solely vertical compon-
ent particle velocity recordings at x3.p combined with a free-surface, zero-pressure
constraint (equations (6.32) and (6.33), respectively). The MDL decomposition res-
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Figure 6.14: Designed notch filters to deal with the notch frequencies and hence overcoming the
invertibility issues of Sp and S,;. (a) Notch filter for the pressure field data. (b) Notch filter for
the vertical component particle velocity data.

ults obtained by using either solely pressure field data or solely vertical component
particle velocity data are presented in Figures 6.15 and 6.16, respectively.

Since we have applied specific notch filters to each of the two data sets, certain
frequencies are missing in the resulting decomposed data. Which frequencies are
missing depends on which data set is used for the decomposition. However, since
the pressure field data and particle velocity field data are complementary to each
other, combining them will result again in full-frequency spectrum decomposed fields.

05 -200 0 200 400 600 05 —-200 0 200 400 600
Offset (m) Offset (m)

(a) (b)

Figure 6.15: MDL decomposition results of the Annerveen data set using only pressure recordings
at x3,p combined with a free-surface, zero-pressure constraint and after applying the designed
notch filter. (a) MDL upgoing fields using only pressure field data and a free-surface zero-pressure
constraint. (b) MDL downgoing fields using only pressure field data and a free-surface zero-
pressure constraint.
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Figure 6.16: MDL decomposition results of the Annerveen data set using only vertical component
particle velocity data at x3,p combined with a free-surface, zero-pressure constraint and after
applying the designed notch filter. (a) MDL upgoing fields using only vertical component particle
velocity field data and a free-surface zero-pressure constraint. (b) MDL downgoing fields using
only vertical component particle velocity data and a free-surface zero-pressure constraint.

Combining these two data sets can be performed at various stages.

A straightforward way of combining pressure and particle velocity data is to add
them. This addition can be designed in any desired way. One can for example
normalize the two data sets by the norm of the energy of each data set, before
adding them up. The underlying assumption is then that the total energy in the
two data sets should be identical. The result of this addition is shown in Figure
6.17. Comparing Figures 6.15, 6.16 and 6.17 with the MC or MC-MDL results of
Figure 6.12, again shows that similar results can be obtained by using only pressure
or vertical component particle velocity data.

Despite the drawback of the notches, the introduced independency between the
pressure and vertical component particle velocity recordings has an additional be-
nefit. As is well-known for field data, differently recorded field quantities can have
different receiver signatures superimposed. Each receiver modifies the recorded field
via a specific transfer function when converting it to a voltage (El Allouche (2011)).
Since we can treat certain field quantities separately in the MDL decomposition
scheme (p and o, for the acoustic case), a compensation for these sensor character-
istics is not required. The same transfer functions act on both the up- and downgoing
fields.

6.1.B Electromagnetic Field Decomposition

We start by capturing the electromagnetic problem in the format of equation (6.1).
When considering a medium that is invariant in two directions, it can be useful
to decouple the total 3D system into two independent electromagnetic propagation
modes: the transverse electric (TE) mode and the transverse magnetic (TM) mode,
resulting in mode field vectors (Nabighian, 1987). In 2D (when defining line sources
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Figure 6.17: Summed MDL decomposition results of the Annerveen data set using only pressure
recordings at x3,p or vertical component particle velocity recordings at x3,p (a) Upgoing fields,
by summing Figures 6.15(a) and 6.16(a). (b) Downgoing fields, by summing Figures 6.15(b) and
6.16(b).

in the crossline (z2—) direction), the mode separation occurs naturally. Since the
eigenvectors of the full electromagnetic system in laterally invariant media are well-
known (Slob, 2009), we here skip the theory of mode separation and directly describe
how to apply the MDL field decomposition scheme to arbitrary subsurface geomet-
ries, just like the acoustic and elastodynamic systems treated in this section.

Following Slob (2009), we might define the electromagnetic field vector q in this
case as:

E

- ai Ey
q= ( & ) = i, ) (6.40)
—H,

The whole electromagnetic system is described if we know four out of the six
existing electromagnetic field quantities (FE; and ﬁi). Recordings in a horizontal
borehole result in recordings on a ‘line’. Let us take the x;-direction as the direction
of our borehole, and refer to this direction as the inline direction. Not all components
of the electric field can be measured in a borehole. In the above described case, only

the inline electric field (E’l) can be measured in the borehole. Using coils, we can
additionally measure

jwBs = —E" = jwuoprHs, (6.41)
JwBo = jwpoprHa, (6.42)

where the subscript « can take the values 1 and 2. Here, By, (with £ =1,2 or 3)
denotes the different field components of the averaged magnetic flux density. The
coils can directly measure the time derivative of these magnetic flux densities. In
addition, for Earth materials the relative magnetic permeability ur ~ 1 and the
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magnetic permeability for vacuum fio is a known constant. The quantity £ denotes
the TE mode gradient of the electric field, which can be composed from the rotation
of the horizontal component electric field quantities Fy and Fs via,

E = —jk By + jkoF;. (6.43)

At depth, the TE mode gradient of the electric field is proportional to the vertical
component magnetic field Hs. We see that we can measure at least four compon-
ents in an xi-oriented borehole, where the magnetic fields are directly measured
with coils and the electric fields (El) with electrodes. In the space-frequency do-
main, a few electrodes in the zo-direction might be sufficient to measure the spatial
derivative in the xs-direction of the inline electric field in the xq-direction (space-
frequency version of equation (6.43)). Since we also know jwBs (space-frequency
version of equation (6.41)), we can calculate the derivative of Fs in the z;-direction
using the space-frequency versions of equations (6.41) and (6.43). Together with the
space-frequency version of equation (6.42), we have access to the required four elec-
tromagnetic components of our field vector. However, in the horizontal wavenumber-
frequency domain, we encounter some practical issues. Suppose we can measure the
spatial derivative of F) in the zo-direction. Transforming this field to the horizontal
wavenumber-frequency domain to determine jko E\ requires much more spatial meas-
urements in the xo-direction. This is practically impossible since we typically only
have one borehole with limited borehole size in the xs-direction. Hence, for an -
oriented borehole, we can only transform to the kj-domain. Equation (6.43) shows
that we then need to measure E», which is practically also impossible due to limited
borehole size in this direction.

The system can still be solved in the horizontal wavenumber-frequency domain,
in case of a purely 2D situation. In this case mode separation occurs naturally. The
TE-mode field vector then reads

o ()-(5)

the TM-mode field vector consists of

- (4)-(8), o

Now, no gradients are required to obtain the necessary fields. When we have an
acquisition geometry where the sources are located directly above an xi-oriented
borehole, Eg and ﬁl are zero in the (x1, z3) plane, leaving us with only a T'M-mode
electromagnetic system, which is the desired mode in electromagnetic acquisition for
hydrocarbon exploration.

When using these 2D field vectors for the MDL decomposition, it can be easily
seen that sufficient field quantities are measurable to carry out field decomposition.
The composition matrix L belonging to these 2D field vectors can be easily derived
from the 3D version as presented in Slob (2009). The MDL theory in this section
was presented in the horizontal wavenumber-frequency domain. When rewriting the
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system in terms of operators, the same MDL scheme can be applied in the space-
frequency domain for laterally varying media at the level of decomposition. An
example of how to apply these spatial operators for the electromagnetic case can be
found in Van Stralen (1997).

From the presented MDL decomposition scheme we know that we either need
to measure q; or qs. Depending on the acquisition geometry, we either look at
multiple depth level recordings or a single level recording combined with free-surface
constraints. None of the presented field quantities in either d{{’v or Qf V' have
a zero-value free-surface boundary constraint. Hence, in order to apply the MDL
decomposition scheme to electromagnetic phenomena, we need recordings at at least
two depth levels. Whether the borehole is fluid filled or whether the receivers are
buried in the subsurface does not make a difference for the electromagnetic case, since
all tangential field components are continuous at a horizontal fluid-solid interface
(Nabighian, 1987). However, the borehole wall should be non-metallic.

6.1.C Elastodynamic Field Decomposition

In the elastodynamic case, we organize the two-way field vector as follows

—T13
—T23

= ( G ) —| | (6.46)

Hence, q; = —73 and Q2 = V. Since the eigenvectors for arbitrary, laterally invariant
subsurface geometries are well-known for the elastodynamic system, we will here not
consider the mode separation in independent SH and P-SV propagation modes. Our
synthetic elastodynamic examples were based on 2D modeling. In this case, all xa-
directed field quantities in q and corresponding eigenvector elements in L decouple
(and do not exist in our 2D example). In equation (6.46), we have organized the
field quantities in such a way that the field quantities that are likely to be measured
(the particle velocity in §s) are separated from the ones that are unlikely to be
measured (traction components acting on a horizontal plane in ;). Alternatively,
we can organize the field quantities in such a way that the system matrix A obtains
an anti-blockdiagonal symmetry for isotropic media (Ursin, 1983):

U3
—T13
q= ( T ) = ™™ . (6.47)
—T33
U1
Vo

Once the eigenvectors are known for a certain arrangement of the field vector (for
example the arrangement of equation (6.46)), one can easily reorganize the field
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quantities and eigenvector matrix elements using permutation matrices (Wapenaar
& Berkhout, 1989).

For laterally varying media at the level of decomposition, all expressions need
to be evaluated in the space-frequency domain, and the use of pseudo-differential
operators is required. An example of how to properly use these operators is given
in e.g. Grimbergen et al. (1998) or Wapenaar et al. (2008b), for a 3D acoustic
and electromagnetic case, with 2D numerical examples. Elastodynamically, the
derivation becomes already much more tedious (Wapenaar & Grimbergen, 1996).
In addition, coding everything numerically correct in the space-frequency domain
might introduce new challenges. In the space-frequency domain we need to be
able to determine the derivative in the xo-direction (when considering a borehole
in the x;-direction), just like for the electromagnetic case discussed previously. Also
for pseudo-differential operators, a two-point measurement might not be sufficient
to determine these derivatives. Therefore, multiple parallel boreholes (z1-oriented
boreholes parallel in the xs-direction) might be required. A high-density of vertical
boreholes (e.g. Bakulin et al. (2012b), Bakulin et al. (2012a)) might be of use here
as well. A practical solution might be to assume the medium is purely 2D and hence
has no variations in the x-direction.

6.1.D Seismo-electromagnetic and Poroelastic Field Decom-
position

Seismoelectric phenomena deal with the coupling that occurs between seismic and
electromagnetic fields, when those fields propagate through a fluid-filled porous me-
dium. The governing equations as derived by Pride (1994), show that this complex
physical phenomenon can be described by Biot’s poroelasticity equations coupled
to Maxwell’s electromagnetic equations via a coupling coeflicient L. The theory as
derived by Pride (1994) holds for fluid-saturated porous media, which we will focus
on in this appendix. Recently, the theory has been extended to partially saturated
porous media (Warden et al., 2013). Since the necessary changes for this extension
do not directly affect the eigenvectors of the seismo-electromagnetic system, the
theory as presented in this appendix can still be applied.

One can capture the seismo-electromagnetic phenomenon in the form of equation
(6.1) (Haartsen & Pride, 1997). When considering a medium that is invariant in
two directions, the total system can be separated into two independent propagation
modes SH-TE and P-SV-TM. In 2D, this mode separation occurs naturally. The full,
mode-coupled eigenvector sets of the seismo-electromagnetic system for any arbitrary
subsurface geometry are not known yet. We here focus on the known eigenvectors
for the mode separated seismo-electromagnetic system (Pride & Haartsen, 1996;
Haartsen & Pride, 1997; Grobbe & Slob, 2013). In the SH-TE mode, the horizontally
polarized shear waves are coupled to the transverse electric fields, whereas in the P-
SV-TM propagation mode the pressure waves (fast and slow) are coupled to the
transverse magnetic fields via the vertically polarized shear waves. Here, Ppqqt
describes the fast compressional wave (the P-wave in the elastodynamic system)
and Py, describes the diffusive Biot slow compressional field (associated with an
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out-of-phase pore-fluid movement compared to the porous material (Kelder, 1998)).

Starting with equation (6.2), the field vector @ can be organized in different
ways. We can follow the order of the field quantities as presented by Haartsen &
Pride (1997). Alternatively, we here follow the system as used by Grobbe & Slob
(2013). The two main differences with the scheme of Haartsen & Pride (1997) are
that Grobbe & Slob (2013) have power flux-normalized their derived eigenvectors
and in addition have adjusted the system to correctly model situations where the
seismo-electromagnetic coupling coefficient is set to zero (i.e. when the poroelastic
system decouples from the electromagnetic system). In addition, Grobbe & Slob
(2013) make use of an opposite definition of the Fourier Transform (the same one as
is used in this section) compared to Haartsen & Pride (1997) and they use particle
velocity field vectors instead of displacement vectors.

We can treat the two modes separately in equations (6.1) and (6.2). The field
vectors for both the SH-TE (superscript H) and P-SV-TM (superscript V) modes
then read

~s,H
Qnorm

- ! EH
a = ( a1, ) = Zram (6.48)
92

norm

and

- qY iy
q" = ( glv ) = e . (6.49)

The superscript (H or V) indicates that certain field quantities are mode-quantities.
This means that the two modes need to be combined in 3D to obtain the true physical
field quantities. We have normalized the field quantities of the SH-TE and P-SV-TM
mode with a factor —jk, such that at the left-hand side and right-hand side of the
equation the same physical quantities are written. The different mode-quantities are
then defined as follows

Oporm. = %@—%ﬁi (6.50)
Al = DS (6:51)
BN, = %E2_%E~17 (6.52)
ay,.,. = %Flwk—jfb, (6.53)
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This normalization additionally aims to obtain a certain symmetry in the P-SV-TM
system matrix A" that helps to determine the power flux-normalized eigenvectors
of the composition matrix LY. In the above, 9§ (with i = 1,2 or 3) denote the phase-
averaged solid particle velocity field components, w3 the vertical component of the
Biot filtration velocity, p/ the phase-averaged fluid pressure, %Z.bg the bulk-averaged
stress components in the xs-direction, and Ea and ﬁa the horizontal components
of the electric field and magnetic field, respectively (with a= 1 or 2).

We know that for MC field decomposition all field quantities in q must be meas-
ured. For seismo-electromagnetics, a large number of field quantities needs to be
measured. In reality, not all field quantities can be measured (e.g. certain stress
field components or the filtration velocity are not measurable). They also might
be obscured by different sensor characteristics or noise levels. Finally, requiring to
measure many different quantities in the field makes the operation financially and
practically unfavourable.

From equations (6.28) and (6.29), we know that the MDL scheme is customizable.
We can select those field quantities that are easily measurable in reality, or that are
well-defined by certain boundary conditions. We thereby need to take care that the
customized composition matrix is of sufficient rank and notch problems are properly
taken care of.

We focus on a single horizontal sensor array at depth level x3.p and x3,4 coincid-
ing with the free surface. If we make use of the dynamic boundary conditions (Aki &
Richards, 1980), this implies that all stress components go to zero at the free surface:
7HV — 0 and pf = 0. Constraining the stress implies that the particle velocity
fields (kinematic boundary conditions) are then ‘free’ variables. In addition, at the
free surface, continuity of the horizontal components of the electromagnetic field
quantities holds. We can carry out MDL decomposition by having measurements
of either q; or Q2 at z3,5, with the field quantity subvector at x3,4 being equal
to zero. In the case of the SH-TE system, this means that we need at least two
field quantities equal to zero and have two measured quantities. For the P-SV-TM
system, we need four field quantities equal to zero and four measured quantities.

For Controlled Source Electromagnetics (CSEM), the TM-mode magnetic field
HY can be taken zero at the Earth’s surface under the diffusive field approximation
(Nabighian, 1987). Looking at the P-SV-TM system, we can now see that we have
four quantities that are zero at the free surface (the stress quantities, pore-fluid
pressure and the P-SV-TM mode magnetic field). At the measurement level z3.5,
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we then need to select 4 quantities that we can measure, for example 93, E,Yorm, P,
HY — or 9%V . Two of those quantities are directly measurable in the borehole
03 and p7. From the electromagnetic scenario we concluded that due to limited
borehole dimensions, we can only transform to the kj-domain (for an x;-oriented
borehole). So all combined mode quantities in the horizontal wavenumber-frequency
domain are hard to obtain since they all require an additional transformation to the
ko-domain. A difference between the mode electric fields and for example the mode
particle velocity fields is that the Es» component is additionally not measurable in
an zp-directed borehole due to the limited borehole size, whereas both the o7 and
03 particle velocity components are measurable.

When we carry out the field decomposition in the space-frequency domain, we
can determine the spatial derivatives with respect to the x1- and possibly also with
respect to the xo-directions. We can then obtain the four required field quantities
to carry out the MDL decomposition: 9§ and pf oV~ and ﬁxorm. However, for
this we need to be able to derive correct pseudo-differential operators, which will be
extremely tedious for this complex physical phenomenon.

It is good to be aware that certain seismo-electromagnetic source-receiver com-
binations (for example looking at a horizontal electric field in the z;-direction Ey
due to a vertical seismic bulk force source fé’ ), are purely described by the P-SV-TM
propagation mode (Grobbe & Slob, 2013). Hence, for these recorded source-receiver
combinations, MDL decomposition according to the P-SV-TM mode only is suffi-
cient.

For the SH-TE case, we see that only the stress field 7% is zero at the free
surface. The second required quantity at x3 4 should then be measured. So, we
can place for example a vertical magnetic coil at the free surface and measure EH.
Combining surface and buried measurements is for practical purposes not so at-
tractive, since surface measurements suffer too much from low fidelity, significant
noise (e.g. surface waves or power line noise) and low repeatability. However, when
x3,4 coincides with the Earth’s surface, we are for our measurements not limited in
any horizontal spatial direction. At depth level z3.p we can then select two field
quantities we would like to measure to solve the MDL decomposition problem for
the SH-TE mode. Since E¥ is directly measurable (equation (6.41)) this is a logical
choice. However, when trying to obtain the mode quantities H* and 97, the same
issues are encountered as discussed above for the P-SV-TM case. Luckily, as dis-
cussed in the other appendices, we can still solve the seismo-electromagnetic MDL
decomposition problem in the horizontal wavenumber-frequency domain in case of
a purely 2D situation.

When we look at the dual depth horizontal sensor arrays, we can select the
desired measurable field quantities for each mode at both depth levels x3.4 and z3.5
and adjust the composition matrix S accordingly. The issues in obtaining certain
field quantities due to limited borehole size now play a role at both depth levels.

Sometimes the mode splitting into SH-TE and P-SV-TM propagation modes
might not be useful or even not applicable, for example when we are considering
anisotropic media or in non-layered Earth systems. Alternatively, we can take the
field vector as defined in Wapenaar & Fokkema (2004), where all physical field
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quantities are directly present. However, this system is probably redundant and
the decomposition problem might be solvable with less field quantities (compar-
able to the electromagnetic case of Appendix B). Theoretically, we can describe the
field decomposition starting from equation (6.2). However, the composition matrix
L consisting of the eigenvectors of the full non-mode separated system of seismo-
electromagnetic equations is not yet derived. Furthermore, the equations should
be explicitly extended for anisotropic media. Nevertheless, if we assume that we
know the corresponding eigenvectors of the system of equations, we can select de-
sired measured field quantities and carry out MDL decomposition according to the
presented scheme. In this case we do not suffer from separate modes and mode
quantities that need to be combined via spatial derivatives and hence also not from
issues when transforming to the horizontal wavenumber-frequency domain.

The poroelastic system can be considered as a special case of the seismo-
electromagnetic system. If the seismo-electromagnetic coupling coefficient Lis equal
to zero, there is no coupling between the poroelastic system and the electromagnetic
system. In this case, we can treat the electromagnetic system and the poroelastic
system separately (Grobbe et al., 2014).

We can obtain the mode-separated poroelastic field vectors directly from the
seismo-electromagnetic field vectors by omitting the electromagnetic field quantit-
ies from equations (6.48) and (6.49) and keeping the order of the mechanical field
quantities the same.

So, starting from the seismo-electromagnetic eigenvectors used by Grobbe & Slob
(2013), removing the columns belonging to the TE and TM mode electromagnetic
fields and putting the coupling coefficient to zero, results in the poroelastic eigen-
vectors corresponding to this poroelastic field vector ordening. Alternatively, Jocker
et al. (2004) derive and present the poroelastic eigenvectors for a 2D scenario. As
discussed earlier, when we have line recordings in a borehole, this results effectively
in a 2.5D or 2D scenario. For the 2.5D scenario, we again encounter the same is-
sues in obtaining the mode quantities due to the limited size of a borehole. In 2D,
the mode separation in SH and P-SV modes occurs naturally, assuming line sources
in the xo-direction. In 2D the MDL decomposition problem is straightforwardly
solvable, similar to the scenarios discussed for seismo-electromagnetic fields.

Alternatively to mode separation, the full poroelastic system and correspond-
ing eigenvectors for arbitrary subsurface geometries can be used. However, to our
knowledge, the eigenvector system forming the composition matrix for 3D poroelastic
fields is not yet published. If these eigenvectors are known, we can select desired
measured field quantities. Measurements of four field quantities, e.g. three com-
ponent particle velocity recordings in combination with pore fluid pressure measure-
ments, would be sufficient to solve the MDL decomposition problem for poroelastic
fields.
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6.2 Towards Inversion:
Electromagnetic and seismo-electromagnetic
sensitivity analysis using resolution functions"

6.2.1 Abstract

We explore the use of resolution functions for the sensitivity analysis of the coupled
seismo-electromagnetic system, which is a multi-parameter problem. Using this res-
olution function analysis, we aim to provide a fast method to determine whether
seismo-electromagnetic signals are sensitive to certain subsurface parameters of in-
terest. We here present a first step in this direction. We start by explaining the
theory of resolution functions using a seismo-electromagnetic example. We define
the seismo-electromagnetic resolution function for inversion for a bulk density per-
turbation. We compute this resolution function as the least-squares solution to the
normal equation. The synthetic data and Green’s functions required to construct
the resolution function are computed with our seismo-EM layer-code. We demon-
strate the effectiveness of this method by first carrying out a purely electromagnetic
sensitivity analysis for a point perturbation in conductivity, located in an isotropic
homogeneous half-space. These results are compared with literature results based
on analytical homogeneous space Green’s function expressions. The result using
the seismo-EM layer-code modeling is nearly identical to the literature result. The
position of the scatterer is correctly resolved. We continue by investigating the elec-
tromagnetic sensitivity to point scatterers in a layered background medium, located
above and below highly conductive layers. Again, the resolution function is cap-
able of correctly mapping the scatterer when it is above as well as below a layer
of increased conductivity. Having a scatterer below this highly conductive layer
leads to a lower resolution. We finalize by presenting the results of the fully-coupled
seismo-electromagnetic senstivity analysis for a bulk density contrast for a specific
source-receiver combination, using single-frequency multi-component line data. We
show that the coupled seismo-electromagnetic system is sensitive to a perturbation
in bulk density and that the position of the perturbation can be correctly recovered.
This paves the way for studying the seismo-electromagnetic sensitivity for other me-
dium parameters, such as the seismo-electromagnetic coupling coefficient, as well as
for other source-receiver combinations.

6.2.2 Introduction

Several studies have already shown that the seismo-electromagnetic method can
provide supplemental information about porosity, permeability, and pore-fluid prop-
erties such as viscosity (Haines & Pride, 2006; Revil et al., 2007). This offers potential
to use seismo-electromagnetic signals for detecting and monitoring e.g. gas-water

iiThis section has been published as an extended abstract paper at the EAGE Conference &
Exhibition (Maas et al., 2015), and as a conference paper at the Japan Geoscience Union Meeting
(Grobbe et al., 2015). Note that additions have been made, and changes have been introduced to
make the text consistent with the other chapters of this thesis.
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and oil-water contacts (Smeulders et al., 2014). It can also offer useful applications
in the field of hydrology/hydrogeophysics, e.g. for characterizing and monitoring
aquifers (Dupuis et al., 2007). Furthermore, seismo-electromagnetic signals might
provide information on the near-borehole flow properties by the use of well-logging
techniques (Zhu & Toksoéz, 2005). We can observe that these medium parameters
(e.g. porosity, permeability, and viscosity) are explicitly present in the governing
equations describing the seismo-electromagnetic phenomenon (Section 2.1). The big
question is, how sensitive is the seismo-electromagnetic system actually to these
parameters?

Since the seismo-electromagnetic effect is determined by a combination of many
subsurface parameters which are often mutually related, inversion of seismo-
electromagnetic data for each of these parameters individually is costly. Therefore,
performing a sensitivity analysis prior to inversion is crucial. It can, for example,
focus on acquisition design or investigate time-lapse perturbations and more import-
antly, show whether the measured fields are actually sensitive to the parameter of
interest. Applying a quasi-static electromagnetic approach helps to simplify the sys-
tem, which can be beneficial to further develop the seismo-electromagnetic method
towards imaging and inversion (Jardani et al., 2010; Mahardika et al., 2012; Sava
& Revil, 2012; Revil et al., 2015). We here present a first step towards resolution
function analysis, aiming to provide a low-cost, fast method for determining the
sensitivity of seismo-electromagnetic signals to certain subsurface parameters.

We start by presenting the theory of resolution functions using a specific seismo-
electromagnetic example: we derive the resolution function for inversion for a bulk
density contrast, for a specific seismo-electromagnetic source-receiver combination.
Afterwards, we illustrate the sensitivity analysis by comparing an EM parameter
sensitivity analysis for a point perturbation in conductivity using seismo-EM layer-
code data, with literature results based on analytical homogeneous space Green’s
function expressions. We follow-up by investigating the EM sensitivity to point
scatterers above and below highly conductive layers. We then present the results
of the fully-coupled seismo-electromagnetic senstivity analysis for a bulk density
contrast, using single-frequency multi-component line data.

6.2.3 Theory: seismo-electromagnetic resolution function for
bulk density contrast

Let us start by defining a large background (or incident) domain D, in which the
smaller scattering domain D* is embedded (D* C D). The background model is
known throughout D (including D®), whereas the actual scattering parameters in
the scattering domain are unknown (see Figure 6.18). The scattering domain is
in most cases inconvenient or inaccessible for direct measurements, and is often an
area of interest such as a hydrocarbon reservoir. The objective of inverse scattering
problems is to gather information about the scattering domain from observations
outside of that domain (Oristaglio & Blok, 1995). The incident domain is associated
with the incident field: the field that is present in the entire domain if the scattering
domain has no contrast with the background domain. The scattered field is the field
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resulting from the interaction between the incident field, the contrast in medium
parameters between the incident and scattered domain and the total wavefield inside
the scattering domain. The incident field and the scattered field together form the
total field (Fokkema & Van den Berg, 1993):

a(x,w) = 4 (x,w) + 4 (x,w), (6.58)

where @(x,w) is the total field, @(x,w) denotes the incident field, and @°(x, w) rep-
resents the scattered field. The sources of the total wavefield are located outside
the scattering domain, but inside the background domain. In a situation where the
scattering has the same parameters as the background domain, the sources remain
present and therefore form the sources of the incident field (Fokkema & Van den
Berg, 1993). We assume that we know the medium parameters of the background
domain, and hence we know the incident wavefield, which can be expressed as a back-
ground Green’s function. We extend the boundary 0D of the background domain
to infinity, for which, in the case that both reciprocity states A and B are causal
in time (applying to physical wavefields), the far-field solutions for the wave equa-
tions apply, resulting in a vanishing surface integral contribution in the reciprocity
expression (based on Gauss’ theorem) (Fokkema & Van den Berg, 1993; De Hoop,
1995).

Expressing the scattered wavefield in terms of an integral equation, we can write
equation (6.58) in general terms as

a(x,w) = ' (x,w) + [ Go(x,x,w)x(x,w)a(x',w)d*x’, x ¢ D*  (6.59)
]D)S

where Go(x,x’ ,w) is the incident field expressed as a background Green’s function,
X(x',w) represents the scattering contrast, and 4(x’,w) is the total field in the
scattering domain. Since the scattering contrast as well as the total field in the
scattering domain are both unknowns, we have an underdetermined problem. We
need an additional constraint on the total field in the scattering domain. We can
define the same equation as (6.59), but now for the condition that x € D*. We can
substitute this equation in equation (6.59) and solve it iteratively, using a Neumann
series expansion (Born, 1926). If we consider first order scattering only (single
scattering from each point in the scattering domain), we select the first two terms of
this expansion: the incident field and first order scattering term, to approximate the
total field 4(x,w). Using this so-called Born approximation, the total field may be
defined in the space-frequency domain as the following integral equation (Oristaglio
& Blok, 1995; Maas, 2014)

s

10 Gew) = ') + [ Gl ), )i ()X (6.60)

where, 4! denotes that it is the first order approximation of @, and where we can
observe that the total field in the scattering domain is approximated by the incident
field (see also Figure 6.18).

Let us now consider a specific seismo-electromagnetic case, for the total particle
velocity field due to an electric current source é;; (x",x% w), with a scattering
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Figure 6.18: Schematic illustration of the incident (background) domain and the scattering do-
main and their boundaries. The black-dashed scattering path corresponds to the Born approx-
imation, where the incident field is scattered once by each point in the object. The red-dotted
scattering path corresponds to second-order scattering in the Neumann series. Figure is adapted
from (Oristaglio & Blok, 1995; Maas, 2014).

domain containing a spatially-dependent bulk density contrast function x”(x) =
(,61;‘ — ,61}3,)7 where A represents the incident reciprocity state and B represents the
true state. Using the Born approximation, we can express the total field as the
following integral equation:

G‘}’s (x",x% W) = G;’j” (x",x°,w) —|—/ [Xp (x) f)js (x",x%, x,w) |[d*x.  (6.61)

Equation (6.61) holds for a fixed pair of source- and receiver-locations x* and x",
respectively. It shows that the total field is the sum of the incident field and scattered
field, which consists of the contribution of all scatterers x within the scattering
domain D®. When we would express the equations in terms of the underlying defined
reciprocity states A (incident state) and B (true state), then x* = xp and x" =
x4 (Maas, 2014). In equation (6.61), é;g denotes the first order Green’s field for
the j-component of the particle velocity field generated by the s-component of an
electric current source. The additional superscript i indicates the Green function
describes an incident field. All Green’s functions together form a three-by-three
Green’s function matrix. Furthermore, the two-way wavefield operator is defined as

Djs (Xra x°, X, w) = jwé;}r{;l (XT7 X, W) Gwmee’;Z (X> x’, w) ) (6'62)

where G’Jvzll is the incident Green’s particle velocity field generated by a bulk-force
source. Resolving for the contrast function is our goal, the resulting expression is the

resolution function for a bulk density contrast. Since we are dealing with a linearized
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inverse problem, the contrast cannot be too large with respect to the background
model, since otherwise the higher order scattering terms cannot be neglected (Born
& Wolf, 1980; Habashy et al., 1993; Wapenaar et al., 2010).

To obtain the desired expression for the resolution function, it is assumed that
the inverse two-way wavefield operator Dy, (x",x°,x,w) (note the different use of
D) satisfies Fourier orthogonality and is defined as follows

/ / / (x", x*,x w)D (x",x°, x,w) d®x°d*x"dw = 63,0 (x—x").
=—o00 Jx"€R? Jx5€R?
(6.63)

If a possible image location x! coincides with a true scattering location x then the

resolution function will show an image in that location only, when considering a
perfect solution with infinite bandwidth. However, in case of limited bandwidth,
smearing around that scattering location will occur, and instead, the resolution
function will highlight a volume in which the scatterer is likely to be located.
Alternative definitions of the inverse two-way wavefield operator are also possible:

/ / / (x",x*, x w)ﬁ (x",x°, x,w) d®x*d*x"dw = §(x—xT),
w=—o00 Jx"ER? J x5 €R?
(6.64)

(oo}
/ / / Drp (Xr,xs,xl,w) Dgrp (x",x%,x,w) d*x*d*x"dw = §(x—xT),
=—00 Jx"ER2 JxscR2
(6.65)

where for equation (6.65) the Einstein summation convention does not hold, indic-
ated by the capitalized subscripts.

In this study, we choose (6.63) as the definition for the inverse two-way wavefield
operator. This choice allows for studying the separate sensitivities of different source-
receiver components, whereas equation (6.64) implicitly sums over all source-receiver
components, which might lead to enhanced resolution. Equation (6.65) can be used
to study the sensitivity using single component data, for example in situations where
not all source-receiver components are available. Applying the inverse operator
of equation (6.63) to both the left- and right-hand side of the expression for the
scattered field (equation (6.61) without the incident field), we obtain a resolution
Sfunction for inversion for a bulk density point perturbation:

p,lnv( )6kp / / / X X XI (.d) Gves(x x5 (J.))d2 sd2 "dw.
w=—o00 Jx"ER? J x5 €R?
(6.66)

Note that C;’Zi;?s (x",x*,w) is the scattered particle velocity field due to an electric
current source, under the Born approximation. Let us now briefly discuss how
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we properly deal with the amount of data involved. More details can be found
in Maas (2014). To calculate the seismo-electromagnetic resolution function, we
are dealing with modeled results of two seismo-electromagnetic source-receiver type
combinations. This already increases the size of the problem significantly, compared
to for example the purely electromagnetic scenario (Slob & Mulder, 2011). We
use a data matrix to describe the two-way field operator, which consists of data
submatrices. These data submatrices consist of the amount of sources (actual shots)
times receivers (actual recording devices) as the number of rows, and the amount of
possible image locations (amount of 21 times z3) as the number of columns. For the
seismo-electromagnetic system under consideration, the two-way field operator, Din
matrix notation, contains all source-side and receiver-side multicomponent field data
for all possible image locations x’, and consists of nine data submatrices, arranged
as

D= le D22 923 ’ (6.67)

Each data submatrix is computed according to equation (6.62). For example, the
data submatrix D, is filled with

DH(X x5 XUJ)—]OJ (G’Ufl 'uez_|_G'ufz vez+Gvfz vez), (668)

for all sources and receivers and all possible image locations. Here, we have applied
the Einstein summation convention. This single data submatrix has exactly the
same size as the data matrix for the EM problem (Slob & Mulder, 2011). However,
the EM problem consists of single component data, whereas this specific seismo-
electromagnetic sub-data matrix consists of several field components. Note that
if we would have chosen the definition of equation (6.64) as the definition for our
inverse two-way wavefield operator, we would arrange the data submatrices (still
having the amount of sources (actual shots) times receivers as the number of rows,
and the amount of possible image locations (amount of z; times x3) as the number
of columns) in equation (6.67) in one column below each other, resulting in a 9 times
1 data vector consisting of data submatrices. Choosing the definition of equation
(6.65) would result in a data matrix D consisting of one data submatrix.

We can define QT as the complex conjugate transpose of 27 where the super-
script dagger denotes complex conjugation and transposition. Note that in this way,
the transposition and complex conjugation applies to the matrix as a whole. The
scattered data matrix S contains the true scattered data, computed for a known bulk
density point perturbation at the true scattering location x. We define this scattered
data matrix in a similar way as the two-way field operator, where now each data
submatrix is a vector of size (number of sources times number of receivers) times 1.
As a result, the resolution function data matrix consists of data submatrices (there-
fore the bold face symbol) having size (amount of image locations x; times amount
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of image locations x3) times 1, arranged as:

X11 X12 X3
= | X21 X22 X23 |- (6.69)
X31 X32 X33

sInv
XP,

Each data submatrix of the resolution function data matrix x?/™" that we solve for,
represents one seismo-electromagnetic sensitivity function for the entire investigated
area. The diagonal elements represent three estimates of the resolution function. The
off-diagonal elements should theoretically be equal to zero. Note that if we would
have chosen the definition of equation (6.64) as the definition for our inverse two-
way wavefield operator, the resulting resolution function data matrix x”/™* would
consist of a single data submatrix, representing the resolution function that we are
after, which would be based upon all source-receiver component data. This could
possibly offer a better resolution than the three resolution estimates of equation
(6.69). Alternatively, if we would have chosen equation (6.65) as the definition
for our inverse two-way wavefield operator, the resulting resolution function data
matrix x”™ would also consist of a single data submatrix, but now based upon
single-component data.

Following Slob & Mulder (2011), we compute the formal resolution function by
expressing the scattering problem as the normal equation for a linear inverse problem
for subsurface scatterers. as (Maas, 2014):

D'Dx#™ =D'S. (6.70)

Note that the matrix multiplications yield implicit summation over all sources and
receivers. Additionally, we could choose to apply a summation over different fre-
quencies as well (Slob & Mulder, 2011). In our seismo-electromagnetic examples, we
only consider single-frequency data.

The regularized least-squares solution of 6.70 then reads

FE -1+,
x*" = (D'D+e1) D', (6.71)

where I is the identity matrix and e the regularization parameter.

6.2.4 Numerical Results

We now present the results of three sensitivity analysis scenarios: a purely EM
scenario with a single conductivity scatterer in an isotropic homogeneous background
medium, a purely EM scenario with a single conductivity scatterer in a layered
background medium containing a highly conductive layer, and a coupled seismo-
electromagnetic scenario for a single bulk density contrast function in an isotropic
homogeneous background medium. The line acquisition geometry used for these
experiments consists of 201 sources located at the surface with a horizontal source
spacing of 25 m, combined with a line of 41 receivers, located 50 m below the surface
with a horizontal receiver spacing of 250 m. For the EM scenarios, these sources
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and receivers are xi-directed electric current sources and electrodes, whereas for
the seismo-electromagnetic scenario we use three-component electric current sources,
three-component bulk-force sources, and three-component particle velocity receivers.
The investigated area is centrally located in the (x7,z3)-plane directly below the
acquisition line and has a total offset of 3000 m and a depth coverage of up to
1600 m (see Figure 6.20 for the geometry). We use our seismo-EM layer-code to
generate the synthetic data used to resolve for the contrast functions. We model an
isotropic homogeneous half-space, or a layered-Earth model, computing the multi-
component response to a unit-impulse source for all source-side and receiver-side
fields. For the purely EM scenario, the seismo-electromagnetic coupling coefficient
is chosen equal to zero. Our seismo-EM layer-code generates 3D data cubes. From
these data cubes, we select the vertical cross-section through our line-acquisition
geometry, corresponding with the sensitivity analysis study-area. This might result
in amplitude differences, for example when comparing with purely 2D homogeneous
space solutions. The EM resolution functions are calculated for a single frequency
of 0.5 Hz, the seismo-electromagnetic resolution functions for a single frequency of
30 Hz.

To test our sensitivity analysis resolution function-approach, we first investigate
the scalar resolution function for a conductivity point perturbation for a purely EM
scenario, as derived by Slob & Mulder (2011). Figure 6.19-a shows the EM resolution

0.1
0.08
006 £ E 0.06
1000 g £ 1000 0.08
0.02

1500 1500 .

-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
\mage \mage

(a) (b)

Figure 6.19: EM resolution functions for inversion, (a) from Green’s function solutions, and (b)
obtained using seismo-EM layer-code data for a single frequency of 0.5 Hz. The white ‘plus’- sign
indicates the true location of the conductivity point perturbation (—500,500) m

function for inversion where both the two-way field operator as well as the data
were computed through the use of explicit analytical homogeneous-space Green’s
function solutions (Slob & Mulder, 2011). Figure 6.19-b presents the resolution
function for the case where both the two-way field operator as well as the data
have been computed using our seismo-EM forward modelling layer-code, assuming
that there is no coupling between mechanical waves and electromagnetic fields. We
observe that in both cases the resolution function is capable of correctly mapping
the conductivity perturbation, where the horizontal location and depth location are
equally well resolved. We also observe that both approaches deliver nearly identical
results. This provides a solid basis for extending the sensitivity analysis to the fully
coupled seismo-electromagnetic system. In addition, it allows us to explore more
complex cases for which deriving explicit analytical solutions is more challenging,
like a layered-Earth scenario.

Figure 6.20 presents the geometry used for the EM sensitivity analysis in a layered
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Figure 6.20: Geometry of the layered-Earth model containing a highly conductive layer. We try
to resolve the EM resolution functions for a conductivity point perturbation in this model.
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Figure 6.21: EM resolution function for a conductivity point perturbation at (—500,500) m,
located above the highly conductive layer in the layered background medium, for a single frequency
of 0.5 Hz.
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Figure 6.22: EM resolution function for a conductivity point perturbation at (a) (=500, 1000) m,

and (b) (—500,1300) m, both located below the highly conductive layer in the layered background
medium, for a single frequency of 0.5 Hz.

background medium. Figure 6.21 shows the EM sensitivity analysis for a conduct-
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ivity perturbation above a layer of increased conductivity. We observe that the
resolution function maps the position of the scatterer correctly. Figures 6.23a and
6.23b present the results of the sensitivity analysis for scatterers located at two depth
levels below the layer of increased conductivity. We now observe that, although the
EM resolution function more or less correctly maps the perturbations, the resolu-
tion has clearly deteriorated, especially for the deepest located scatterer. This is
probably related to the fact that the highly conductive layer above the scatterers
strongly reflects the incident field back towards the surface, decreasing the amount
of transmitted energy that is available to illuminate the scatterers below.

Let us now look at the results of the coupled seismo-electromagnetic sensitivity
analysis for a bulk density perturbation located at (—500,500) m in a homogen-
eous background medium. Figures 6.23-a and 6.23-c show the diagonal element
X5, whereas figures 6.23-b and 6.23-d present the off-diagonal element x4, of the
seismo-electromagnetic contrast function matrix. This result was computed accord-
ing to equation (6.71) where the regularization parameter ¢ was chosen by using the

maximum of the approximate Hessian (QT Q) and multiplying it with an arbitrary
small number (107°), resulting in ¢ = 9.3-10733. We can observe that the diagonal
element x5, clearly resolves the density perturbation at the correct location. At the
same time, it can be seen that the off-diagonal elements show resolution patterns
with amplitudes that are generally one order smaller than the diagonal elements of
the contrast function matrix. Based on equation (6.66) this is to be expected: in an
ideal case, the diagonal terms show a clear point-response whereas the off-diagonal
terms should be zero.
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Figure 6.23: Seismo-electromagnetic resolution function for a density perturbation at (—500, 500)
m as indicated by the white circle. (a) and (c¢) diagonal element x5,, (b) and (d) off-diagonal
element x4;. (a) and (b) are displayed according to true amplitude, whereas (c¢) and (d) are
displayed on a logarithmic scale.
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6.2.5 Conclusions

We have carried out two electromagnetic and one seismo-electromagnetic sensitiv-
ity analysis, using three examples. To model the data, we have used our seismo-
EM layer-code, either without seismo-electromagnetic coupling, for the purely EM
scenario, or with seismo-electromagnetic coupling. We have tested our approach
on an example using single-component, single-frequency electromagnetic line-data
for a conductivity point perturbation in a homogeneous isotropic half-space back-
ground medium. We successfully validated this result by comparing it with the
literature results based on explicit analytical homogeneous-space Green’s function
solutions. We then used the seismo-EM layer-code to study the EM resolution func-
tions in a layered background medium containing a highly conductive layer. We
have shown that the single-component electromagnetic data still provide the ne-
cessary resolution to resolve a point conductivity scatterer, located either above or
below a highly conductive layer. However, when the scatterers are located below the
highly conductive layer, the resolution severely decreases. Finally, for the case of
multi-component coupled seismo-electromagnetic data in a homogeneous isotropic
half-space background model, we have successfully computed a resolution function
for a single point perturbation in bulk density. We can conclude that the coupled
seismo-electromagnetic system is sensitive to this perturbation and that its position
can be correctly recovered. This paves the way to study the seismo-electromagnetic
sensitivity to contrasts in for example the seismo-electromagnetic coupling coefhi-
cient, the medium permeability, or the pore-fluid viscosity.

6.3 Discussion on potential seismo-electromagnetic
applications

In the previous chapter, I have presented a field decomposition scheme exploiting re-
cordings at multiple depth levels, which can provide us with an effective way to carry-
out seismo-electromagnetic field decomposition (into up- and downgoing waves and
field types), using a limited amount of measured field quantities. T have also presen-
ted an effective way of studying the seismo-electromagnetic sensitivity to certain
medium parameters, using resolution functions, which can provide us with crucial
information when making the step towards coupled seismo-electromagnetic inver-
sion. Here, I briefly discuss some potential applications of seismo-electromagnetic
phenomena, not yet discussed in the introduction of this thesis. It is well-known
that the main limitation of seismo-electromagnetic applications in the field, is the
weak signal strength of the fields. It is also known, that the further away we record
from the target, the weaker the recorded signals are, due to attenuation and geo-
metrical spreading effects. It therefore makes sense, not only to investigate seismo-
electromagnetic applications for surface acquisition scenarios, but to also focus on
borehole applications. Nice borehole laboratory experiments have been carried out
by Zhu et al. (2000); Zhu & Toksoz (2005). In the study of Dupuis & Butler (2006),
the results suggest that coseismic effects have potential as a porosity /permeability
logging tool in borehole environments. Due to the seismo-electromagnetic sensitivity
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to permeability, a useful borehole application could be to map the permeability close
around the well, with the purpose of determining where to optimally perforate the
well-casings for optimal flow conditions, instead of more or less randomly perforate
the casings.

Recently, studies showing the existence of seismo-electromagnetic evanescent
fields at solid-porous interfaces have been reported (Ren et al., 2012a). I have car-
ried out preliminary experiments, modeling fluid/porous medium transitions, where
similar evanescent fields can be observed. Considering the fact that most bore-
holes are containing a borehole fluid, it is possible to visualize the transition from
inside the borehole to the surrounding rock formations as a fluid/porous medium
transition. Ome application could be to deploy for example acoustic sources and
electrode-receivers in the borehole, and exploit the evanescent field recordings from
the fluid/porous medium transition, using these signals to infer medium property
information from the formations surrounding the borehole. With every application,
we need to remember that theoretical aspects and the physical practice in the field
often differ from each other. For example, theoretically unexpected shear waves are
routinely measured in fluid-filled boreholes (Cheng & Toksoz, 1981). In addition,
fluid-filled boreholes can modify the responses as for example formulated by Peng
et al. (2003). We always need to keep in mind that in reality, the situation is far
more complex.

The fundamental interferometric principles, as illustrated in Chapter 5, have of
course a wide-variety of useful applications. One only needs to think of the successes
of interferometric principles applied to purely seismic and purely electromagnetic sig-
nals (Curtis et al., 2006; Vasconcelos et al., 2008; Hunziker et al., 2012). As an ex-
ample, we can try to apply correlation-based interferometry to (passive) recordings,
trying to stack over long periods of time, in an attempt to improve the signal-to-
noise ratio of the seismo-electromagnetic fields. Another application is related to
recordings in boreholes, either configurations of (high-density) vertical boreholes or
horizontal borehole configurations. The virtual source method (Bakulin & Calvert,
2006; Mehta et al., 2007c; Van der Neut et al., 2010), exploits downhole record-
ings, allowing imaging below a complex overburden due to redatuming. The virtual
source method also enables sensitive reservoir monitoring below a complex, time-
variant near-surface that is not achievable with surface 4D seismic or conventional
4D vertical seismic profiling VSP (Bakulin & Calvert, 2006). This repeatability is
very interesting for seismo-electromagnetic signals as well, due to the high sensitiv-
ity of the seismo-electromagnetic converted fields to for example oil/water contacts.
Also, changes in for example permeability during production could be monitored.
An additional advantage is that we redatum the surface sources to the receiver loca-
tions in the boreholes, resulting in source-receiver paths that are closer to the target
zone of interest. I schematically illustrate this interferometric redatuming for the
seismo-electromagnetic method in Figure 6.24.

Seismo-electromagnetic signals are not only useful for borehole applications. In
situations with complex near-surface geology, unresolved velocity anomalies in the
near-surface sections of the velocity models degrade deeper imaging (Jones, 2012).
Full-waveform inversion is nowadays a useful, but computationally expensive, tech-
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Reservoir / Target Zone Reservoir / Target Zone Reservoir / Target Zone

Figure 6.24: Schematic configuration for applying the virtual source method to the seismo-
electromagnetic system. Cross-correlation of electric (Ez) and acoustic signals (v;) from active
sources located at the surface (a) or passive sources located in the bulk (c) results in the electro-
magnetic response of an acoustic source (f,) generating a seismo-electromagnetic field (b).

nique to resolve small-scall near-surface velocity anomalies. As is known, the seismo-
electromagnetic signals suffer from weak signal strength. However, for near-surface
applications, the sources and receivers are close to the target zone of interest, en-
hancing the probability of clearly recording the coupled signals. Since the seismo-
electromagnetic signals are sensitive to a wide-variety of medium paremeters, and
deal with different wave and field types at the same time, they have a great potential
to assist in high-definition near-surface velocity model building and characterization.
I have shown already that seismo-electromagnetic signals have a high sensitivity to
thin-bed geological settings, being able to sense the presence of beds that are thin-
ner than the conventional seismic definition of a thin-bed predicts (Section 4.7).
In addition, the direct sensitivity to permeability can assist in characterizing frac-
ture networks in for example complex near-surface settings. A recent study by
Zhu et al. (2015) on samples with anisotropic permeability proves that the seismo-
electromagnetic conversion is related to permeability in the frequency range of their
measurements. They show that the seismo-electromagnetic amplitudes are correl-
ated with permeability, where larger seismo-electromagnetic amplitudes are occuring
for larger permeability values. These are encouraging results since it opens the pos-
sibility of determining the permeability of a formation from seismo-electromagnetic
measurements. Having this sensitivity to permeability, the seismo-electromagnetic
signals could also be user for detection of microcracks, for example as a method for
developing Earthquake early-warning systems, or when studying induced seismicity
(Fujinawa & Noda, 2016).

Thusfar, I have looked into borehole applications, near-surface applications, and
the earlier discussed hydrogeophysical applications such as mapping of aquifers, mon-
itoring of groundwater contamination, or monitoring salt water-fresh water contacts
at (drinking) water pumping wells in coastal areas (see Cooper (1959) for an illus-
tration of this problem).

However, coupled seismo-electromagnetic signals also have potential applications
in other fields of science, where an interaction between a porous framework and
moving pore-fluids occurs. I can think of interesting applications in for example the
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field of medical imaging. For seismo-electromagnetic phenomena to occur, we need
a system of a porous solid, and a pore-fluid. A great example of such a system is
bone tissue. Bone represents a porous tissue containing a fluid phase, a solid matrix,
and cells (Knothe Tate, 2003; Steck et al., 2003). Seismo-electromagnetic (imaging)
techniques could be applied to the fluid flow that occurs in the bone, providing
sensitivity to a wide-variety of medium and pore-fluid properties. Additionally, it
might be applicable for studying bone marrow as well, which plays a role in many
physiological processes, such as leukemia, or sickle cell anemia (Vogler III & Murphy,
1988).
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Chapter 7

Conclusions and Outlook

7.1 Conclusions

The key aim of this thesis was two-fold:

1. Increase our theoretical and physical understanding of the seismo-electromagnetic
phenomenon by analytically-based numerical modeling.

2. Investigate the potential of seismo-electromagnetic interferometry.

In light of these research targets, I can conclude the following from my work. I
have carefully derived and presented the governing system of seismo-electromagnetic
equations, and captured this system in a compact matrix-vector notation of the
two-way wave equation. I have incorporated all possible source-types in the start-
ing equations, providing a complete theoretical framework based on the underlying
assumptions of Pride’s theory. I have discussed an alternative description based on
the assumptions of Revil as well. T have focused mainly on the implications that
different assumptions have for the formulations of the dynamic coupling coefficient,
the dynamic permeability, and the complex conductivity. These different formula-
tions can both be incorporated in my theoretical description. I have successfully
developed an analytically-based, layered-Earth electromagneto-seismic and seismo-
electromagnetic modeling code in a combined Fortran/C programming language,
referred to as ESSEMOD, which is capable of modeling all possible source-receiver
combinations.

FEigenvector sets form the basis of this layered-Earth modeling code. I have suc-
cessfully normalized the eigenvector sets known from the literature with respect to
power-flux. Due to observed numerical instabilities and inaccuracies, I have effect-
ively derived an alternative power-flux normalized eigenvector set (referred to as the
GST set), straight from the seismo-electromagnetic system matrices. The proced-
ure used can in principle be applied to derive any desired eigenvector set, starting
from the system matrices and the eigenvalue matrices. Numerical stability tests have
proven that flux-normalizing the eigenvector sets stabilizes the numerical results and
improves numerical accuracy. My newly derived GST eigenvector set overall results
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in the best numerical performance. Using a two-halfspace model, I have validated
my modeling results when using three different eigenvector sets (literature set, flux-
normalized literature set, and the GST set). I conclude that each eigenvector set
generates identical results for all the major events in the model under consideration.
I also prove that the numerical differences between the different eigenvector sets
have obvious implications on finding small amplitude signals when there are also
strong signals in the data. Especially, later arriving, weak events are masked by
numerical noise using the literature sets, whereas these events are correctly modeled
with the GST set. When there is no seismo-electromagnetic coupling, the literature
eigenvector sets model the purely poroelastic and purely electromagnetic systems
incorrectly, whereas the GST set correctly models the decoupled scenarios. Further-
more, I can conclude that as soon as there is little coupling between the mechanical
and electromagnetic fields, for example at low porosity values or high electrolyte
concentrations, the modeling results of the GST set compared to the literature sets
behave differently. The GST set remains stable at all times and models all events
correctly and clean, whereas the literature sets show clearly numerical noise levels
that are of similar amplitude as the weak events in the data, making a distinction
between noise and physical weak events impossible.

I have presented an effective way of deriving explicit homogeneous space Green’s
function solutions for the seismo-electromagnetic system, which have been used to
successfully validate the results of ESSEMOD in a homogeneous medium. I conclude
that ESSEMOD correctly models the fields in a homogeneous space.

To model the propagation/diffusion of the waves/fields through a layered-Earth
model, I have developed a Global Reflection Scheme. I also incorporated different
boundary conditions, enabling modeling of porous medium configurations, porous
medium configurations in combination with a free-surface, and fluid/porous me-
dium/fluid configurations to resemble typical seismo-electromagnetic laboratory ex-
periments. Several reciprocity tests have proven that the Global Reflection Scheme
consistently models configurations where sources are located either above or be-
low the receiver level. I can also conclude from comparisons with a purely elec-
tromagnetic modeling code, that ESSEMOD correctly models configurations with
fluid /porous medium/fluid transitions. My comparison with an independently de-
veloped coupled seismo-electromagnetic modeling code shows that the results of
ESSEMOD match almost perfectly in terms of both phase and relative amplitude
with the results of this independently developed code. The absolute amplitudes
of the two codes differ by a constant factor of four, which should be further in-
vestigated. 1 theoretically show how to effectively combine the two propagation
modes of the seismo-electromagnetic system (SH-TE and P-SV-TM) in the final
stage of the algorithm of ESSEMOD. To transform the modeling results in a com-
putationally effective manner from the horizontal wavenumber-frequency domain
to the space-frequency domain, I have derived for all source-receiver combinations
explicit Fourier-Bessel transformations.

My seismo-electromagnetic feasibility studies have provided a better insight in
what amplitudes to expect for different modeling scenarios and for different source-
receiver combinations. The source-receiver combinations that yield the strongest
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converted signals are Efl and H{ v Especially the Ei’l combination seems to gen-
erate measurable responses even with acquisition geometries that approach surface-
to-surface acquisition. The depth of the receivers plays an important role in the
signal measurability of the seismo-electromagnetic fields. The closer the receivers
are located to the target, the higher the signal strengths, especially of the seismo-
electromagnetic converted fields (interface responses). However, when located too
close to the target depth, the coseismic reflected fields arrive at more or less the
same time as the one-way seismic traveltime interface responses, thereby masking
the weaker interface response fields. The electromagnetic-to-seismic conversions do
not suffer from these interferences, for these acquisition scenarios.

I have studied the potential of natural signal enhancements in thin-bed geolo-
gical settings. Using numerical seismo-electromagnetic wave propagation experi-
ments through packages of thin-beds, I have shown that thin-bed geological settings
can improve the signal strength of the seismo-electromagnetic interface response
fields. Increasing amounts of thin-beds of can cause the shear-wave related interface
response strength to increase or decrease. Both the thickness of the thin-beds as well
as the amount of thin-beds play a role in whether or not the multiples vanish in the
record. I can distinguish two limits of bed thickness: an upper and lower limit. The
upper limit of bed thickness determines whether the individual layers are still recog-
nized or not. When beds are thinner than this limit, the package of thin-beds starts
acting like an ‘effective’ medium and the multiples vanish from the record. The
lower limit of bed thickness determines the border from whereon further thinning
does not affect the seismo-electromagnetic IR signal strength anymore, because the
bed thickness is below the sensitive resolution of the seismo-electromagnetic fields.
Whether the thin-beds result in an effective strengthening or weakening of the signal,
seems to be determined by the contrast in seismo-electromagnetic coupling coefhi-
cients between the different thin-beds. My oil/water contact modeling experiments
where the oil layer is gradually thinned prove that the seismo-electromagnetic signal
has a very high sensitivity to oil-water contacts: an oil layer with 20% water satur-
ation and of 0.2 m thickness, a thickness of about ﬁ of the dominant wavelength
of the shear wave generating this response, is still slightly recognized. This is a
clear indicator of the high seismo-electromagnetic sensitivity for different saturating
fluids.

To study the potential of seismo-electromagnetic interferometry, I have first
presented an effective way of deriving explicit homogeneous space Green’s function
expressions for the 2D SH-TE propagation mode, using power-flux normalized eigen-
vectors. The theory for interferometric retrieval of 2D SH-TE seismo-EM Green’s
functions was also presented. Using both a circular source configuration and a line
source configuration, I have shown that it is possible to correctly retrieve the dy-
namic seismo-EM 2D SH-TE response in a homogeneous medium, using seismic
boundary sources only. This was demonstrated for two source-receiver combina-
tions: an electric field and a magnetic field due to a seismic source, using explicit
homogeneous space Green’s function solutions. The volume source contributions
account for the losses in the acausal part of the retrieved response as well as the
instantaneous source-converted EM field. Using ESSEMOD data, I have shown that
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we can also correctly retrieve the direct shear wave-related causal coseismic field in
a homogeneous medium, in both phase and amplitude. To obtain a perfect match in
absolute amplitudes, a single linear scaling factor was required. Finally, the interfer-
ometric experiments in a model containing a single interface at 800 m depth prove
that it is possible to correctly retrieve all 2D SH-TE causal seismic-related direct
and reflected coseismic fields, as well as interface response fields, by cross-correlation
interferometry, using seismic boundary sources only.

I have presented a multi-depth-level (MDL) field decomposition scheme for land
acquisition that is inspired by marine acquisition designs that makes use of recordings
at multiple depth levels for successful field decomposition. My MDL decomposition
approach makes use of configurations with field quantity information on multiple
depth levels, for example two horizontal boreholes that are closely separated from
each other, or a combination of a single receiver array just below a free surface,
thereby exploiting the natural (Dirichlet) free-surface boundary conditions. In this
way, field decomposition can be carried out using a smaller amount of different field
quantities than in the case of the classical multi-component (MC) decomposition.
This is especially useful for decomposition of seismo-electromagnetic signals, where
theoretically many different field quantities should be measured. My tests on a syn-
thetic elastodynamic data set, have shown that the MDL decomposition scheme leads
to correctly retrieved power flux-normalized one-way fields, for both P- and S-waves,
using only particle velocity recordings at two depth levels. Secondly, I showed that
when having particle velocity recordings at one depth level, in combination with the
free-surface Dirichlet boundary condition of zero-traction, it is possible to correctly
decompose the data into one-way fields as well. I have additionally tested the effects
of using erroneous velocities on both the MC and MDL decomposition schemes. For
the considered example, I observed that the downgoing P- and S- fields are correctly
and equally-well resolved in terms of both phase and amplitude. The upgoing P- and
S- fields show leakage of downgoing energy, but the amount of leakage is comparable
for the MC and MDL decomposition schemes. The MDL decomposition scheme
is fully customizable to the acquisition geometry and measured field quantities un-
der consideration. Depending on the acquisition design and wave velocities under
consideration, notches may occur at certain frequencies, causing the customizable
MDL composition matrix to become uninvertible. Additional notch filters are then
required. I also presented a way of combining the MC and MDL decomposition
schemes: by adding an extra equation of the MDL decomposition scheme to the MC
composition matrix, it is possible to overdetermine the inverse problem and hereby
better constrain the inversion. I have tested this approach on a field data set, clearly
showing improvements in the obtained one-way flux-normalized fields, compared to
the results obtained using an MC decomposition scheme.

Finally, moving towards inversion, I have carried out two electromagnetic and one
seismo-electromagnetic sensitivity analysis, using three examples modeled with ES-
SEMOD. I have tested the approach on an example using single-component, single-
frequency electromagnetic line-data for a conductivity point perturbation in a homo-
geneous isotropic half-space background medium. I successfully validated this result
by comparing it with the literature results based on explicit analytical homogeneous-
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space Green’s function solutions. I then used ESSEMOD to study the EM resolution
functions in a layered background medium containing a highly conductive layer. 1
have shown that the single-component electromagnetic data still provide the ne-
cessary resolution to resolve a point conductivity scatterer, located either above or
below a highly conductive layer. However, when the scatterers are located below the
highly conductive layer, the resolution severely decreases. Finally, for the case of
multi-component coupled seismo-electromagnetic data in a homogeneous isotropic
half-space background model, I have successfully computed a resolution function for
a single point perturbation in bulk density. I can conclude that the coupled seismo-
electromagnetic system is sensitive to this perturbation and that its position can be
correctly recovered.

7.2 Outlook

The coupled seismo-electromagnetic phenomenon is an extremely interesting phys-
ical phenomenon, with a lot of proven and potential applications. However, more
than 20-years have passed since Pride (1994) formulated the theoretical framework
to describe the seismo-electromagnetic phenomenon, which forms one of the import-
ant pillars on which many present-day seismo-electromagnetic research leans. The
research has focused on understanding the method, its potential applications, and
trying to apply the method as a geophysical technique in the field. The major chal-
lenge of the method is the very weak signal strength of the converted fields that we
are after. In my opinion, if you cannot measure the fields, or the fields are masked
by noise levels, the method is practically useless.

So it should be our top-priority to find a solution for the challenge of non-
measurability of seismo-electromagnetic signals that are too weak. I believe that
in order to make the method a true success for a wide variety of applications, it is
required to first come up with an idea to really boost the seismo-electromagnetic
conversion, such that more of the converted signals lie in the dynamic range of the
geophones (Ongkiehong & Huizer, 1987; Barzilai et al., 1998; Mougenot, 2004). In
addition, successful laboratory and mainly also field experiments need to be carried
out to test the method and bring seismo-electromagnetics to the next level. In Sec-
tion 6.3, I have highlighted a few promising applications of seismo-electromagnetic
phenomena. Especially borehole applications are offering a great potential, and part
of the research should focus in that direction.

Once the signals are measurable by the physical devices, studies to improve the
signal-to-noise ratio of the signals, as well as additional data processing and filtering
techniques, can come into play. As an example, stacking active and passive sources
via the principle of interferometry over long periods of time could potentially enhance
the signal-to-noise ratio of the converted fields.

Additionally, it is still unclear how sensitive the seismo-electromagnetic conver-
sion is to high-value parameters like permeability and porosity, and also for which
parameters we can actually invert. I believe that in the future, due to better meas-
uring devices, as well as more control on the source-side of the acquisition scenarios,
we will be increasingly capable of obtaining clear seismo-electromagnetic signals in
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our records. The big question is then, what is the optimal information that we can
retrieve from these signals, and what are the optimal scientific areas to apply this
method effectively? For exploration, monitoring, Earthquake early-warning systems,
hydrogeophysics, or perhaps medical imaging? In my view, future research on the
seismo-electromagnetic phenomenon should mainly focus on the above mentioned
aspects.
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Summary

Coupled Poroelastic Waves and Electromagnetic
Fields in Layered Media

Theory, Modeling, and Interferometric Synthesis

In this thesis, I study coupled poroelastic waves and electromagnetic fields in
layered media. The focus is two-fold:

1. Increase the theoretical and physical understanding of the seismo-
electromagnetic phenomenon by analytically-based numerical modeling.

2. Investigate the potential of seismo-electromagnetic interferometry.

After presenting the governing equations that form the basis of the theoretical frame-
work, I capture this system into a matrix-vector representation of the wave equation.
I first use literature eigenvector sets, which I normalize with respect to power-flux.
I then derive new, alternative power-flux normalized eigenvector sets that I prove
to be numerically more stable and accurate. The eigenvector sets form the basis
of the analytically-based numerical modeling code ‘ESSEMOD’ that I developed to
model seismo-electromagnetic wave/field propagation/diffusion in layered-Earth me-
dia. The alternative eigenvector set models scenarios with no seismo-electromagnetic
coupling correctly, where the literature eigenvector sets fail. In addition, the altern-
ative set properly deals with scenarios where both small amplitude signals and large
amplitude signals occur in the record, whereas the literature eigenvector sets result
in noise levels masking the small events. The same holds for scenarios with a small
seismo-electromagnetic coupling coefficient. I design an effective global reflection
scheme that properly describes the primary and multiple reflections in the models.
I implement the correct boundary conditions to account for scenarios with a free-
surface, and also for scenarios containing fluid/porous medium/fluid transitions. To
transform all the seismo-electromagnetic source-receiver combinations in a numer-
ically effective way back from the horizontal wavenumber-frequency domain to the
space-frequency domain, I derive and implement explicit Fourier-Bessel transforma-
tions.

I then validate the developed modeling code in numerous ways. First of all, I com-
pare the results of seismo-EM layer-code modeling in a homogeneous medium with
explicit homogeneous space Green’s function expressions. This comparison provides
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a clear validation that the layer-code models the dynamic responses in homogeneous
scenarios correctly. Next, I check numerical consistency by carrying out reciprocity
checks. I study homogeneous space models, models containing a free-surface and
models with interfaces. As a next step, I validate the modeling results of seismo-EM
layer-code modeling for typical seismo-electromagnetic laboratory configurations,
i.e. models containing fluid/porous medium/fluid transitions. I first compare the
purely electromagnetic part of the seismo-EM layer-code with an independently de-
veloped purely electromagnetic layered-Earth code. The results match perfectly in
both phase and amplitude for full transmission and pure reflection experiments, as
well as for a combination of both. I then carry out a seismo-electromagnetic recipro-
city test for a fluid halfspace overlying a porous medium halfspace, proving that the
coupled poroelastic and electromagnetic fields are modeled consistently and yield
the expected results. As a final validation step, I compare ESSEMOD with an in-
dependently developed seismo-electromagnetic layered-Earth modeling code. The
results display an almost perfect match in both phase and relative amplitudes, and
a constant amplitude correction factor of 4 needs to be applied to let the absolute
amplitudes match.

I then carry out a small feasibility test to study the potential of the seismo-
electromagnetic effect for exploration purposes. Iinvestigate different source-receiver
combinations for the same model, and focus on the signal strength recorded at dif-
ferent distances from the target depth level. I conclude that for the source-receiver
combinations studied, the electric field due to a volume injection monopole source,
as well as the magnetic field due to a seismic bulk force source, yield the strongest
converted signals. The receiver-distance from the target of interest plays an im-
portant role in the signal measurability. The closer the receivers to the target, the
higher the signal strengths. However, when the receivers are located too close to the
target, the coseismic reflected fields can mask the interface response fields that we
are mainly interested in.

Next, I study if nature itself can help us to overcome the very low signal-to-
noise ratio of seismo-electromagnetic converted fields, by investigating the effects of
thin-bed geological structures on the seismo-electromagnetic signal. To investigate
the effects of bed-thinning on the seismo-electromagnetic interference patterns, I
numerically simulate seismo-electromagnetic wave propagation through horizontally
layered media with different amounts and thicknesses of thin-beds. I demonstrate
seismo-electromagnetic sensitivity to changes in medium parameters on a spatial
scale much smaller than the seismic resolution. By simulating moving oil/water
contacts during production, where the oil layer is gradually being thinned, seismo-
electromagnetic signals are proven very sensitive to oil/water contacts.

I now explore the application of interferometric techniques to the seismo-
electromagnetic system, which might eventually lead to an improved signal-to-noise
ratio of the weak converted fields. I derive the theory for interferometric retrieval of
2D SH-TE seismo-electromagnetic Green’s functions. Using both a circular source
configuration and a line source configuration, I show that it is possible to correctly
retrieve the dynamic seismo-electromagnetic 2D SH-TE response in a homogeneous
medium, using seismic boundary sources only. Using seismo-EM layer-code data, I
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then show that it is also possible to correctly retrieve the direct shear wave-related
causal coseismic field in a homogeneous medium, in both phase and amplitude.
To obtain a perfect match in absolute amplitudes, I apply a single linear scaling
factor. I finally carry out interferometric experiments in a model containing a single
interface at 800 m depth, proving that it is possible to correctly retrieve all 2D SH-
TE causal seismic-related direct and reflected coseismic fields, as well as interface
response fields, by cross-correlation interferometry, using seismic boundary sources
only. These results are promising for the application of 3D seismo-electromagnetic
interferometry using seismo-EM layer-code modeling, and later on, in the field.

Next, I present an alternative way to effectively decompose fields into their up-
and downgoing components and different field types, using recordings at multiple
depth levels. I present the theory of this MDL decomposition scheme, followed by
successful decomposition of synthetic elastodynamic data sets. I additionally study
the implications of laterally-varying media on the horizontal wavenumber-frequency
domain MDL decomposition scheme. I demonstrate successful decomposition, us-
ing an acoustic approximation and applying a combined multi-component / MDL
decomposition approach, of a field data set recorded in Annerveen, in the North of
the Netherlands. I address how to effectively use the MDL decomposition scheme in
a unified fashion, applied to all wave phenomena including seismo-electromagnetic
phenomena.

I then make a step towards seismo-electromagnetic inversion, presenting an ef-
fective way to carry out a seismo-electromagnetic sensitivity analysis using resolution
functions. I start by explaining the theory of resolution functions using a seismo-
electromagnetic example. I define the seismo-electromagnetic resolution function
for inversion for a bulk density perturbation. I demonstrate the effectiveness of
this method by first carrying out a purely electromagnetic sensitivity analysis for a
point perturbation in conductivity, located in an isotropic homogeneous half-space.
These results are compared with literature results based on analytical homogen-
eous space Green’s function expressions. The result using the seismo-EM layer-code
is nearly identical to the literature result. The position of the scatterer is cor-
rectly resolved. At the end of this section, I present the results of the fully-coupled
seismo-electromagnetic senstivity analysis for a bulk density contrast for a specific
source-receiver combination, using single-frequency multi-component line data. I
show that the coupled seismo-electromagnetic system is sensitive to a perturbation
in bulk density and that the position of the perturbation can be correctly recovered.

I finalize this thesis by discussing potential seismo-electromagnetic applications,
as well as by providing a brief outlook for future research.



Samenvatting

Gekoppelde Poroelastische Golven en
Elektromagnetische Velden in Gelaagde Media

Theorie, Modellering, en Interferometrische Synthese

In dit proefschrift onderzoek ik gekoppelde poroelastische golven en elektromag-
netische velden in gelaagde media. Het doel van het onderzoek is twee-ledig:

1. Het vergroten van het theoretische en fysische begrip van het seismo-
elektromagnetische fenomeen door gebruik te maken van analytisch-gebaseerde
numerieke modellering.

2. Het onderzoeken van de potentie van seismo-elektromagnetische interferomet-
rie.

Nadat ik de systeem vergelijkingen heb gepresenteerd die de basis vormen voor het
theoretische raamwerk, beschrijf ik dit systeem door middel van een matrix-vector
representatie van de golfvergelijking. Ik maak eerst gebruik van eigenvector sets uit
de literatuur, op welke ik een power-flux normalisatie toepas. Daarna leid ik nieuwe,
alternatieve power-flux genormaliseerde eigenvector sets af, waarvan ik bewijs dat
ze numeriek stabieler en preciezer zijn. De eigenvector sets vormen de basis voor de
analytisch-gebaseerde numerieke modelleringscode ‘ESSEMOD’; welke ik ontwikkeld
heb om seismo-elektromagnetische golf propagatie / veld diffusie te modelleren in
gelaagde-Aarde modellen. Scenario’s waar geen seismo-elektromagnetische koppel-
ing optreedt, worden correct gemodelleerd door de alternatieve eigenvector sets, daar
waar de eigenvector sets uit de literatuur te kort schieten.

Situaties waar in de opnames zowel signalen van kleine amplitude als signalen van
grote amplitude voorkomen, worden op een correcte manier gemodelleerd door de al-
ternatieve eigenvector set, terwijl de literatuur eigenvector sets resultaten opleveren
waar de kleine amplitude signalen worden bedekt door de ruis niveaus. Hetzelfde
geldt voor scenario’s met een kleine seismo-elektromagnetische koppelingscoéfficient.
Ik ontwikkel een effectief globaal reflectie schema, dat zowel de primaire reflecties
als de meervoudige reflecties in de modellen op een correcte manier beschrijft. Om
scenario’s met een vrij-oppervlak te beschrijven, alsmede scenario’s die overgangen
bevatten in de vorm vloeistof / poreus medium / vloeistof, heb ik de juiste randvoor-
waarden geimplementeerd. Ik leid expliciete Fourier-Bessel transformaties af en im-
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plementeer deze in de gelaagde-Aarde code, om alle seismo-elektromagnetische bron-
ontvanger combinaties op een numeriek gezien effectieve manier te transformeren van
het horizontale golfgetal-frequentie domein naar het ruimte-frequentie domein.

Vervolgens valideer ik de ontwikkelde modelleringscode op verscheidene manieren.
Allereerst vergelijk ik de resultaten van ESSEMOD voor een homogeen medium met
expliciete homogene-ruimte Greense functie uitdrukkingen. Deze vergelijking toont
aan dat de gelaagde-Aarde modelleringscode de dynamische velden in homogene
situaties correct modelleert. Vervolgens controleer ik de numerieke consistentie door
het uitvoeren van reciprociteitstesten. Ik bestudeer homogene modellen, modellen
met een vrij-oppervlak en modellen met lagen. Daarna valideer ik de modeller-
ingsresultaten van de gelaagde-Aarde code voor typische seismo-elektromagnetische
laboratorium configuraties, dat wil zeggen, voor modellen die overgangen bevat-
ten in de vorm vloeistof / poreus medium / vloeistof. Ik vergelijk allereerst het
pure elektromagnetische deel van de seismo-EM gelaagde-Aarde code met een on-
afhankelijk ontwikkelde, pure elektromagnetische gelaagde-Aarde code. De res-
ultaten komen perfect overeen in zowel fase als amplitude, voor volledige trans-
missie en pure reflectie experimenten, alsmede voor een combinatie van die twee
experimenten. Vervolgens voer ik een seismo-elektromagnetische reciprociteitstest
uit voor een vloeistof halfruimte boven een halfruimte bestaande uit een poreus me-
dium, waarmee ik bewijs dat de gekoppelde poroelastische en elektromagnetische
velden consistent gemodelleerd worden en de verwachtte resultaten opleveren. Als
laatste validatie stap, vergelijk ik ESSEMOD met een onafhankelijk ontwikkelde
seismo-elektromagnetische gelaagde-Aarde modelleringscode. De resultaten laten
een bijna perfecte overeenstemming in zowel fase als relatieve amplitude zien, en
tonen ook aan dat een constante amplitude correctie factor van 4 nodig is om de
absolute amplitudes met elkaar te laten overeenstemmen.

Hierna voer ik een kleine test uit om de potentie van het seismo-elektromagnetische
effect voor exploratie doeleinden te bestuderen. Ik onderzoek verschillende bron-
ontvanger combinaties voor hetzelfde model, en richt mijn aandacht op de signaal-
sterkte zoals die wordt gemeten op verschillende afstanden van de diepte van het
gebied van interesse. Ik concludeer dat, van de bron-ontvanger combinaties die ik
bestudeerd heb, het elektrische veld ten gevolge van een volume-injectie monopool
bron, alsmede het magnetische veld ten gevolge van een seismische bulk krachtbron,
de sterkste geconverteerde signalen opleveren. De ontvanger afstand tot het gebied
van interesse speelt een belangrijke rol bij de signaal meetbaarheid. Echter, als de
ontvangers te dicht bij het gebied van interesse geplaatst worden, worden de velden
die gegenereerd worden door de laag-contrasten, en die onze prioriteit hebben, bedekt
door de coseismische gereflecteerde velden.

Daarna bestudeer ik of de natuur zelf kan helpen om het probleem van de zwakke
signaal-ruis verhouding van de seismo-elektromagnetisch geconverteerde velden op
te lossen. Ik doe dit door de effecten van geologische structuren, die bestaan
uit pakketten van dunne-lagen, op de seismo-elektromagnetische signalen te on-
derzoeken. Om de effecten van dunner-wordende lagen op de seismo-
elektromagnetische interferentie patronen te bestuderen, simuleer ik seismo-
elektromagnetische golf propagatie door horizontaal-gelaagde media die verschil-
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lende aantallen en diktes aan dunne lagen bevatten. Ik demonstreer dat de seismo-
elektromagnetische signalen een gevoeligheid voor veranderingen in de medium ei-
genschappen hebben op een spatiéle schaal die veel kleiner is dan de seismische
resolutie. Ik bewijs dat seismo-elektromagnetische signalen erg gevoelig zijn voor
olie/water contacten, door bewegende olie/water contacten ten gevolge van pro-
ductie te simuleren, waarbij de olie laag langzaam dunner wordt.

Vervolgens bestudeer ik de toepassing van interferometrische technieken op het
seismo-elektromagnetische systeem, wat uiteindelijk mogelijkerwijs kan leiden tot
een verbeterde signaal-ruis verhouding van de zwakke, geconverteerde velden. Tk leid
de theorie af voor het verkrijgen van 2D SH-TE seismo-elektromagnetische Greense
functies via interferometrie. Door gebruik te maken van zowel een bron configur-
atie op een cirkel, alsmede een bron configuratie op een lijn, laat ik zien dat de
dynamische seismo-elektromagnetische 2D SH-TE signalen correct kunnen worden
verkregen in een homogeen medium, door slechts gebruik te maken van seismische
bronnen. Vervolgens, door gebruik te maken van data gegenereerd met de seismo-
EM gelaagde-Aarde code, laat ik zien dat wederom het directe schuifgolf-gerelateerde
causale coseismische veld in een homogeen medium correct kan worden verkregen, in
termen van zowel fase als amplitude. Om een perfecte overeenstemming te verkrijgen
in termen van absolute amplitude, wordt een enkele lineaire schalingsfactor toege-
past. Hierna, voer ik interferometrische experimenten uit in een model dat een
enkel contrast bevat op 800 m diepte, waarmee ik bewijs dat alle 2D SH-TE causale
seismisch-gerelateerde directe en gereflecteerde coseismische velden door middel van
interferometrie door kruiscorrelatie kunnen worden verkregen, alsmede de geconver-
teerde velden die gerelateerd zijn aan het contrast. Hiervoor hoeft slechts gebruik
gemaakt te worden van seismische bronnen. Deze resultaten zijn veelbelovend voor
de toepassing van 3D seismo-elektromagnetische interferometrie op data gegenereerd
door de seismo-EM gelaagde-Aarde code, en later, op veld data.

Ik presenteer vervolgens een alternatieve manier om velden op een effectieve
manier te scheiden in hun op- en neergaande componenten en in de verschillende
veld-types, waarbij ik gebruik maak van opnames op verschillende diepte niveaus.
Ik beschrijf de theorie van dit MDL decompositie schema, gevolgd door een demon-
stratie van een succesvolle decompositie van synthetische, elastodynamische data
sets. Tk bestudeer ook de effecten van lateraal-variérende media op ons MDL decom-
positie schema welke geformuleerd is in het horizontale golfgetal-frequentie domein.
Tk laat een succesvolle decompositie zien van een veld data set die is verkregen in
Annerveen, in het noorden van Nederland. Hierbij maak ik gebruik van een akoes-
tische benadering en een gecombineerd multi-componenten / MDL decompositie
schema. Ik beschrijf ook hoe het MDL decompositie schema op een effectieve en
uniforme manier te gebruiken, dat wil zeggen dat het schema toepasbaar is op alle
golf fenomenen, inclusief het seismo-elektromagnetische fenomeen.

Hierna maak ik een stap in de richting van seismo-elektromagnetische inversie,
waar ik een effectieve manier demonstreer om een seismo-elektromagnetische gevoe-
ligheidsstudie uit te voeren, gebruikmakend van resolutiefuncties. Ik begin met een
uitleg van de resolutiefunctie theorie, gebruikmakend van een seismo-
elektromagnetisch voorbeeld. Ik definieer een seismo-elektromagnetische resolutie-
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functie voor inversie voor een perturbatie in de bulk-dichtheid van het medium. Ik
demonstreer de effectiviteit van deze methode door allereerst een pure elektromag-
netische gevoeligheidsanalyse uit te voeren voor een puntperturbatie in conductiv-
iteit, die zich in een isotrope, homogene halfruimte bevindt. Deze resultaten vergelijk
ik met resultaten uit de literatuur die gebaseerd zijn op analytische homogene-ruimte
Greense functie uitdrukkingen. De resultaten die zijn gebaseerd op de seismo-EM
gelaagde-Aarde code zijn vrijwel identiek aan de resultaten uit de literatuur. De
positie van de verstrooiier wordt correct bepaald. Aan het einde van dit hoofdstuk,
presenteer ik de resultaten voor de volledig gekoppelde seismo-elektromagnetische
gevoeligheidsanalyse voor een contrast in de bulk dichtheid. Ik laat dit zien voor
een specifieke bron-ontvanger combinatie, gebruikmakend van multi-componenten
lijn data voor een enkele frequentie. Ik toon aan dat het gekoppelde seismo-
elektromagnetische systeem gevoelig is voor een verstoring in de bulk dichtheid, en
dat de positie van de perturbatie correct bepaald kan worden.

Ik eindig dit proefschrift met een beschrijving van mogelijke seismo-
elektromagnetische toepassingen, alsmede met een korte vooruitblik op toekomstig
onderzoek.
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