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Abstract

The observation of shear wave splitting (SWS) is an unambiguous indication of seismic
anisotropy in the Earth’s interior and, thus, of deep geodynamic deformation processes.
The latter is based on the premise that crystals exhibiting anisotropic elastic properties
can be aligned or deformed by deformation processes or flows. This results in a directional
dependency of seismic velocities and therefore SWS.

In the Earth’s lowermost mantle (LMM), specifically in the D” layer, there exist large-scale
structures that drive global processes (mantle plumes) or result from them (remnants of
subducted slabs). These structures potentially influence the heat flow from the core and the
magnetic field lines through the mantle. In order to investigate the latter in particular, the
SWS of SKS, SKKS, and PKS (jointly referred to as XKS) phases propagating through a
high latitude flux lobe (HLFL), a region of higher magnetic flux, below Siberia is measured.

The splitting parameters, the fast polarisation direction ¢ and the delay time dt, are
determined using both the energy-minimisation and the rotation-correlation method in the
MATLAB program SplitLab. A special focus lies on phase pair SWS discrepancies, i.e.,
between SKS and SKKS phases, as they are a clear indication for a LMM contribution to
the splitting signal.

Our study of the target region of Siberia has revealed anisotropy in this region and a
comprehensive image of this anisotropy has been obtained by studying the region along
different orientations of raypaths. A total of 49 pairs of core refracted phases have been
measured. Out of these, 19 pairs are discrepant. For these pairs, the phases with piercing
points in the region of the highest magnetic flux predominately show splitting, while we
observe mostly no splitting for phases piercing through the D” layer at larger offsets from
the HLFL.
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Chapter 1

Introduction

This thesis is preceded by the motivation (Section 1.1) and the outline (Section 1.2).

1.1 Motivation

The main field of the Earth’s magnetic field is generated by a geodynamo in the outer core,
controlled by convection of a liquid, iron-rich, electrically conductive fluid in the outer core
(Clauser, 2014). It varies over many different timescales, with short-term variations but
also regions of stable magnetic flux over long periods. Regions with long-term, intense
magnetic flux at stable geographic positions are called high latitude flux lobes (HLFLs)
due to their occurrence at latitudes between 60° to 70° in the Northern Hemisphere and
the corresponding reverse flux patches at similar latitudes in the Southern Hemisphere
(Amit et al., 2011; Gubbins et al., 2007; Olson and Amit, 2006).

Within the Priority Program 2404 “Reconstructing the Deep Dynamics of Planet Earth
over Geologic Time” (DeepDyn), we investigate possible seismic signatures at geomagnetic
HLFLs. The focus is on four target regions in the Northern Hemisphere: Siberia, Canada,
the North Atlantic and Indonesia. While Siberia and Canada show the HLFLs, the North
Atlantic region should be the location of a third postulated HLFL, but this area does not
show an intense magnetic flux signal in models of the magnetic field (Jackson et al., 2000).
The region beneath Indonesia is characterised by an area of intense magnetic flux moving
westwards over time. We aim to understand whether mineralogy or seismic structures
(i.e., thermal constraints) could contribute to these different magnetic signatures at the
core-mantle boundary (CMB). The aim of the project is to understand and study in detail
the possible seismic signatures of regions with an increased magnetic flux in the lowermost
mantle (LMM). In doing so, a combination of two approaches is used: seismic reflections
(University of Miinster) and seismic anisotropy (Karlsruhe Institute of Technology).

The target region of the work in this thesis is the HLFL beneath Siberia which is studied
using seismic anisotropy investigations. We measure the shear wave splitting (SWS) of
core refracted phases (SKS, SKKS and PKS, jointly referred to as XKS phases) at seven
different seismic stations. SWS is generally a clear indicator of anisotropy. Accordingly,
the SWS of linearly polarised shear waves is used in seismology to study elastic anisotropy
in the Earth, particularly in the mantle. SWS can be seen as an elastic analogue to
birefringence in optics. The fast polarisation direction ¢ and the accumulated delay time &t
between the two quasi S (qS) waves serve to describe the SWS. These splitting parameters
are determined in a MATLAB program using the SplitLab package (Wistefeld et al., 2008)
applying both the energy-minimisation and the rotation-correlation method. The usage of
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XKS phases gives us the advantage of being able to constrain the origin of the anisotropy.
In particular, we search for phase pair SWS discrepancies, i.e., between SKS and SKKS
phases, as they are a clear indication for a LMM contribution to the splitting signal (Deng
et al., 2017; Nowacki et al., 2011; Wookey and Kendall, 2007; Maupin and Park, 2007;
Savage, 1999).

The selection of the seismic recording stations includes stations in Northern Scandinavia
(KEF, HSPB, SA01, SA02 and SA05) and Central Asia (ULN, WMQ). This gives us the
possibility to study the potential anisotropy in the LMM beneath Siberia in much more
detail by using different orientations of the raypaths through the LMM.

The splitting observations in the proximity of the HLFL beneath Siberia are compared
with models of the Earth’s magnetic field at the CMB and previous studies of anisotropy in
the region. Measurements at the KEF station are additionally compared between different
analysts to ensure reproducibility and reliability of the results and define criteria to measure
reliable shear wave splitting measurements (SWSMs).

1.2 Outline

In the following Chapter 2, the theoretical background of the work in this thesis is presented.
This includes a section about the Earth’s interior (Section 2.1) as well as a section about
the fundamentals of elastic anisotropy (Section 2.2). Chapter 3 focuses on the methods
used to measure SWS (Section 3.1) and the software, that is used to determine the splitting
parameters (Section 3.2). Additionally, it presents an exemplary SWSM (Section 3.3). The
SWSMs, that are performed at the KEF station, are discussed in Chapter 4 regarding the
measurement procedure (Section 4.1), the results (Section 4.2) and a comparison between
different analysts (Section 4.3). Chapter 5 presents the SWSMs at the HLFL beneath
Siberia. Firstly, suitable earthquakes and stations are selected (Section 5.1) and then the
updated measurement procedure is introduced (Section 5.2). The results are presented
and discussed in Chapter 6. In Section 6.1, this is done for all stations individually and
then combined for all stations (Section 6.2). In addition, the results are compared to other
studies previously performed in the region (Section 6.3). An evaluation and a discussion
on the method of SWS is shown in Section 6.4. Chapter 7 summarises the main results of
this work and an outlook for future work is given.



Chapter 2

Theory

2.1 The Earth’s interior

The Earth’s structure is radially stratified in three concentric shells: the core, mantle and
crust. A schematic cross-section of this stratification can be seen in Fig. 2.1. The core,
composed of dense, iron-nickel-rich material, is further separated into the solid inner core
and the liquid outer core, where the bulk of the geomagnetic field is generated. The outer
core is limited by the CMB at a depth of 2891 km, which separates the liquid core from
the significantly less dense mantle, primarily composed of magnesium-iron silicates. The
mantle can be divided into upper and lower mantle. On top of the upper mantle lays the
crust, a thin layer with low-density minerals (Moores and Twiss, 2014; Clauser, 2014).

The boundaries between these shells are given by seismic discontinuities, measurable as
abrupt changes of the seismic velocity (Nowacki et al., 2011). These discontinuities result
from variations in both the chemical and physical properties of the present materials,
including density, elasticity constants and phase transitions of the dominant minerals
(Clauser, 2014; Garnero et al., 2005). Despite the presence of these discontinuities, the
shells are dynamically interconnected through complex mechanisms, including convection
of material in the liquid core and the solid mantle. Large-scale convective motions driven
by heat flux are depicted in Fig. 2.1, with arrows indicating the flow of material. Cold
lithospheric material, shown in dark grey, subducts as slabs in subduction zones. On the
contrary, in regions with an increase in temperature and a reduction in seismic velocity,
labelled as large low shear wave velocity provinces (LLSVPs), mantle plumes might arise,
going along with an upwelling of warmer mantle material (Moores and Twiss, 2014; Heron,
2019).

The convection within the outer core (see Fig. 2.1) is depicted by spiral arrows. Temperature
differences within the iron-rich liquid fluid lead to the formation of convection cells. Due
to the Earth’s rotation and thus the resulting Coriolis force, spiral movements in Taylor
columns are produced. This generates a stable magnetic field, referred to as the main field
(Clauser, 2014).
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Figure 2.1: A schematic cross-section of the Farth’s interior, displaying its radial
stratification, consisting of inner and outer core, lower and upper mantle and crust, with
discontinuities between these layers. Dynamic processes such as large-scale convection
in both the lower mantle, driven by subduction of cold lithospheric slabs, and outer core,
sustaining the geodynamo, are displayed. Figure is taken from Heron (2019).

2.1.1 The Earth’s geomagnetic field

The Earth’s magnetic field consists of three components: the main field, generated by the
geodynamo in the outer core, the crustal field, mainly controlled by the magnetisation of the
rocks in the crust, and the extraterrestrial field caused by current systems of the ionosphere
and interplanetary magnetic fields. 94 % of the magnetic field measured at the Earth’s
surface can be explained by the resulting dipole of the geodynamo, residual non-dipole
contributions to the magnetic field and regional crustal anomalies (Clauser, 2014). The
main field is generated by a geodynamo in the outer core, controlled by convection of an
iron-rich, electrically conducting fluid (Nowacki et al., 2011; Amit et al., 2011; Olson and
Amit, 2006). The state of convective overturn of the outer core, including heat loss to
the solid mantle in combination with crystallisation and chemical differentiation at the
boundary with the solid inner core, drives the geodynamo. As a result, it continuously
converts the kinetic energy of the moving fluid into electromagnetic energy resulting in a
magnetic dipole field at the Earth’s surface with a dipole axis slightly inclined relative to
the Earth’s rotation axis (Olson and Amit, 2006; Busse, 2000).

At the CMB, the process of the geodynamo generates a more complex magnetic field,
varying both in time and space and being largely controlled by Earth’s rotation (Finlay
and Jackson, 2003; Gubbins et al., 2007).
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Figure 2.2: Model of the radial component of the Earth’s magnetic field (qufm1 1980)
at 2900 km depth according to Jackson et al. (2000). The regions labelled with diamonds

mark regions of (expected) intense magnetic flur. Data of the figure is taken from Jackson
et al. (2000) and Amit et al. (2011).

Figure 2.2 shows the gufm1 model of Jackson et al. (2000). This model represents the
radial component of the Earth’s magnetic field at the CMB at a depth of 2900 km for the
years between 1590 to 1990 (Jackson et al., 2000). The model of the Earth’s magnetic
field at the CMB deviates significantly from a simple axial dipole. It is characterised by a
complex pattern with regions of high magnetic flux at latitudes between 60° and 70° in the
Northern Hemisphere and regions with intense reverse magnetic flux at similar latitudes in
the Southern Hemisphere and near the equator (Olson and Amit, 2006). The geodynamo
exhibits a complex pattern of the magnetic field due to its three-dimensional (3D) processes
involving the whole core and a potential strong influence by the heterogeneous LMM (Amit
et al., 2010). According to Bloxham and Gubbins (1987), the lowermost 200 km to 300 km
of the mantle (D" layer) form a boundary layer for the generation of the Earth’s magnetic
field, as the highly electrically conductive core is electromagnetically coupled to the less
conductive lower mantle. The fluid motion within the core induces an electromotive force
in the lower mantle, causing the magnetic field lines in the mantle to move due to advection
(Bloxham and Gubbins, 1987). The morphology of the geomagnetic field is thus influenced
by the boundary conditions of both the geometry of the inner core but also the structure
of the LMM (Gubbins et al., 2007).

Although the geodynamo generates a temporary changing field, some regions have expe-
rienced only slight changes over the past 400 years, consistent with paleomagnetic data
from the last few million years (Jackson et al., 2000; Gubbins et al., 2007). Lower mantle
thermal heterogeneity, along with thermal coupling between the core and mantle, lead to
lateral variations in the heat flux at the CMB. This induces thermal winds at the CMB,
concentrating the magnetic field at preferred locations and producing non-axisymmetric
geomagnetic features, which can only exist due to lateral heat flux variations (Gubbins
et al., 2007; Amit et al., 2010).
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High latitude flux lobes

In the model of the Earth’s magnetic field at the CMB (Fig. 2.2), four regions with high
magnetic flux can be identified at latitudes between 60° and 70°, both on the Northern and
Southern Hemispheres. These regions, referred to as HLFL, exhibit a distinct long-term
temporal behaviour compared to the general characteristics of the Earth’s magnetic field.
Predominantly, these lobes show quasi-stationary periods with small oscillations around
preferred longitudes. The statistical preference for high magnetic flux at high latitudes
could be associated with the core-mantle thermal coupling (Amit et al., 2011, 2010). The
heterogenous mantle might influence the preferred longitudes in the steady core field.
Models of a numerical dynamo support this thesis by demonstrating that a heterogenous
heat flux outer boundary condition affects the location of the intense magnetic flux patches
(Amit et al., 2011). Between these quasi-stationary periods, varying degrees of drifts in
the regions of high magnetic flux can be observed. Amit et al. (2010) associated the
episodical drift events with an azimuthal motion of fluid downwelling structures, which
concentrate a higher magnetic flux. These non-axisymmetric features arise due to flow
convergence at these latitudes (Amit et al., 2010). In the Southern Hemisphere, drifts
are more prominent due to higher north-south shear in the mantle driven zonal thermal
wind. The predominant westward drifts indicate a time-averaged zonal core flow driven by
thermal coupling between the core and mantle (Amit et al., 2011).

One of the regions with high magnetic flux is located beneath Siberia, marked with a bright
green diamond in Fig. 2.2. The corresponding region of high reverse flux is situated in the
southern Indian Ocean (Jackson et al., 2000). This HLFL pair, and particularly the HLFL
beneath Siberia, is remarkably stable over long times. This is potentially associated with a
seismic anomaly in the mantle in this region (Gubbins et al., 2007). The flux concentration
in the region might be related to the downwelling fluid, which indicates a cold mantle
(Bloxham and Gubbins, 1987).

A second HLFL pair is located beneath Canada, with its reverse counterpart situated
southwest of South America in the Pacific Ocean. The HLFL beneath Canada exhibits
greater mobility compared to the Siberian pair (Jackson et al., 2000; Gubbins et al., 2007).
Gubbins et al. (2007) suggest that this increased mobility might be driven by thermal
variations exerting a stronger influence on the magnetic field than compositional variations.

As the thermal conductivities of minerals at the CMB form a critical boundary condition
for core dynamics, a deeper understanding of these properties is essential to be able to
constrain the processes at the CMB. The observed differences in thermal variations, which
are more pronounced beneath Siberia than Canada, may influence why the HLFL beneath
Siberia is less mobile (Gubbins et al., 2007).

The possible position of an assumed third HLFL beneath the North Atlantic, expected due
to symmetry reasons, is marked in dark grey in Fig. 2.2. However, no intense magnetic
flux is observed at this location.

Additionally, Fig. 2.2 indicates in light grey the origin of an intense magnetic flux region
beneath Indonesia. Unlike the other intense flux regions, this patch migrates westwards at
a relatively rapid rate (Jackson et al., 2000). Consequently, this region is classified as a
drifting flux lobe. Intense magnetic flux patches in the equatorial region remain less well
understood, since numerical dynamo models frequently exhibit zonal equatorial upwelling,
leading to a dispersion of the field at low latitudes (Aubert, 2005; Olson and Amit, 2006).
However, if the toroidal field is sufficiently strong, these regions of upwelling material might
concentrate intense magnetic fields beneath the CMB (Bloxham and Gubbins, 1987).
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The LMM does not only play an important role in the control of the geodynamo and, thus,
the Earth’s magnetic field. It also features distinct seismic characteristics. The lowermost
200 km to 300 km of the mantle, referred to as D” layer, represent a thermal boundary
layer between the hot, vigorously convecting core and the colder and slower convecting
mantle. It plays a fundamental role in both the dynamics of the mantle and the core. This
layer is involved in the processes of mantle convection, as it presents the presumable origin
of upwelling plumes and the terminus of downwelling mantle material, including subducted
slabs (Nowacki et al., 2011; Peltier, 2007).

The D” layer is bounded by a sharp, horizontal seismic discontinuity lying between 200 km
to 300 km above the CMB, which could result from a phase transformation from bridgmanite
to a post-perovskite polymorph of MgSiO3. The large seismic variability of the D” layer
results from chemical heterogeneity of minerals, heterogeneity of the lateral seismic velocity,
fine-scale structures and seismic anisotropy (Deng et al., 2017; Murakami et al., 2004;
Nowacki et al., 2011).

DeepDyn target regions
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Figure 2.3: Model of the lateral variations in shear wave velocity in 2650 km to 2900 km
depth according to the GyPSuM model of Simmons et al. (2010). The colours show percental
deviations from the global mean velocity in this depth range with higher velocities in blue
and lower velocities in red. The center of the HLFL beneath Siberia is marked with a green
diamond.

Figure 2.3 displays a model of the shear wave velocity at depths ranging from 2650 km to
2900 km. The GyPSuM model of Simmons et al. (2010) is derived by combining information
from geodynamics and mineral physics using both compressional and shear waves. The
colours represent the percental deviations in shear wave velocity from the global mean
velocity in this depth range, with red indicating lower shear wave velocities and blue
denoting above-average shear wave velocities. These differences in seismic shear wave
velocities are associated with temperature variations in the D” layer. Regions with increased
shear wave velocity go along with colder material, while a reduction in shear wave velocity
is associated with a hotter material (Deng et al., 2017; Nowacki et al., 2011). Strong lateral
variation can be seen worldwide, with two principal regions of lower shear wave velocity
located beneath southern Africa and the South Atlantic, as well as the Pacific. These
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regions are known as LLSVPs (McNamara, 2019). Shear wave velocity is reduced up to
30% near the edges and within these LLSVPs in so-called ultra low velocity zones (ULVZs)
(cf. Fig. 2.1) (Deng et al., 2017; Nowacki et al., 2011). Another region of interest is the
Perm anomaly beneath Eurasia, which shows reduced shear wave velocity as well and might
feature similar thermochemical properties as the LLSVPs. Studies at the edges of the
Perm anomaly and LLVSPs beneath the Pacific and Africa show particularly strong LMM
anisotropy along the edges of regions with reduced shear wave velocity due to deformation
along the margins. The concentration of deformation, and thus anisotropy, at the borders
of the LLSVPs provides insights into the interaction between LLSVPs and ambient mantle
flow. It may reflect processes such as focused upwelling flow at the bases of mantle plumes
near the edges or flow of material deflected by the LLSVP itself (Deng et al., 2017; Long
and Lynner, 2015).

In contrast to the LLSVPs beneath the Pacific and Africa, Fig. 2.3 indicates an increase
in shear wave velocity at the target region of this thesis, Siberia. The colder material,
associated with this velocity increase, is assumed to be a pile-up of remnant slab material
from past subductions (Wookey and Kendall, 2008). The material may be associated with
the remnant material of the Mongol-Kazakh slab which subducted around 240 Ma ago (van
der Meer et al., 2018).

Variations in the temperature above the CMB go along with lateral differences in heat
flux through the D” layer since it serves as a thermal boundary layer above the isothermal
CMB (Gubbins et al., 2007). Using the shear wave velocity at the CMB, obtained from
tomographic studies, as a proxy for heat flux in simulations of the geodynamo, results
in a first combination of geomagnetic and seismological studies (Gubbins et al., 2007).
This combination of approaches from geomagnetic and seismological methods is further
continued in this thesis by using anisotropy measurements with the aim to better constrain
the seismic signatures at the HLFL beneath Siberia.

2.2 Anisotropy

In an anisotropic medium, physical properties depend on the direction. In general, these
properties can include elastic, thermal or electromagnetic properties (Greulich et al., 1998).
Seismic anisotropy refers to the seismic velocities of the elastic waves depending on the
direction of wave propagation and polarisation. The mechanisms that lead to directional
variations in seismic velocities can be classified into intrinsic mechanisms, independent
of wavelength, and extrinsic mechanisms, which depend on the wavelength. An example
is a periodic thin layering of material with contrasting elastic properties, which might
appear anisotropic if studied with waves with larger wavelength (Maupin and Park, 2007;
Wookey and Kendall, 2007). Anisotropy must be distinguished from heterogeneity, which
describes the spatial dependency of a property. Despite their different physical meaning,
for both anisotropy and heterogeneity it is a matter of the scale whether a medium appears
anisotropic or heterogenous. Therefore, an at small scales heterogenous layered material can
appear both homogenous or anisotropic if it is studied with waves with larger wavelength
(Maupin and Park, 2007).

In the following sections, wave propagation in anisotropic media (2.2.1), its resulting
observation of SWS (2.2.2) and causes of anisotropy in the Earth (2.2.3) are discussed.
Additionally, XKS pairs and their advantages, including the constrain of the depth of the
anisotropy, are presented in Section 2.2.3.
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2.2.1 Wave propagation in anisotropic media

In case of a linear elastic medium, the stress o;; is linearly related to the resulting strain
€1 by the elasticity tensor c;jz; as given in Hooke’s law (Nowacki et al., 201 1),

045 = Cijkl€kl, (2'1)
with the infinitesimal strain given by
1 8uk 8ul
=—|—4+—]. 2.2
M= g (83;1 * 8azk> (22)

Here, u,, represents the displacement and x,, the Cartesian spatial coordinate. Using the
symmetry of the stress and strain tensors, as well as the intrinsic symmetry of ¢;;z;, the 81
components of the elasticity tensor can be reduced to 21 independent parameters for a
general anisotropic medium (Wookey and Kendall, 2007). Introducing constraints on the
anisotropy of the medium further reduces the number of independent parameters of the
elastic tensor. In the isotropic case, the elastic tensor consists of only two independent
elastic parameters, the Lamé parameters, A and u (Wookey and Kendall, 2007).

For a plane wave of the form u(x,t) = a f(n - © — ct) propagating in the direction n with
a phase velocity ¢ in a homogeneous medium with density p, the equation of motion is
given by

Cijkl
T nga = Aa; . (2.3)
p

The term Mnjnk is known as the Christoffel matrix. To solve the equation of motion,
the eigenvalues and eigenvectors of the Christoffel matrix need to be found. In general,
this leads to three distinct eigenvalues, corresponding to three waves propagating in the
direction n with different phase velocities. Their polarisation direction is given by the
eigenvectors, which can be chosen perpendicular to each other. Unlike in isotropic media,
where the wave polarisation is parallel or perpendicular to the propagation direction, in
anisotropic media, the polarisation deviates from these orientations (Maupin and Park,
2007; Nowacki et al., 2011). In the upper part of Fig. 2.4, the orientation of the polarisation
and propagation direction of both the P and the S wave can be seen for an isotropic
medium. In the lower part of the figure, the situation for a weak anisotropy is depicted.
For a weak anisotropy, the three waves separate into a quasi P (qP) wave, with the highest
velocity and a polarisation nearly aligned with the propagation direction, and two qS
waves with different velocities and a polarisation in the plane nearly perpendicular to the
propagation direction (Maupin and Park, 2007; Savage, 1999; Wookey and Kendall, 2007).

2.2.2 Shear wave splitting

If a shear wave enters an anisotropic medium, its particle motion is projected onto the
polarisation direction of the two S waves. This can be seen in Fig. 2.5. The initial
linearly polarised S wave enters an anisotropic region and "splits" into two perpendicularly
polarised ¢S waves with different velocities. This effect is known as birefringence (analogue
to the optical birefringence for light) or SWS. The fast qS wave propagates with the fastest
seismic velocity and with a polarisation in the plane of the fastest seismic velocity, while
the slow qS wave moves with the slowest seismic velocity with a polarisation in the plane
of the slowest seismic velocity, which is perpendicular to the fastest one. After leaving the
anisotropic region, the splitting effect is preserved, which allows to describe the anisotropy
by two splitting parameters: (3, the angle between the fast polarisation direction and initial
polarisation of S wave in the isotropic medium, and ¢, the delay time between the arrivals
of the fast and the slow qS wave. Figure 2.5 shows the angle ¢ which is the azimuth between
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north and the orientation of the fast polarisation axis. It can be calculated from § using
the initial polarisation direction of the S wave in the isotropic medium and the inclination
i (measured from the Z axis oriented downward in the vertical plane) (cf. Section 3.1.2).
Since splitting delay times are typically between 0.5s to 2.0s, they are shorter than the
dominant periods T of teleseismic shear waves (T€ [5,10]s). Therefore, it is not possible to
visually observe two independent peaks. Instead, the qS waves display an elliptical particle
motion (Vecsey et al., 2008; Wookey and Kendall, 2007; Maupin and Park, 2007).

P
1
isotropic
qS
qP
qS2
anisotropic

Figure 2.4: Direction of the polarisation and propagation of SV, SH and P wave in the
isotropic case (top) and qS1, qSo and qP wave in the presence of a weak anisotropic medium
(bottom). Figure is taken from Savage (1999).

Split measurement and null measurement

When measuring SWS, two observational types are possible. One needs to differentiate
between the possibility to perform SWSMs and get a useable result or not. The presence of
an (apparent) null measurement when performing SWSMs needs to be classified as a result
of a successful measurement. Therefore, SWS in general can lead to two observational
types: an (apparent) null measurement and a split measurement. For isotropic media, only
null measurements for SWS can be observed. In the case of an anisotropic medium, we can
observe both a split measurement and an (apparent) null measurement, depending on the
orientation of the ray passing through the medium and the type of anisotropy (Creasy et al.,
2021). As an example, for simple anisotropy four backazimuth (BAZ) directions do not
show SWS since the initial polarisation in the isotropic medium is parallel or orthogonal
to the fast (or slow) polarisation direction of the anisotropic medium. Thus, no oscillation
occurs perpendicular to the fast (or slow) polarisation direction in the anisotropic medium
(Frohlich, 2020; Creasy et al., 2021).

A combination of the different anisotropies results in the linear (but not commutative)
combination of splitting since the observation of SWS is a path integrated property. Thus,
depending on the type of anisotropy and the orientation of the fast polarisation axis,
the delay time is the sum or difference between the different layers. Therefore, certain
configurations of anisotropy cannot be resolved (Silver and Long, 2011; Frohlich, 2020).
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Figure 2.5: Principle of SWS when a linearly polarised S wave enters an anisotropic
region (green) and gets split up into two waves. The two perpendicular polarised ¢S waves
propagate at different velocities. The two splitting parameters describing the anisotropy
are the fast polarisation direction ¢ measured as the angle from north and the accumulated

delay time 0t between both waves. Figure is taken from Nowacki et al. (2011), modified by
Fréhlich et al. (2021).

2.2.3 Anisotropy studies in the Earth

Seismic anisotropy occurs on different scales and depths within the Earth. In addition to the
crust and the upper mantle, which are widely anisotropic, the D” layer and the inner core
show anisotropy as well (Long and Becker, 2010; Nowacki et al., 2011; Creasy et al., 2021).
Depending on the region of interest, the epicentral distance to the recording station and
the distribution of suitable earthquakes, different phases are favourable to study anisotropy
in the Earth. In this thesis, core refracted phases are used, since they, in comparison to S
and ScS waves, offer a variety of advantages to study anisotropy particularly in the LMM.

XKS pairs

The splitting parameters ¢ and 0t, measured at seismometers, are path-integrated parame-
ters. Thus, they do not contain information about the position of the anisotropy along
the raypath. Core refracted phases, referred to as XKS phases, allow to limit the possible
source region of the anisotropy. As it can be seen in Fig. 2.6 for the SKS and SKKS phases,
the S wave that emitted from the earthquake is converted to a P wave upon entering the
liquid outer core. SKS and SKKS phases both travel through the outer core with SKKS
being reflected once at the inside of the CMB. Leaving the outer core, both phases are
converted back into S waves when a smooth CMB and laterally homogenous Earth is
assumed (Nowacki et al., 2011). This conversion constrains the S wave to a purely SV
polarised wave with a known initial polarisation equivalent to the BAZ in the isotropic case.
Due to the propagation as a P wave inside the outer core, all the anisotropy information
that is measured at the receiving station can only result from the station-side (upcoming)
raypath between the CMB and the station. As previously discussed, the upper-mantle and
crust are highly anisotropic. Therefore, the measured anisotropy at the station may be
composed to a certain degree of an upper-mantle/crustal effect. Combining pairs of XKS
phases, especially SKS and SKKS phases, from the same event uses the advantage of the
waves to have nearly identical raypaths in the upper mantle and crust. Yet, the phases
have a different raypath in the LMM. Therefore, if we observe a so-called discrepant pair,
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where one of the two phases shows anisotropy and the other one does not show it, we can
assume that a contribution to the measured SWS results from an anisotropy located in
the region where the two XKS phases have different raypaths (Deng et al., 2017; Creasy
et al., 2021). Since there is no evidence of a widespread significant anisotropy in the lower
mantle, this most likely comes from the D” layer (Meade et al., 1995; Deng et al., 2017;
Nowacki et al., 2011).

Figure 2.6: Schematic drawing of the raypaths of the SKS (blue) and the SKKS phases
(green) through the Earth’s interior. The layers (inner core, outer core, LMM, lower
and upper mantle and crust) as well as the discontinuities (TSZ = transition zone, CMB,
and ICB = inner core boundary) are displayed. The waves propagate from the earthquake
(yellow star) to the station (triangle). They are converted to a compressional wave upon
entering the liquid outer core and converted back to a shear wave when leaving the outer
core. The different raypaths for SKS and SKKS phases in the lower mantle and the different
piercing points at the CMB are striking. Figure is taken from Frohlich et al. (2021).

Additionally, PKS phases, which propagate as P waves until leaving the outer core at
the station side of the CMB at a piercing point close to the one of the SKS phase and
being converted to a SV polarised wave, can be used to study anisotropy in the LMM
(Kaviris et al., 2018). They are limited in their usage due to the limited epicentral range,
[130, 148] °, where they can be observed (Kennett, 2005; Maupin and Park, 2007).

Occurrence and causes of anisotropy in the Earth

Most of the minerals in the Earth are seismically anisotropic. Without external influences,
these minerals are randomly orientated, resulting in an isotropic appearance of the material.
However, external forces can lead to a preferred alignment of minerals, causing directional
variations in seismic velocity. Such an anisotropy is classified as bulk-anisotropy, meaning
that the wavelength of the seismic waves is much larger than the characteristic length of
the structure. Causes for the anisotropy include lattice preferred orientation (LPO) of
intrinsic anisotropic minerals or shape preferred orientation (SPO) of isotropic materials
with contrasting elastic properties (Wookey and Kendall, 2007; Long and Becker, 2010;
Nowacki et al., 2011).

LPO occurs when an external stress field leads to strain in an intrinsic anisotropic crystal.
An increase in strain rate results in dislocations within the crystal lattice. Therefore, the
term crystal preferred orientation (CPO) describes the same cause of anisotropy. Depending
on the relative strengths of the active slip systems in the crystal, these dislocation migrate
(e.g. a slip on a crystallographic plane) (Nowacki et al., 2011). The large-scale alignment
of crystals leads to LPO. The degree of observed anisotropy depends on both the elastic
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anisotropy of the individual crystals and the degree of alignment (Wookey and Kendall,
2007).

Another cause of macroscopic anisotropy arises from the SPO of minerals. This involves the
alignments of features on length-scales that are larger than individual crystals, including
sub-wavelength layering, preferred alignment of intrusions or (periodic) ordering of material
with contrasting elastic properties (Nowacki et al., 2011; Wookey and Kendall, 2007).

The differentiation between LPO and SPO as the dominant effect in the LMM remains
challenging with the currently available data. The observations are compatible with a
complementary presence of both SPO and LPO (Nowacki et al., 2011). The measurement
of anisotropy in the LMM can be due to the alignment of melt pockets, stratification of
layers with different seismic velocities or the alignment of minerals through deformation.
By observing SWS as an unambiguous indication of seismic anisotropy, we are able to
investigate deep geodynamic deformation processes which control the alignment of minerals
or structures (Kendall and Silver, 1998; Lay et al., 1998).

Simple and complex anisotropy

In this thesis, an anisotropic structure without lateral and vertical variation of the anisotropy,
with a transversal isotropy and a horizontal axis of symmetry is referred to as simple
anisotropy. Any anisotropy that deviates from this description is described as complex
anisotropy, including layering of anisotropic layers or lateral varying anisotropy (Long and
Silver, 2009; Plomerové et al., 1996). The general methods to measure SWS, including
the methods used in this thesis and described in Chapter 3, generally assume a simple
anisotropy. Only then the splitting parameters measured at the surface directly relate to
the anisotropic properties present in depth. Otherwise, apparent splitting parameters are
determined, which represent significant results only in the presence of a simple constellation
of complex anisotropy. Systematic variations in (apparent) splitting parameters with the
BAZ or differences in the resulting splitting parameters obtained using different analysis
methods can indicate the presence of complex anisotropic structures (Long and Silver,
2009).
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Chapter 3

Methods

3.1 Methods to determine the splitting parameters

In this thesis, SWSMs are performed by determining the splitting parameters for individual
seismic events (single-event analysis) in the MATLAB program SplitLab from Wiistefeld
et al. (2008). XKS phases of different permanent and temporary broadband seismometers
are analysed. As discussed in Section 2.2.2, the expected delay time of the qS waves is
shorter than the dominant period of the XKS phases. Therefore, no complete separation
of the signal in the time domain is obtained. To address this, the methods of Bowman
and Ando (1987) and Silver and Chan (1991) are implemented in SplitLab, allowing the
determination of SWS by performing a grid-search to determine the optimal splitting
parameters which best correct for the observed splitting and, thus, linearise the horizontal
particle motion.

3.1.1 Bowman and Ando method

The method after Bowman and Ando (1987), also referred to as rotation-correlation (RC)
method, relies on maximising the normalised cross-correlation coefficient (nCCC). The
horizontal seismograms are rotated relative to each other in 5° steps between 0° to 90°.
In doing so, the nCCC is calculated between the seismograms of the fast and the slow S
waves with a time shift of +2s. The orientation of the fast polarisation axis ¢ is determined
by the rotation angle corresponding to the maximal nCCC. The delay time 6t is given
by the time shift between the minimum and maximum nCCC. The seismogram of the
slower ¢S wave is shifted relative to the fast S wave by the determined delay time. Finally,
the seismograms are rotated back and the corrected particle motion can be seen in the
south-north (S-N) vs. west-east (W-E) hodogram (Bowman and Ando, 1987; Long and
van der Hilst, 2005).

3.1.2 Silver and Chan method

Silver and Chan (1991) introduced an eigenvalue (EV) method to determine the splitting
parameters. A specialised case of this method, named Silver and Chan (SC) method, can
be applied if the initial polarisation direction is known. Both methods (EV and SC) are
implemented in SplitLab and therefore briefly outlined in this section.
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Eigenvalue method (EV)

In a homogeneous isotropic medium, a shear wave u(w) with an amplitude w(w), angular
frequency w and a polarisation direction given by the unit vector p can be described with

u(w) = w(w) exp (—iwTp) P. (3.1)

The wavelet-function w(w) is the product of the Fourier-transformed source time function,
the damping operator, the instrument response and the complex vector amplitude. If the
wave enters an anisotropic medium, birefringence occurs, which is described by the splitting
operator

T = exp(iwdt/2) f f + exp(—iwdt/2)83. (3.2)

The splitting operator I' consists of the two splitting parameters 8 and dt. Here, the angle
[ is given by the angle between the fast polarisation axis f and the initial polarisation
Pp. The slow direction § is perpendicular to the fast one, as discussed in Section 2.2. The
two waves experience a time shift of ¢/2 and —dt/2, respectively. The dyadic products of
the slow, 88, and fast, f f , polarisation directions with themselves present the projection
operators. Consequently, a shear wave in an anisotropic medium wus(w) is expressed as

us(w) = T'u(w) = w(w) exp (—iwTy) T - P. (3.3)

To obtain the splitting parameters, the parameters that best undo the splitting are to be
determined. Therefore, the optimal transformation from Eq. 3.3 to Eq. 3.1 needs to be
found:

iis(w) = T ug(w) = T 'Tu(w) = u(w). (3.4)

This requires computing the inverse operator I' !, which is achieved by calculating the
two-dimensional covariance matrix of the particle motion and determining the eigenvalues
A1 and Ao. For the isotropic case, the covariance matrix has only one eigenvalue differing
from zero. Therefore, the optimal splitting parameters are those that minimise Ao and
maximise the singularity of the covariance matrix. The quality of the outcome of this
method depends strongly on the data quality. In data with lower noise level, more accurate
splitting parameters can be determined in the grid search. These values then bring the
covariance matrix closer to a singular matrix (Frohlich, 2020; Silver and Chan, 1991;
Sanz Alonso, 2017).

Energy minimisation method (SC)

If the initial isotropic polarisation vector p is known, a special case of the EV method, the
energy minimisation method, can be applied. Assuming a smooth CMB and a laterally
homogeneous Earth, the initial polarisation of the XKS phases is constrained by the P-SV
conversion at the CMB (cf. Section 2.2.3). Under these conditions, the energy on the
corrected transverse component,

“+o0o
By = / ﬂi r(t)de, (3.5)

can be minimised. The signal on the transverse component us(t) (cf. Fig. 3.1) in the
time-domain is given by

g (t) = —%(w(t 6t/2) — w(t — 6t/2)) sin(23). (3.6)

Similarly, the signal on the radial component in the time domain, us g (t) (cf. Fig. 3.1), is
given by
us g (t) = w(t + 6t/2)(cos(B))* — w(t — 6t/2)(sin(B))?. (3.7)
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Comparing Eqs. 3.6 and 3.7, it follows that the signal on the transverse component becomes
zero in the isotropic case, as expected (Frohlich, 2020; Silver and Chan, 1991; Sanz Alonso,
2017).

SKS pulse
orth

[eOIBA

Figure 3.1: Relation between the ZNE coordinate system and the LQT coordinate system.
The measured signal in the ZNE coordinate system is transferred to the ray coordinate
system (right-handed LQT system). The ray plane, coloured in grey, is given by the L-
component, pointing along the ray from the earthquake to the station, and the ()-component,
pointing towards the earthquake. The T-component is perpendicular to the ray plane. W
denotes the BAZ. Figure taken from Wiistefeld et al. (2008).

3.1.3 Comparison of the methods

The two methods that are used in this thesis are the SC and RC method. They are
influenced by a different amount by the presence of a complex anisotropy, the proximity
to apparent null-measurements and noise. In SplitLab both methods are implemented
and the reliability of the SWSMs is assessed by comparing the results of both methods.
If the derived (apparent) splitting parameters are consistent across methods, then the
results are considered fairly robust. In general, the SC method is considered to be more
robust because it is less affected by noise. In contrast, the RC method is less influenced
by complex anisotropy (Long and van der Hilst, 2005; Long and Becker, 2010). Both
methods yield distinctly different results when apparent null measurements are observed.
The fast polarisation direction ¢ shows a discrepancy of |A¢| = |dsc — drc| = 45° due to
osc = ¢ £n-90° with n =0,1 and ¢prc = ¢ & 45°. For it the SC method obtains large
values up to the maximum of the grid search (4 s), while the RC method strives towards
very small values for the delay time (Wiistefeld and Bokelmann, 2007).
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3.2 Software used for the measurements

To study the anisotropy of the LMM, SWSMs are performed in MATLAB R2024a using the
SplitLab program developed by Wiistefeld et al. (2008). The version 1.2.1, maintained by
Rob Porritt, is used for the measurements of SWS in this thesis. The process of requesting
seismic traces, as well as further processing of the results obtained in SplitLab, including the
visualisation of these results, is conducted in Python 3.12 using various libraries, including
Matplotlib, ObsPy and PyGMT (Hunter, 2007; Beyreuther et al., 2010; Tian et al., 2025).

3.2.1 Configuration of projects in SplitLab

To analyse seismic traces in SplitLab, a project-file (.pjt) is created for each station
individually. After a configuration of the recording station parameters in SplitLab, including
the latitude, longitude, station and network codes, as well as a possible seismometer
misorientation, a desired earthquake catalogue can be loaded into the project. Earthquakes
in the Global Harvard Centroid Moment Tensor (CMT) catalogue (Dziewonski et al.,
1981; Ekstrom et al., 2012) that meet specified constraints regarding time span, epicentral
distance, hypocentral depth and moment magnitude are linked to the project. The selected
limits and ranges for these parameters are described in Section 4.1 and Section 5.2.

The theoretical arrival times for the desired phases are calculated automatically using the
MATLAB toolbox tauP (Crotwell et al., 1999) based on the Earth iasp97 model (Kennett
and Engdahl, 1991). Seismic traces of suitable earthquakes (cf. Section 5.1.1) are requested
in Python via the International Federation of Digital Seismograph Networks (FDSN) web
service and the obspy.clients.fdsn package (Beyreuther et al., 2010). The selected client
depends on the requested station. Requested are all three components (vertical (Z), North
(N), East (E)) of broadband stations with a duration of 3000s. Additionally, the station
metadata is requested using the FDSN web service to download the station XML-files.

The seismic traces are automatically linked to the corresponding earthquakes of the Global
Harvard CMT catalogue (Dziewonski et al., 1981; Ekstrom et al., 2012) in SplitLab by
comparing the time in the file header of the three-component (3C) seismograms (.sac-files).
Once a project is set up, individual traces are analysed and the splitting parameters can
be determined.

3.3 Measurement of shear wave splitting

Each earthquake is studied to potentially pick the onset of SKS, SKKS and PKS phases
and measure SWS. In the view seismogram panel of SplitLab, all three components (vertical
(Z), North (N), East (E)) of a given earthquake are displayed. A signal is identified as a
relevant seismic phase by comparing the onset of the signal with the theoretical arrival time
of the corresponding phase. To distinguish between P, SV and SH waves, the traces are
rotated around the BAZ and tilted by the inclination angle, which transfers the measured
signal from the ZNE coordinate system (measuring coordinates) to the LQT coordinate
system (ray coordinates) (cf. Fig. 3.1). In this coordinate system, the L-component aligns
with the direction of the ray towards the receiver (P wave), the Q-component (SV wave)
is positive towards the source and the T-component is perpendicular to the LQ-plane
(Wiistefeld et al., 2008).

To differentiate between the desired seismic signals and noise (every other signal on the
seismogram), the data are filtered with a Butterworth bandpass filter of third order. Since
XKS phases have typical frequencies of [0.03, 0.20] Hz with a dominant range between [0.1,
0.13] Hz the bounds for the frequency are varied between [0.020, 0.066] Hz for the lower
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bound and [0.16, 0.20] Hz for the upper bound with a broader frequency range of [0.020,
0.20] Hz being preferred. If no clear signal of the phases is visible with these filter parameters,
the bounds are adjusted, using the same frequency bounds for all measured phases of the
same earthquake. The selection of the XKS phases is done on the Q-component. Due to
the dominant frequencies of the XKS phases and the frequency bounds of the bandpass
filter, a time window of approximately 15s to 20s is selected for the SWSMs. To minimise
possible interferences with other phases, a time lag of at least 5s is kept between the
selected time window and other arriving phases, including S, Sdiff or depth phases (pSKS,
sSKS) for most SWSMs.

The selected time window is expanded by +20s at both ends. SWSMs are performed using
both the RC and SC methods as described in Section 3.1. The optimal pair of splitting
parameters is identified through a grid search between [—90,90]° in steps of 1° (RC) and 2°
(SC) for the orientation of the fast polarisation axis ¢. For the delay time values between
[0,4] s are tested with steps of half the sampling frequency.

The SWSMs are classified by visual inspection in the diagnostic plots of SplitLab (cf. Fig. 3.2).
The classification depends on the signal of the different components, the S-N vs. W-E
hodogram of the particle motion before and after the correction for splitting, the 95 %
confidence interval of the determined (apparent) splitting parameters and the extend
to which both methods (RC and SC) agree. The results are classified based on their
observational type, (apparent) null measurement or split measurement, and assigned to
one of the three quality classes (Table 4.6) according to their signal-to-noise ratio (SNR)
and the differences between both methods.

To improve the quality and to increase the number of SWSMs, different limiting frequencies
and time windows (varying both in length and onset times) are analysed for each earthquake
and phase. Verification of picking the arrival of the correct wave is performed by comparing
the absolute value between the initial polarisation of the incoming phase and the theoretical
azimuth of the corresponding earthquake, which should theoretically be 180°, since the
initial S wave is a pure SV wave. Deviations from this might indicate the misidentification
of another phase as XKS phase or a possible misorientation of the seismometer. Therefore,
picks of phases with values outside the interval [150,210]° are discarded as they do not
correspond to the desired phases.

The SNR in SplitLab is calculated as the ratio of the R-component s r(t) to the 20-envelope
of the T-component, 20, 7, of the corrected S-wave,

with i € {RC,SC}, (3.8)

(Restivo and Helffrich, 1999). A high SNR is essential to obtain stable and reliable results.
Thus, Vecsey et al. (2008) suggest a SNRgc > 3 as lower limit. In addition to the analytical
value for the SNR, the visual impression is considered as well. A significant signal on the
Q-component is crucial to identify the relevant XKS phases. Furthermore, due to noise
in real data, it is not possible to achieve a zero signal amplitude on the T-component, as
discussed in Section 3.1.2. An exemplary measurement for an observation of a null and
a split measurement is displayed in Fig. 3.2. In both cases, some signal is visible on the
T-component, even after correction. For low SNRs, a (small) signal might hide in the noise
on the T-component. Extreme values of the delay time, both for short and long times,
need to be studied in more detail. Very small delay times dt < 0.3 s are associated with
large uncertainties and a small signal amplitude on the T-component, necessitating a high
SNR. In contrast, long delay times dt > 2s may be a splitting artefact if no strong signal
amplitude is observed on the T-component (Vecsey et al., 2008).
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Event: 31-Aug-2016 (244) 03:11 -3.68°N 152.79°E 476 km Mw = 6.8
Station: KEF Backazimuth: 57.0° Distance: 110.13°
init.Pol: 238.0° Filter: 0.034 Hz - 0.16 Hz wznm_u” 639

Rotation Correlation: -27< 15°< 53 00<02s<16
Minimum Energy: -31< -29°< 31 1.8<22s5<26
Eigenvalue: -29 < -27°< 23 0.6<1.55<18
Quality: fair  IsNull: Yes Phase: SKS

Inc=7.1°

corrected Q (--) & T (-)

Particle motion before (--) & after (-)

Map of Correlation Coefficient

4000 T a0
-~
P
= N i
I3 2000 ; N
o / ~
£ ! . o
2 l.IuIVﬁ‘I.I.I\|/_l|l||.|.\. a
5] 0 s
& ! o
S N ! -
o \ /
5 N
& -2000 \ / ]
\ /
N\ /
o
-4000 . . .
] 10 15 W-E o 1 2 3 Z
delay time / s
corrected Q (--) & T (-) Particle motion before (--) & after (-) Energy Map of T
4000 h . . 90 Kr.f........,.. —
P ———
N
/ \ 60 p
w 2000 / A B
& / \ 20l
= / AN
w ! ~ m
e L
m o 1 % o
E i 2
= ! 30
= \ / i
-2000 \ /
\ /! -60 p——
N s
- W
-4000 t L L 90 - - .
] 10 15 W-E o 1 2 3 Z

delay time / s

(a) 2016.244 SKS



Chapter 3: Methods 21

Inc=12.0°

delay time /s

delay time /
Energy Map of T

Map of Correlation Coefficient

Particle motion before (--) & after (-)
w
Particle motion before (--) & after (-)

@
"
u
z
=
E
=
©
2
<
we
3
g

62 00<095<32
5°< 23 06<1.1s<2.0

52 06<1.1s<26

Quality: fair  IsNull: N0 Phase: SKKS

corrected Q (-) & T (-)
1
!
1
corrected Q (--) & T (-)

corrected Fast (--) & Slow (-)
corrected Fast (--) & Slow (-)

uglleaLeD-Uoneloy ABJaug winwiupy

(b) 2016.2/} SKKS

Figure 3.2: Diagnostic plot from SplitLab for an earthquake on 2016/08/31 measured at
the KEF station. In the top left of both figures the horizontal seismogram components can
be seemn, with the grey background marking the selected time window for which splitting is
calculated. (a) The figure shows an (apparent) null measurement. The particle motion in
the S-N vs. W-E hodogram (third figure from the left for both methods) is already linear
before correction for the splitting. In the diagram of the determined splitting parameters
a small delay time can be seen for the RC method, while the SC method strives for (in
general unlimited) long delay times. (b) The lower figures shows a split measurement. The
particle motion in the S-N vs. W-E hodogram (third figure for both methods) is elliptical
before the correction for splitting and becomes linear afterwards. Shifting the waveforms
by the (apparent) delay time results in the waveforms of the slow and fast polarisation
direction to coincide in time (first figure form the left in both lines). After backrotation by
the fast polarisation direction most of the signal on the T-component is removed (second
figure form the left in both lines).
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Chapter 4

Shear wave splitting measurements
at the KEF station (Finland)

4.1 Measurements at KEF station

SWSMs of XKS phases are analysed, which are recorded at the KEF station, network HE
in Finland (cf. Table 4.1), and which sample the LMM beneath Siberia and the North
Atlantic. The parameters of these earthquakes are listed in Table 4.2. The dataset consists
of 903 earthquakes with magnitudes My, ranging from 5.5 to 8.8, recorded between August
2006 and July 2017 (cf. Table 4.3). To increase the SNRs, only events with hypocentral
depth greater than or equal to 20 km are used. The epicentral distances of these earthquakes
lie between 80° and 140° as XKS phases occur in this range.

Table 4.1: Parameters of the recording station KEF.

station network longitude latitude operation sensor
code code °N °E time type

KEF HE 24.8670 62.1667 2006/01/01- STS-2

The general process of analysing the seismic traces at the KEF station to measure SWS
follows the methodology described in Section 3.3. When rotating into the LQT-coordinate
system and subsequently measuring SWS, striking deviations are visible for the period
between 2012/09/30 and 2017/06/22. These traces show significantly larger amplitudes
on the T-component than on the (Q-component. An exemplary trace of an earthquake
recording, along with the diagnostic plot, is provided in Fig. A.1 and Fig. A.2 in the
appendix.

Table 4.2: Parameters of selected earthquakes (EQs) at the station KEF.

epicentral distance/ ° 80 < distance < 140
magnitude My, > 5.5
depth/ km > 20

Revision of the station information confirmed a misorientation of the seismometer by a
rotation of 90° during this period. The North-component has been pointing west, while
the East-component has been pointing north. To correct for this misorientation, data in
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this time interval are rotated back to the correct orientation by swapping the North- and

East-component and adjusting the polarity of the new East-component before performing
SWSMs.

Table 4.3: Parameters of the 3C seismograms at the station KEF.

data- channel- sampling time span total no.
centre code rate/ Hz of EQ
GFZ BH? 20 2006/08/25 - 2017/07/15 903

4.2 Results and discussion

For the 903 earthquakes recorded at the KEF station, I was able to measure SWS in 215
cases for a XKS phase. An overview of the number of measurements for each phase and
the corresponding splitting observation is presented in Table 4.4. It is noticeable that SKS
phases are measured more frequently than SKKS and PKS phases. This discrepancy arises
from the challenges associated with observing SKKS and PKS phases and the limited
epicentral distance in which PKS phases can be observed.

Table 4.4: Number of SWSMs for the station KEF. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation. The individual results for the different phases are listed in the other columns.

total no. of SWSM SKS SKKS PKS

split null split null split null
215 74 55 28 22 26 10

For the aim of this thesis, a special focus lies on earthquakes for which at least two XKS
phases are successfully measured. Table 4.5 provides an overview of the number of such
pairs at the KEF station and their respective splitting observations. Particular attention is
drawn to discrepant pairs, as they have at least a contribution to the splitting signal from
the LMM (Section 2.2.3). A total of 17 of such discrepant pairs have been measured at the
KEF station.

Table 4.5: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake. The second and third column present pairs for which both
seismic phases show similar splitting observations, while for pairs in the fourth column,
both phases show different splitting observations.

total no. no. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
36 8 11 17

The distribution of these measurements and the derived splitting parameters are displayed
in Fig. 4.4a. The stereographic projection shows the results of the SWSMs projected onto
the horizontal plane. Figure 4.1 provides a 3D representation of this projection. The
positions of the measurements within the stereoplots are determined by the BAZ with
respect to north (N), and their incident angle. SKKS phases have larger incident angles
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(11° to 13°) and, therefore, plot further away from the centre of the stereoplots compared
to SKS (5° to 9°) and PKS (4° to 8°) phases (Creasy et al., 2021).

i = incident angle
BAZ = backazimuth

incident wave

Figure 4.1: Schematic drawing of the stercographic projection in 3D. The three axes
represent north (N), east (E) and the vertical component (z) with the recording seismic
station at the point of origin. If an incident wave arrives at the station it pierces through
the lower spherical half shell at a certain incident angle i. This point is projected onto the
horizontal plane, marked with orange in the plot. Thus, the larger the incident angle the
further the point plots away from the centre of the coordinate system. The position of the
orange point from north is given by the BAZ of the earthquake.

In Fig. 4.4a only pairs are included for which at least one measurement is classified as
good or fair quality according to the criteria defined in Table 4.6. In the two-dimensional
(2D) representation, the data points are plotted according to their observational type. Null
measurements are represented as circles, while split measurements are marked with lines.
The length of these lines corresponds to the delay time §t between the arrivals of the fast
and slow waves. The colour of the line indicates the orientation of the fast polarisation
axis, using a cyclic colourbar. In general, a complex pattern can be observed. Towards
the west, nulls are observed consistently for SKS phases while SKKS phases show mostly
splits. Towards the northeast, the pattern becomes more complex with variations within
both splitting type and values of the splitting parameters for both the delay time and the
orientation of the fast polarisation direction. Consistent observations are made for the PKS
phases with a BAZ of around 30° and an incident angle of around 5°. Those measurements
show splitting with a fast polarisation axis of around 60°. But, especially from directions
where few SWSMs are obtained (e.g. north, west-northwest or east-southeast), estimating
the reproducibility and, thus, the uncertainty of the obtained results is not reliably possible.
This is further discussed in Section 4.3.1.

Since the focus of the DeepDyn project lies on the understanding of the LMM, maps of
receiver-side piercing points for the previously discussed pairs through the D” layer are
generated to obtain spatial information on the distribution of null and split measurements.
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Raypaths are calculated using the TauP package (Crotwell et al., 1999) of Python and
using the point of the raypath that is the closest to the desired depth as the location of
the piercing point. The resulting map of the piercing points for a depth of 2900 km can be
seen in Fig. 4.2.
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Figure 4.2: Piercing points at the receiver side of the raypath at 2900 km depth. The
yellow triangle marks the recording station KEF, the diamonds the two DeepDyn target
regions in the LMM and the grey striped areas show regions with reduced shear wave velocity
according to Wolf et al. (2023). The colour of the piercing point indicates the wave type
and the type of splitting observation.

The recording station KEF is located in the centre of the map, marked with a yellow
triangle. The associated piercing points for the different phases of the same event are
connected by a black line. The phases of discrepant pairs are colour-coded according to
their phase, with filled dots representing splits and colour-framed circles indicating nulls.
Pairs with the same observational type are also displayed with minor dots, here white dots
indicate nulls and grey split measurements. In accordance to the stereographic projection
in Fig. 4.4a, the piercing points of the SKS phases (blue) plot closer to the recording station
while the SKKS phases (green) pierce through the CMB at larger distances to the station.
For the piercing points plotting west for the KEF station these might be associated with
the HLFL in the North Atlantic (grey diamond). The border of the LLSVP, according to
Wolf et al. (2023), plotted beneath the North Atlantic and Spain aligns nicely with the
observed splitting in SKKS phases. Previous studies have shown that mantle flow processes
take place at the borders of LLVPs and go along with a preferred orientation of minerals
(Wang and Wen, 2007; Long and Lynner, 2015; Wolf et al., 2023). This alignment adds up
to the observation of anisotropy in this region. The piercings points towards the east of
the KEF station can be associated with the target region of Siberia and the reduced shear
wave velocity at the Perm anomaly, as indicated in Fig. 4.2 (Long and Lynner, 2015). In
general, the observed behaviour of these measurements exhibits strong variations between
the observational type and spatial positions. While most pairs with more southern piercing
points exhibit splitting of both phases, variations arise in the north. There, all possible
combinations of nulls and splits are observed.
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Table 4.6: Quality criteria for the different SWSMs. Crriteria are based on the SNR, the
variations between the two methods for the splitting parameters ¢ and &t, the confidence
interval and the particle motion. Three different quality classes are defined: good, fair
and poor. The upper three rows present a null measurement, the lower three rows a split
measurement. These criteria follow the criteria defined by Frohlich (2020).

observation SNR |Ag|/° |Adt|/ s confidence particle motion
quality (SNRsc)  |psc — édrc|  |0tsc — dtre| interval (95%) (SN-WE /Q-T)
null, good > 10 (37, 53] maximum no overlap unchanged
null, fair > 7 [32, 58] large linear
null, poor >3 as soon as one criterium is not fulfilled,

and no SWS recognisable

split, good > 10 <5 <0.2 small from elliptical
split, fair > 7 <20 <1.0 to linear
split, poor >3 as soon as one criterium is not fulfilled,

but SWS recognisable

4.3 Comparison

Analysing the events discussed in Section 4.1 allows a comparison of phase pairs and
splitting parameters obtained by different analysts since Muhammad Dillah (MD) and I,
Fiona Dorn (FD), have been studying the dataset of the ScanArray (Thybo et al., 2021)
previously studied by Grund and Ritter (2018). By comparing Muhammad Dillah’s results
and my own, reproducibility of the results can be assessed and uncertainties of the obtained
splitting parameters can be estimated. In addition, we evaluate to which degree the results
depend on the analyst.

According to Frohlich et al. (2023), the SplitLab software used by Michael Grund (MG) in
his data analysis still contained an error related to the temporal alignment of the traces of
the components relative to each other. Since the start and end times of the single traces
differ due to data storage details, wrongly aligned recording components can lead to wrong
particle motions in both the ZNE and the LQT coordinate systems. This misalignment
can distort splitting signals and generate artificial ones (Frohlich et al., 2023). Therefore,
by comparing the results of Muhammad Dillah and myself with those of Grund and Ritter
(2018) the extent of this error and the impact on previous obtained results can be examined.

4.3.1 Results and discussion

Figure 4.3 presents the colour-coded distribution of epicentres for which at least two phases
were measured by one analyst. Even though certain individual events differ between
analysts, the general pattern and the backazimuthal distribution agree within all three
analysts. Each analyst performed SWSMs on earthquakes with epicentres in South America
and Southeast Asia extending up to the Tonga region. The backazimuthal distribution
reflects the natural unequal distribution of strong and deep earthquakes across the Earth.

The number of pairs found for each analyst is listed in Table 4.7. Pairs refer to measurements
for which an analyst has been measuring at least two XKS phases for the same earthquake.
If all three phases are measured for one event, all combinations are listed as separate pairs.
Differences in the number of identified pairs may arise from different criteria for classifying
measurements as null and split. The table with the criteria used by Muhammad Dillah and
myself are listed in Table 4.6. These criteria follow the criteria defined by Frohlich (2020).
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%/ recording station KEF

— plate boundaries

* earthquakes with pairs FD
* earthquakes with pairs MD
* earthquakes with pairs MG

Figure 4.3: Map of the epicentres of the earthquakes for which at least two XKS phases
were measured. The yellow triangle shows the recording station KEF in Finland. The
blue circles represent epicentral distances of 80° and 140°. The different colours of the
epicentres corresponds to the different analysts.

The generally lower number of pairs which have been identified by Grund and Ritter (2018)
may result from stricter classification criteria for split or null measurements, including
only measurements agreeing for the RC and SC methods within their error bounds (95 %
confidence region) and having a SNR of at least five (Grund and Ritter, 2018). In addition,
the error in SplitLab in the time alignment of the recorded components influences the
number of pairs (Frohlich et al., 2023).

Table 4.7: Number of pairs for which the different analysts (first column) observed at least
two of the analysed XKS phases for the same earthquake. The third and fourth column
present pairs for which both seismic phases show similar splitting observations, while for
pairs in the fifth column, both phases have different splitting observations.

analyst total no. no. of same no. of same no. of

of pairs  pairs (nulls) pairs (splits) discrepant pairs
FD 36 8 11 17
MD 32 10 10 12

MG 27 4 14 9
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Differences in the number of measurements between Muhammad Dillah’s and myself pri-
marily result from the classification of near-null measurements (Wiistefeld and Bokelmann,
2007). These measurements show a striking signal for the expected phase with matching
values for the absolute values between initial polarisation of the incoming wave and the
theoretical BAZ of the corresponding earthquake. However, for the particle motion only a
slight elliptical movement is visible. While each analyst classified these cases consistently
as null or split measurement within their dataset, differences arise between the analysts.
An example for this is displayed in Fig. A.3 in the appendix. Here, the SKKS phase is
classified as null by Muhammad Dillah and as split by me, resulting in a discrepant pair in
my statistics and in a same pair (both null) in Muhammad Dillah’s results.

I — I ———
KEF N -60-30 0 30 60 KEF N

-60-30 0 30 60

(¢) MG

Figure 4.4: Stereoplots of pairs of XKS measurements from the three analysts for the
KEF station with at least one of the measurements being of good or fair quality. The degrees
from the centre point show the incident angle, with SKKS phases showing larger incident
angles.

The results of SWSMs for pairs, in which at least one measurement is classified as good or
fair quality (cf. Table 4.6), are displayed in the stereoplots in Fig. 4.4 for all three analysts.
The general pattern agrees strongly among the three analysts. The observed splitting
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measurements with a BAZ of around 30° to 45° for PKS and SKS phases are consistent
across the three analysts. Moreover, the orientation of the fast polarisation axis ¢ and
the values for the delay time 6t have comparable values for the analyses. A similar level
of agreement of the observation can be made for the null measurements of SKS or PKS
phases with a BAZ of 240° to 280°. Still, discrepancies occur for the corresponding SKKS
phases, for which Michael Grund and I measure mostly splits with a consistent orientation
of the fast axis, and Muhammad Dillah measures primarily nulls. The strong variation of
splitting parameters with the BAZ has been associated with the presence of a complex
seismic anisotropy beneath the station, e.g., multiple layers of seismic anisotropy (Silver
and Savage, 1994; Grund and Ritter, 2018). Apart from this in general complex splitting
pattern, MD and I observe additional pairs with differing values for the BAZ, resulting in
a more scattered distribution.
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Figure 4.5: Heatmaps showing kernel density estimations of the fast polarisation axis for
FD, MD and MG. The brighter the colour, the higher is the relative density of measurements.
The relative density of measurements are normalised in such way that the integral overall
possible values equals 1. The colours in the colourbar of the three figures are the same to
make comparison between the figures easier.
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To further estimate the distribution and comparability of the splitting parameters, density
function distributions are generated for the fast polarisation axis. These heatmaps can be
seen in Fig. 4.5 for the three analysts FD, MD and MG. By comparing the values of the
fast polarisation axis across the analysts, it is desired to estimate not only the reliability of
the observational type but to further assess the reproducibility of the values of the splitting
data. The aim is to study, whether interfering further information regarding parameters of
the anisotropy is reliably possible. The value for the fast polarisation axis is plotted on
the y-axis, while the x-axis gives the BAZ. The colour of each plot shows the density of
measurements at a certain position with brighter colours corresponding to higher densities.
The colours in the colourbar of the three figures are consistent to facilitate comparison
between the figures. The seaborn.kdeplot function of Python visualises the distribution
of observations in a dataset, similar to a histogram. But instead of using discrete bins a
kernel density estimation plot smooths the observations with a Gaussian kernel, producing
a continuous density estimate. The curve is normalised so that the integral over all possible
values equals 1, which explains the small values in the colourbar. The integration of the
density over a given range gives the probability of the value being in that range (Waskom,
2021). In the case of the heatmaps in Fig. 4.5 this gives the proportion of measurements
out of all measurements that lie in a certain range. The general patterns in the three
figures agree nicely, with a high density represented at angles up to 100° for the BAZ
and for values of the fast axis between 15° to 45°. A second maximum can be seen for
smaller BAZs and higher values for the fast axis around 60° to 70°. The density at this
maximum is lower for Muhammad Dillah and myself but higher for Michael Grund. In
general, scattering for different measurements appears to be more pronounced for this
maximum than in the maximum at larger BAZs. Another accumulation of measurements
with lower density can be observed for BAZs above 210° and similar values for the fast axis
as the higher maxima. Due to less measurements in this BAZ range, scattering of values
between the analysts becomes more pronounced. This gets particularly striking for small
accumulations of values for the fast axis of around —80° to —70° which are only visible in
the density function distribution of Michael Grund and myself.

Analogue to Fig. 4.2, a map of the piercing points through the CMB on the receiver side is
generated including the results obtained from all three analysts (Fig. 4.6). The addition of
pairs from Muhammad Dillah and Michael Grund increases the number of observations for
both discrepant and same pairs. Especially towards the west, the observation of splits for
the SKKS phase and nulls for the SKS phase agrees strongly among the analysts. The
predominantly split observations for the SKKS phases align nicely with the boundary of
the LLSVP according to Wolf et al. (2023).

Towards the east, the observation of mostly same pairs with both phases being splits
remains consistent, with only one discrepant pair for the region of the reduced shear wave
velocity at the Perm anomaly. The intricate pattern observed towards the northeast of
the KEF station becomes even more complex with additional pairs measured by Michael
Grund and Muhammad Dillah, including the observation of split PKS phases.

4.3.2 Influencing factors

By comparing phase pairs and splitting parameters obtained by different analysts, we study
both objective and subjective aspects that are crucial to consider when performing SWSMs.
A major factor influencing the quality of the SWSMs are the selected filter parameters. Since
observations of SWSMs are inherently challenging, different filter parameters (bandwidth
and corner frequencies) are selected for the different earthquakes in the dataset. The lower
frequency bound ranks between [0.02, 0.066] Hz, the upper between [0.16,0.20] Hz. During
the analysis of the earthquakes, it is observed that varying the corner frequencies and the
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bandwidth cannot only impact the quality of the observation but can also change the type
of observation. By narrowing down the bandwidth of the filter excessively, only a limited
range of frequencies passes the filter, naturally creating a time and phase offset to each
other. This can cause an elliptical particle motion and therefore splitting observations
might be influenced artificially.

DeepDyn target regions

N
@ Siberia - stable HLFL

S
% 2900 km. 9

coao ¢,'" ] ““* \ | @ North Atlantic - expected HLFL/
z \
%‘% — ~
— ¢ ~~
. Iy
|Siberia

N\O‘E\V
=
=
N

Ocdisc pairs - SKS null
® disc pairs - SKS split

S 5 i pairs - SKKS nul

" . @ disc pairs - SKKS split

recording station KEF 750 s 1 60°€ o same pairs - both null

reduced shear wave velocity & — © same pairs - both split
30°E 45°E

Figure 4.6: Piercing points at the receiver side of the raypath at 2900 km depth. The
yellow triangle marks the recording station KEF, the diamonds the two DeepDyn target
regions in the LMM and the grey striped areas show regions with reduced shear wave velocity
according to Wolf et al. (2023). The colour of the piercing point indicates the wave type
and the type of splitting observation.

Another relevant factor is the length of the time window, compared to the dominant period
of the seismic phase, in which SWS is measured. This window is manually selected for
each phase. It depends in first order on the observable signal on the ()-component after
the rotation. Typically, a window length of 15s to 20s is selected, while considering the
arrival of other phases during the same time and trying to keep a time gap of at least 5s
to these phases.

While Michael Grund observed phases at an epicentral distance of [80, 140]° with magnitudes
My > 5.8, we increased the number of available earthquakes for the analysis by using all
events with My > 5.5 in the same observation range. However, especially in the interval
[80,90]°, we encounter difficulties to reliably identify the desired phase, as SKS and S
phases arrive almost at an identical time in this epicentral distance. This can also be seen
in Fig. 4.7c. The violet and cyan dots mark the arrival time of the S and ScS phases which
arrive almost at the same time as the dark blue SKS phase and the green SKKS phase.
The corresponding raypaths for an epicentral distance of 87° are shown in Fig. 4.7a. Other
phases that particularly interfere with the desired phases are depth phases propagating
from the hypocentre upwards and being reflected at the free surface (see Fig. 4.8).

As mentioned in Section 3.3, systematic deviations from the initial polarisation (theoretical
BAZ) and a particle motion not parallel to the BAZ might indicate a possible misiden-
tification of a seismic phase, interference with noise or a misorientation of the seismic
Sensor.
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and interfering phases for an earthquake with a hypocentral depth of 500 km. In the parts
(a) and (b) the red star represents the hypocentre and the yellow triangle the recording

station.
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Figure 4.8: Raypaths of various seismic phases for an epicentral distance of 95°. The red
star represents the hypocentre at a depth of 500km and the yellow triangle the recording
station.

On the other hand, different analysts also encounter several subjective factors when deciding
whether a seismic phase contains a measurable SWS signal or not. Defining an objective
classification table, which can be found in Table 4.6, gives criteria according to which the
observations can be classified into different splitting observations and quality classes. The
classification depends on the SNR, differences in the results of the two used methods and
observable elliptical or linear particle motions. Nevertheless, there are still measurements
very close to the limit of observations or at the boundary between different quality criteria
or even different types of observations. These measurements are referred to as unclear
near-null measurements according to Wiistefeld and Bokelmann (2007). Depending on
the analyst, these measurements might be classified in different quality classes or even
different types of observations. Additionally, subjective human factors play a non-negligible
role in SWSMs and the classification of type and quality. Decision-making might depend
on the time of the day, day of the week, the amount of previously observed SWS signals
and the analyst’s mood. For instance, after measuring several good quality SWS signals,
the chances of discarding a poor quality but measurable SWS signal are higher than the
chances of discarding the same signal after having studied several phases without showing
SWS.

4.3.3 Consequences for the following work

By studying the same dataset for the KEF station in the HE network in Finland by three
different analysts, we assess the reliability and reproducibility of SWSMs. Comparison of
the results from different analysts highlights the subjective factors involved in classifying a
measurement as split or null and determining its quality. As discussed in Section 4.3.2,
different factors influence the classification of measurements as good, fair or poor quality
and can even impact the observational type. For the following work of this thesis, these
factors are taken into account to ensure robustness of the results.

One key learning of this work is, to only use clearly visible phases and onsets. Each
measurement of SWS is of great importance for the following interpretation since only a
limited amount of pairs can be found. A poorly measurable XKS phase is not only time-
consuming in analysing, but an incorrectly associated phase or a measurement indicating
a wrong observational type has a strong influence in the resulting interpretation of the
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underground model. Especially, when not only the observational type but also the splitting
parameters will be interpreted, high quality data is necessary. Otherwise the sources of
uncertainty are larger than the measurable signal and variations between different analysts
are larger than the actual differences of the measured values.
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Chapter 5

Shear wave splitting measurements
beneath Siberia

5.1 Spatial distribution of possible station-earthquake pairs

To get the most comprehensive picture possible of the HLFL and its potential anisotropic
signature beneath Siberia, I study rays passing through the LMM in different propagation
directions and at varying incidence angles. However, certain requirements with respect to
epicentral distance, hypocentral depth and magnitude need to be fulfilled by the earthquakes
and the earthquake-station configuration to be able to measure SWS of XKS phases.

DeepDyn target regions
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Figure 5.1: Number and distribution of EQs with a hypocentral depth of at least 50 km
and a moment magnitude of My > 5.5 (left) and My > 6 (right) between 2010/01/01
and 2024/01/01. Due to the significant decrease in events a limit of My, > 5.5 is chosen.
Earthquake data is taken from the USGS-earthquake catalogue (U.S. Geological Survey,
2025).
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5.1.1 Suitable earthquakes

Reliable measurements of SWS require a selection of earthquakes that fulfil certain aspects
regarding their hypocentral depths and magnitude. From the studies at the KEF station,
discussed in Section 4.3.2, a high moment magnitude is preferable, as the record sections
show a better SNR. In Fig. 5.1, the comparison between the number and distribution
of earthquakes with a hypocentral depth z > 50km and magnitudes My, > 5.5 (left)
and My, > 6 (right) is presented. Increasing the limit for the moment magnitude from
My > 5.5 to My > 6.0 strongly reduces the number of available earthquakes in the
interval between 2010/01/01 until 2024/01/01 from 1514 to 527 events and limits their
spatial distribution. At the same time, the long rupture duration of very strong earthquakes
might result in an undesired signal of the SKS phase to be hidden in the long coda of the
S phase.

Similarly, constraints on the hypocentral depth can be discussed. An increase in the limit
of the hypocentral depth from 20km to 50 km for earthquakes with moment magnitudes
of My > 5.5 reduces the number of events from 3204 to 1514 (cf. Fig. 5.2). However,
studies at the KEF station (see Section 4.3.2) have shown striking improvements in SNR
for earthquakes with greater hypocentral depth.
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Figure 5.2: Number and distribution of EQs with moment magnitude of a My > 5.5
and a hypocentral depth of at least 20km (left) and 50km (right) between 2010/01/01 and
2024/01/01. A significant decrease in the number of events can be observed. Earthquake
data is taken from the USGS-earthquake catalogue (U.S. Geological Survey, 2025).

Therefore, in the following, earthquakes with a depth greater than 50 km and a magnitude
above 5.5 are selected.

Table 5.1: Parameters of EQs for SWSMs beneath Siberia.

epicentral distance/ ° 89 < distance < 141
magnitude My, > 5.5
depth/ km > 50




Chapter 5: Shear wave splitting measurements beneath Siberia 39

5.1.2 Selection of recording stations

To find potential stations that are located in the desired epicentral distance to suitable
earthquakes, both temporary stations of seismic arrays and permanent stations are taken
into account and piercing points are calculated for all earthquakes that meet the criteria
listed in Table 5.1. The raypaths through the Earth for all events after 1995/01/01 are
calculated by using the tauP package of obspy (Crotwell et al., 1999). The distance between
the coordinates of the piercing point through the CMB of the upcoming raypath and the
centre of the HLFL beneath Siberia is determined. If this distance is less than 15° the
earthquake is classified as a suitable earthquake-station pair. The spatial distribution
of the analysed stations can be seen in Fig. 5.3. Of these seismic stations, those with a
significant number of suitable earthquakes are classified as potential stations with usable
recordings. The detailed station parameters of all analysed stations, together with the
number of suitable earthquake recordings per station, can be found in Table A.1 in the
appendix.

DeepDyn target regions
@ Siberia - stable HLFL

YV checked stations
YV possible stations
< epicentre WV used stations

Figure 5.3: Map of the possible stations (green triangles) out of all analysed stations to
study the HLFL beneath Siberia. The green diamond marks the centre of the target region
and the light purple area the region of 15° around it. The epicentres of suitable earthquakes,
taken from U.S. Geological Survey (2025), are plotted in blue stars.

Seismic stations located in Russia and run by Russian institutions are not included in the
analysis, despite their large number of suitable events, since due to the war in Ukraine, no
seismic data can be requested for those stations.
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Table 5.2: Parameters of the recording stations to study the HLFL beneath Siberia.

station network longitude latitude operation sensor
code code /°N /°E time type

HSPB PL 15.5332 77.0019 2007/09/22 - STS-2
ULN Iu 107.0532 47.8651 1994/10/31- STS-1
WMQ IC 87.7049 43.8138 1995/09/23 - STS-1
SA01 1G 25.82 71.11 2013/09/26 - 2016/05/11  STS-2
SA02 1G 28.24 71.06 2013/09/25 - 2016/05/10  STS-2
SA05 1G 31.01 70.28 2013/09/24 - 2015/05/19  STS-2

To select the seismic stations for SWSMs during this thesis, a geometry with varying spatial
distributions of raypaths and different propagation directions and angles is preferred,
as anisotropy describes the directional dependence of a property. Therefore, stations
in the north of Europe as well as in Central Asia are selected. In general, permanent
stations are preferred because of their longer time spans of seismic data compared to
temporary deployments of stations (Creasy et al., 2021). Together with the availability of
the recordings, the total number of suitable earthquakes and the quality of the earthquakes
(especially the magnitude and depth), the three permanent stations HSPB (network: PL),
ULN (network: IU) and WMQ (network: IC) are selected. Additionally, I choose three
stations of the ScanArray: SA01, SA02, SA05 (network: 1G) to test the reliability of the
SWS method. Due to the geographical proximity of the ScanArray stations similar results
are expected. The six selected stations and their parameters are shown in Table 5.2. The
parameters of the 3C seismograms and the number of downloaded event recordings can be
found in Table 5.3.

Table 5.3: Parameters of the 3C seismograms at the recording stations to study the HLFL
beneath Siberia.

station data- channel- sampling time span total no.
code centre code rate/ Hz of EQ of EQ
HSPB GFZ HH? 100 2010/02/15 - 2023/11/22 211
ULN IRISDMC BH? 20 1995/02/08 - 2023/10/07 167
WMQ IRISDMC BH? 20 1995/10/21 - 2023/12/07 111
SAO01 GFZ HH? 100 2013/11/03 - 2016/04/26 34
SA02 GFZ HH? 100 2013/11/03 - 2016/04/26 40
SA05 GFZ HH? 100 2013/11/03 - 2015/05/05 20

The spatial configuration between the stations and events, together with the piercing points
through the LMM at the recorder site for both SKS and SKKS phases, can be seen in
Fig. 5.4. As expected, the piercing points for the SKS phases plot closer to the recording
stations than the SKKS phases. Depending on the coordinates of the recording stations,
two main source regions can be identified for the chosen earthquakes. For recording stations
in Northern Europe (Figs. 5.4a and 5.4d to 5.4f), earthquakes in Southeast Asia up to
Tonga are used. This results in raypaths passing through the target region from southeast
to northwest. For most of the selected events, the piercing points for the SKKS phases are
closer to the centre of the HLFL beneath Siberia.
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For the recording stations ULN, Mongolia, and WMQ, China, (Fig. 5.4b and Fig. 5.4c)
a different spatial orientation can be seen for the raypaths. The selected earthquakes for
these stations have epicentres in Central and South America, leading to raypaths of the
analysed phases orientated from north to south through the target region. For the ULN
station configuration, most piercing points are nicely centred around the HLFL, while the
piercing points for the WMQ station are slightly towards west.

Hence, combining the six selected stations gives us the possibility to study the HLFL
beneath Siberia from different directions and different angles, since SKS, PKS and SKKS
phases penetrate the D” layer at different angles.
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Figure 5.4: Spatial configuration of possible EQs for the selected recording stations.
Possible earthquakes refer to earthquakes that have recorder-side piercing points (pps)
within the coloured 15° radius of the centre of the HLFL beneath Siberia. The information
about the earthquakes is taken from the USGS earthquake catalogue (U.S. Geological Survey,
2025) and the raypaths are calculated using the tauP package (Crotwell et al., 1999).

5.2 Adjusted methods for measuring shear wave splitting

The SWSMs are performed in MATLAB by using the SplitLab program (Wiistefeld et al.,
2008) as discussed in Section 3.2 and 3.3. For each station the possible earthquakes that
fullfil the criteria defined in Table 5.1 are selected. The seismic traces are requested via
the obspy.client function (Beyreuther et al., 2010) in Python. Then, a new project file
is created for each station as described in Section 3.2.1. The only modifications are the
constrains on the suitable earthquakes which are mentioned in Table 5.1. The general
process of the analysis of the data, orientated on the theoretical arrival time of the phase
and the selection of filter parameters, is performed in the same way as for the KEF station
(cf. Section 4.1). Unlike the SWSMs at the KEF station, all earthquakes here are analysed
to measure either a SWS for the SKS or the PKS phase. Only if a successful measurement
can be performed for at least one of the two phases, the SKKS phases are analysed, since
we are only interested in phase pairs. The classification criteria (cf. Table 4.6), as defined
by Frohlich (2020), are continued to be used with the difference that every signal that
cannot clearly be classified as null or split is discarded to improve the reliability of the
method and exclude possible near-null measurements (Wiistefeld and Bokelmann, 2007).

For the WMQ station, a potential misorientation is identified by a similar behaviour of
the signal on the R- and T-components as well as a 90° offset between the SC and RC
method in the particle motion of the diagnostic plot (Fig. A.4 and Fig. A.5). This occurred
for earthquakes after 2013/06/16, affecting 33 out of the 111 requested earthquakes. No
information regarding a misorientation of the seismometer is mentioned in the metadata
of the station, but the dates go along with a change of the recording seismometers at the
station! (National Science Foundation’s Seismological Facility for the Advancement of
Geoscience, 2018).

!The metadata is taken from http://ds.iris.edu/mda/IC/WMQ/. Last seen: 2015/03/10.
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Chapter 6

Results and discussion

In this chapter, the results obtained for the SWSMs at the different stations are presented
and discussed for each station individually. Subsequently, the results from all stations are
discussed and compared to an underlying model of the Earth’s magnetic field and a seismic
tomography of the variations in shear wave velocity in 2900 km depth (Section 6.2). The
results are also compared to previously performed studies of SWS in the area (Section 6.3).
The second part of the discussion (Section 6.4) focuses on the evaluation of the SWS
method, assessing the total number of measured XKS phase pairs and the reproducibility
of SWSMs by different analysts and at proximal stations.

6.1 Results at individual stations

Measurements of SWS are performed for the six stations as outlined in Section 5.1.2. The
resulting individual single splitting measurements, sorted by phases and observational
types, can be found in the appendix (Table A.2 - Table A.7). The corresponding stereoplots
are displayed in Fig. A.6. Since the aim of this thesis is to better understand the anisotropy
in the LMM, the focus of this section lies on the earthquakes for which at least two of the
XKS phases haven been measured. Striking differences occurred in the total number of
pairs found at each station and the observational types. These differences are discussed in
detail in the following sections.

6.1.1 HSPB station

For the HSPB station, SWSMs are successfully performed with 49 SKS phases and zero
PKS phases out of the 216 events (Table A.2). Studying the arriving SKKS phases a total
of 10 phase pairs are measured. These split up equally into discrepant pairs (5) and same
pairs (5) (Table 6.1). For the same pairs, both null-null and split-split observations are
measurable.

The stereoplots with the obtained splitting parameters for the pairs for which at least one
of the two SWSMs is of good or fair quality (Table 4.6) can be seen in Fig. 6.1. The events
group into two groups with slightly different BAZs. For events with smaller BAZs (plotting
further north) most cases exhibit splits. Especially, the SKKS phases at greater incidence
angles demonstrate consistent splitting observations with comparable delay times and a
similar orientation of the fast axis. For the SKS phases, both nulls and splits are observed,
with the fast axis remaining consistent across different split measurements. The events
with larger BAZs display only nulls for SKS, and both nulls and splits with very short
delay times for SKKS.
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Table 6.1: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake at the station HSPB. The second and third column present pairs
for which both seismic phases show similar splitting observations, while for pairs in the
fourth column, both phases show different splitting observations.

total no. mno. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
10 2 3 5

The small backazimuthal range for which measurements are obtained is a consequence of
the boundary conditions regarding the distance of the recorder side piercing point in the
LMM from the centre of the HLFL (Fig. 5.4a). The epicentres of the earthquakes for which
we can measure pairs of SWS are displayed in Fig. 6.2. A comparison of this figure with
the plot of all possible earthquakes for the HSPB station in Fig. 5.4a reveals that pairs of
XKS phases can be observed from both the eastern and the western end of the possible
events. This is beneficial, since the resulting piercing points in the LMM, thus, spread out
further, as it can be seen in Fig. 6.3. The figure displays a map of the piercing points of
the measured pairs in 2900 km depth. The recording station HSPB is marked with a yellow
triangle and the centre of the HLFL with a green diamond. The grey striped area marks
the region of reduced shear wave velocity at the Perm anomaly according to Wolf et al.
(2023). Phases that belong to the same event are connected with a black line. The colours
of the piercing points, calculated with the tauP package (Crotwell et al., 1999) in Python,
correspond to the different seismic phases and splitting observations. The coloured dots
(blue and green) refer to a discrepant pair. The different BAZs can be clearly distinguished
by an accumulation of piercing points further south and north. The general behaviour of
the pairs appears to agree. Though, it is striking that for the discrepant pairs, the SKS
phases do not show splitting while the SKKS phases, which are closer to the centre of the
HLFL, find splitting.

HSPB N = —— |

-60-30 0 30 60

Figure 6.1: Stereoplot of pairs of XKS measurements for the station HSPB with at least
one of the measurements being of good or fair quality. The positions of the markers indicate
the BAZ and the degrees from the centre point show the incident angle. The form of the
marker depends on the observational type. For further explanation of the projection see
Fig. J.1.



Chapter 6: Results and discussion 45

— plate boundaries
* earthquakes with pairs

Figure 6.2: Map of the epicentres of the earthquakes for which at least two XKS phases
were measured. The yellow triangle shows the recording station HSPB. The blue circles
represent epicentral distances of 89° and 141°.
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Figure 6.3: Piercing points at the receiver side of the raypath at 2900 km depth for
the HSPB station. The yellow triangle marks the recording station HSPB and the green
diamond the DeepDyn target region beneath Siberia. The data of the region with reduced
shear wave velocity is taken from Wolf et al. (2023). The colour of the piercing point
indicates the wave type and the type of splitting observation.
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6.1.2 TULN station

Measurements at the ULN station in Mongolia result in a total of seven pairs out of the
168 events that are analysed. However, only two of these pairs are discrepant and can
thereby be attributed to an influence from the LMM (cf. Table 6.2). Nevertheless, from
the pairs with the same type of splitting observation with similar BAZs and thus close
spatial proximity, insights can be gained regarding the reliability of the method. This will
be further discussed in Section 6.4.3. For the ULN station a very narrow range of BAZs
around 20° is observed, where both nulls and splits are seen for both phases (Fig. 6.4).
The nulls concentrate slightly further north than the splits. Regarding the orientation
of the fast polarisation axis and the delay time, variations between the events are larger
than for the HSPB station (Fig. 6.1). Examinating the epicentres of the events for which
SWSMs have been performed successfully (Fig. 6.5), we can see that earthquakes with
larger epicentral distances (A = [130,141]°) are not appearing in the map. Despite the
advantage of these larger epicentral distances in terms of PKS occurrence, difficulties arise
in measuring the SKS phase. As it can be seen in Fig. 4.7c starting at epicentral distances
of around 125°, SKIKS and SKS phases arrive simultaneously, potentially leading to phase
interferences and incorrect picking of phases or onsets. At epicentral distances exceeding
135°, an additional difficulty occurs due to the coincident arrival time of pSKS and SKKS
phases.

Table 6.2: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake at the station ULN. The second and third column present pairs
for which both seismic phases show similar splitting observations, while for pairs in the
fourth column, both phases show different splitting observations.

total no. mno. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
7 1 4 2
i — |
ULN N
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Figure 6.4: Stereoplot of pairs of XKS measurements for the station ULN with at least
one of the measurements being of good or fair quality. The positions of the markers indicate
the BAZ and the degrees from the centre point show the incident angle. The form of the
marker depends on the observational type. For further explanation of the projection see
Fig. J.1.
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Figure 6.5: Map of the epicentres of the earthquakes for which at least two XKS phases
were measured. The yellow triangle shows the recording station ULN. The blue circles
represent epicentral distances of 89° and 141°.

For the earthquakes for which SWSMs are successful, the piercing points are displayed
in Fig. 6.6. The piercing points of these events all plot to the east of the centre of the
HLFL. In this configuration of earthquakes and recording station, the SKS phases plot
closer to the centre than the SKKS phases. The observations of the SWSMs towards the
easternmost piercing points show consistent split measurements for both phases. The
discrepant pairs are also consistent, yet an additional split measurement is obtained
within the null measurements in the SKKS phases. However, since this split observation
corresponds to a same pair, the splitting process might originate from the upper mantle or
crust.
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Figure 6.6: Piercing points at the receiver side of the raypath at 2900 km depth for the
station ULN. The yellow triangle marks the recording station ULN and the green diamond
the DeepDyn target region beneath Siberia. The colour of the piercing point indicates the
wave type and the type of splitting observation.

6.1.3 WMQ station

At the WMQ station only three pairs are measured. All three pairs show splits for both
phases (cf. Table 6.3). The values for the splitting parameters are in good agreement for
the SKS phases (Fig. 6.7). However, one of the three SKKS measurements has a different
orientation of the fast polarisation axis, but with a similar delay time as the others.

Table 6.3: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake at the station WMQ. The second and third column present pairs
for which both seismic phases show similar splitting observations, while for pairs in the
fourth column, both phases show different splitting observations.

total no. mno. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
3 0 3 0

From all the potential earthquakes shown in Fig. 5.4c only events with epicentres in Central
America (cf. Fig. 6.8) can be used, since for larger epicentral distances phase interferences
occur. A plot of the piercing points of the three pairs is presented in Fig. 6.9. The
three events have almost identical piercing points, in particular the SKS phases. Looking
at the spatial orientation of the raypaths through the target region it would have been
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interesting to get information about the anisotropy in the LMM west of the HLFL with
raypath passing through the region from a north-south direction. However, the consistent
split measurements for both phases, with comparable values for the splitting parameters,
preclude further implications on the anisotropy in the LMM.

WMQ N E—

-60-30 0 30 60

Figure 6.7: Stereoplot of pairs of XKS measurements for the station WMQ with at least
one of the measurements being of good or fair quality. The positions of the markers indicate
the BAZ and the degrees from the centre point show the incident angle. The form of the

marker depends on the observational type. For further explanation of the projection see
Fig. 4.1.

V/ recording station WMQ
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*  earthquakes with pairs

Figure 6.8: Map of the epicentres of the earthquakes for which at least two XKS phases
were measured. The yellow triangle shows the recording station WMGQ. The blue circles
represent epicentral distances of 89° and 141°.
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Figure 6.9: Piercing points at the receiver side of the raypath at 2900 km depth for
the station WMGQ. The yellow triangle marks the recording station WMQ and the green
diamond the DeepDyn target region beneath Siberia. The data of the region with reduced
shear wave velocity is taken from Wolf et al. (2023). The colour of the piercing point
indicates the wave type and the type of splitting observation.

6.1.4 ScanArray stations

The primary objective of studying SWSMs at the three ScanArray stations (Thybo et al.,
2021) SA01, SA02 and SAO05 is to ascertain the reproducibility of measurements at stations
that are geographically proximate. To this end, measurements have been conducted on
these three temporal stations in the north of Norway. Only for two of the three stations
SWS has been observed. For each of the stations SA01 and SA02, two discrepant pairs are
observed (Table 6.4).

Table 6.4: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake at the ScanArray stations SA01, SA02, SA05. The second and
third column present pairs for which both seismic phases show similar splitting observations,
while for pairs in the fourth column, both phases show different splitting observations.

station total no. no. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
SA01 2 2

0 0
SA02 2 0 0 2
SA05 0 0 0 0
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Figure 6.10: Map of the epicentres of the earthquakes for which at least two XKS phases
were measured for the station SA01 (top) and the station SA02 (bottom). The yellow

triangles show the recording stations. The blue circles represent epicentral distances of 89°
and 141°.
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Figure 6.11: Stereoplots of pairs of XKS measurements for the station SA01 (left) and
the station SA02 (right) with at least one of the measurements being of good or fair quality.
The positions of the markers indicate the BAZ and the degrees from the centre point show
the incident angle. The form of the marker depends on the observational type. For further
explanation of the projection see Fig. 4.1.

The epicentres for those pairs are located in Southeast Asia towards Tonga (Fig. 6.10).
Consequently, the rays pass through the anisotropic region in southeast to northwest
direction up to east to west direction. The stereoplot of the two discrepant pairs for the
SAO01 station in Fig. 6.11 (left) shows slightly different BAZs between northeast and east,
with the northernmost one showing a split measurement for SKKS and the easternmost
showing a null measurement. The two pairs from the station SA02 have a BAZ of around
45° with the SKKS phases showing nulls while the SKS phases are split (Fig. 6.11 (right)).
The piercing points in 2900 km depth of the four pairs are shown in Fig. 6.12. The two pairs
with split SKS phases from the SA02 station are found to be in close spatial proximity,
which strengthens the reliable performance of the method. The two pairs from the SAO1
station are further south with different observational types for each phase. A noteable
observation is that for three out of the four pairs the phase closer to the centre of the
HLFL does not show splitting, while the one further away does. This is in contrast to the
results we obtained from the measurements at the previously measured stations. Possible
reasons for this, as well as a comparison regarding the SNRs and the individual pairs that
are measured at these three stations, will be explained in the following sections.
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Figure 6.12: Piercing points at the receiver side of the raypath at 2900 km depth for the
stations SA01 and SA02. The yellow triangles mark the recording stations SA01 and SA02
and the green diamond the DeepDyn target region beneath Siberia. The data of the region
with reduced shear wave velocity is taken from Wolf et al. (2023). The colour of the piercing
point indicates the wave type and the type of splitting observation.

6.2 Summarised results at studied stations

Performing SWSMs at six different stations resulted in the observation of pairs of XKS
phases at five of these stations. In the following analysis, the SWSMs with BAZs from
northeast to east of the KEF station are additionally included. The number of pairs in
total, classified by the observational type, can be seen in Table 6.5. The first line contains
the SWSMs performed at the KEF station for raypaths with BAZs from northeast and
east. These are a total of 25 pairs, with eight discrepant pairs.

Table 6.5: Number of pairs for which at least two of the analysed XKS phases were
observed for an earthquake at the studied stations. The second and third column present
pairs for which both seismic phases show similar splitting observations, while for pairs in
the fourth column both phases show different splitting observations.

station total no. no. of same no. of same no. of
of pairs  pairs (nulls) pairs (splits) discrepant pairs
KEF 25 7 10 8
HSPB 10 2 3 )
ULN 7 1 4 2
WMQ 3 0 3 0
SA01 2 0 0 2
SA02 2 0 0 2
SA05 0 0 0 0
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Figure 6.13 displays the piercing points for pairs from all seven stations. The centre of
the HLFL beneath Siberia is again marked with a green diamond. The colours of the
dots represent the type of splitting observation and the phase, as well as whether the pair
is a discrepant pair or a same pair. The combination of results demonstrates a varying
orientation of pairs of XKS phases for which SWSMs are successfully performed. For
the stations in Northern Scandinavia the SKKS phases plot closer to the HLFL than the
SKS and PKS phases. In most cases, the SKKS phases show splitting while the SKS
phases provide mostly nulls. For the stations in Central Asia, the ULN station exhibits
a closer proximity of the SKS phase to the HLFL, with splitting observations for the
discrepant pairs, while I have nulls for the SKKS phases of the discrepant pairs. For the
WMQ station, both phases consistently show splitting with a comparable distance to the
HLFL. A closer examination of the discrepant pairs, close to the HLFL, reveals a region,
delineated by the yellow ellipse, in which the observations of the phases of discrepant pairs
are consistently split (Fig. 6.13). In contrast, for discrepant pairs located farther from the
HLFL, we observe mostly nulls, with certain regions of accumulations of nulls obtained
from measurements at different stations (cf. brown ellipses in Fig. 6.13).
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Figure 6.13: Piercing points at the receiver side of the raypath at 2900 km depth for all
stations. The green diamond marks the DeepDyn target region beneath Siberia. The colour
of the piercing point indicates the wave type and the type of splitting observation. The
yellow ellipse marks the region where phases of discrepant pairs show splitting, the brown
ellipses regions where nulls are observed.

Outside the marked regions, we also measured different observational types in close
vicinity for both discrepant and same pairs. If a discrepant and same pair show different
observational types, the anisotropy might originate from distinct sources, in the LMM
or in the upper mantle or crust. Since SWS is a linear but not commutative property,
the resulting observation at the surface is a combination of the anisotropies present at
different locations along the raypath. Depending on the splitting parameters earlier along
the raypath, splitting might occur or not occur later in the raypath depending on the
geometrical orientation and the type of anisotropy being present in the crust (Long and
Silver, 2009; Silver and Long, 2011).
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Additionally, the propagation direction through the anisotropic medium plays a significant
role in whether splitting is observed or not. In Section 2.2.3, the case of a simple anisotropy
consisting of one layer of homogenous anisotropy is discussed. If the anisotropy is more
complex, the type of splitting observation depends on the propagation direction through
the medium, the initial polarisation of the incoming wave and the incidence angle (Wookey
and Kendall, 2008; Nowacki et al., 2011).
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Figure 6.14: 3D representation of the raypaths of the events with pairs at all recording
stations between 2750 km and 1000km depth. The tomography according to the GyPSuM
model (Simmons et al., 2010) is plotted in a depth of 2750 km depth with the corresponding
piercing points of the rays plotted in the corresponding colours of each phase. The model
gufml of the Earth’s magnetic field (Jackson et al., 2000) at the CMB is plotted beneath
with the piercing points for the rays in 2900 km depth.

The combination of the measurements from all stations results in a complex pattern of
connected piercing points, which offers the advantage of facilitating the study of the HLFL
beneath Siberia along raypaths with different orientations and angles. This is further
confirmed by looking at a 3D representation of the raypaths with piercing points in the
LMM. Figure 6.14 displays the calculated raypaths with respect to their depth, according to
the tauP package (Crotwell et al., 1999), for the three different seismic phases: SKS (blue),
SKKS (green) and PKS (gold). The horizontal plane in 2900 km depth represents the
gufm1 model of the Earth’s magnetic field (Jackson et al., 2000) and the horizontal plane
at 2750 km depth shows the variations of shear wave velocity according to the GyPSuM
model (Simmons et al., 2010). The dots give the piercing points of the different phases
in the corresponding colours. The layer of the GyPSuM model is plotted in a depth of
2750 km, as the tomography model by Simmons et al. (2010) is obtained for depths between
2650 km to 2900 km depth. The various recording stations, together with earthquakes with
epicentres in both South and Central America as well as Southeast Asia, provide us with
varying locations of piercing points related to the HLFL and directions in which the waves
propagate through the LMM. It is visible that both SKS and PKS phases penetrate through
the LMM at steeper angles than the SKKS phases. Having both SKS and SKKS phases
piercing through the D” layer at proximal distances of the HLFL can give us additional
information about the type of anisotropy by studying it at different angles.
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Figure 6.15: Piercing points at the receiver side of the raypath at 2900 km depth for all
stations. The green diamond marks the DeepDyn target region beneath Siberia. The colour
of the piercing point indicates the wave type and the type of splitting observation. Plotted
in the background is the gufml model of the radial component of the Earth’s magnetic field
at the CMB according to Jackson et al. (2000). The yellow ellipse marks the region where
phases of discrepant pairs show splitting.

A comparison of the measured splitting observations and the model of the Earth’s magnetic
field at the CMB can be seen in Fig. 6.15. The employed model is the gufm1 model
of Jackson et al. (2000). An increase in magnetic flux around and north of the marked
position of the HLFL beneath Siberia is clearly visible. Therefore, the selected earthquake-
station pairs define a reasonable selection with piercing points in the LMM in the region of
interest. Marking again the yellow ellipse, that has already been shown in Fig. 6.13, in
this figure and comparing the splitting observations with the intensity of the magnetic
flux aligns nicely. The splitting observations of the discrepant pairs within the ellipse
also lies within the region of the highest magnetic flux. In regions where observations are
predominantly nulls, the magnetic flux is also lower, particularly towards the northwest
and the west of the centre of the HLFL. Discrepant pairs from the KEF stations, located
further from the centre of the HLFL towards the northwest, show a different pattern. For
these measurements, both nulls and splits are observed for both phases. In some cases,
the different results are obtained because pairs show the same splitting observation for
both phases, thus implicating the presence of anisotropy in the upper mantle and crust.
However, there are also discrepant pairs showing different observational types. These pairs
have been measured at the KEF station before using the adjusted methods to analyse
SWS, including the stricter constraints regarding both the selection of suitable earthquakes
and the handling of near-null measurements (Wiistefeld and Bokelmann, 2007).
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Figure 6.16: Piercing points at the receiver side of the raypath at 2900 km depth for all
stations. The green diamond marks the DeepDyn target region beneath Siberia. The colour
of the piercing point indicates the wave type and the type of splitting observation. The
data of the region with reduced shear wave velocity is taken from Wolf et al. (2023). The
tomography GyPSuM model of the lateral variations of the shear wave velocity in 2650 km
to 2900 km depth according to Simmons et al. (2010) is plotted in the background.

In addition to the magnetic flux, variations of the shear wave velocity in the D” layer
need to be taken into consideration as a potential reason of the observed anisotropy. The
GyPSuM model of Simmons et al. (2010) in the LMM, obtained from tomography, is
plotted in the map of the piercing points at 2900 km depth in Fig. 6.16. The shear wave
velocity in the region of the HLFL is increased, potentially associated with the remnant
subduction slab as discussed in Section 2.1. Further away from the centre of the HLFL
towards the north and southwest, a reduction of shear wave velocity is presented in the
model. This goes along with the striped region representing the Perm anomaly (Wolf
et al., 2023). In the majority of discrepant pairs, one of the piercing points is located
within the region with increased shear wave velocity and for these phases splitting seems
to occur. However, no clear trend is visible for the piercing points of discrepant pairs,
that are located at the boundary of regions with increased or reduced shear wave velocity.
This observation persists for piercing points that are in regions with decreased shear wave
velocity. Towards the north, the majority of these phases of the discrepant pairs seem to
produce null observations but there are also some exceptions towards the northwest. Those
exceptions are primarily attributable to the measurements conducted at the KEF station,
striking the importance of strict criteria in the classification and measurement of SWS.
Additionally, uncertainties have not been incorporated into the figures for both the model
of the Earth’s magnetic field as well as the tomography. However, given the depth of the
CMB, it is reasonable to conclude that these uncertainties are not negligible. Furthermore,
the calculation of the exact piercing points and the raypath relies on the one-dimensional
tasp91 model (Kennett and Engdahl, 1991). Consequently, the interpretation of piercing
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points in close proximity to the boundary of both the region of intense magnetic flux
(Fig. 6.15) as well as the boundary between regions of increased and reduced shear wave
velocity (Fig. 6.16) needs to be done with caution.

Comparing the map in Fig. 6.15 with other models of the Earth’s magnetic field at the
CMB or Fig. 6.16 with other models of the shear wave velocity in the same depth, e.g., the
REVEAL model, obtained with full waveform inversion (Thrastarson et al., 2024), might
provide insights to the uncertainties of the models, for both the magnetic field and the
shear wave velocity, present at the position of the piercing points.

6.3 Comparison with other studies

The majority of the piercing points obtained in this thesis lie in a region where the
GyPSuM model (Simmons et al., 2010) has an increased shear wave velocity (cf. Fig. 6.16).
Anisotropy has been previously studied in the region of this increased shear wave velocity
in the LMM in other studies. In this section, four of these studies are discussed in more
detail (cf. Fig. 6.17). These are marked in yellow around the region where the raypaths of
the studied events propagate through the LMM and labelled according to the authors and
year of publication.
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Figure 6.17: Piercing points at the receiver side of the raypath at 2900 km depth for all
stations. The green diamond marks the DeepDyn target region beneath Siberia. The colour
of the piercing point indicates the wave type and the type of splitting observation. The data
of the region with reduced shear wave velocity is taken from Wolf et al. (2023). The yellow
coloured areas present regions where previous SWS studies have been performed: WK2008:
Wookey and Kendall (2008), TK2002: Thomas and Kendall (2002), LL2015: Long and
Lynner (2015), CPLT2001: Creasy et al. (2021).

Thomas and Kendall (2002) measured eight earthquakes with epicentres in the northwest
Pacific rim and hypocentral depths greater than 450 km at recording stations in Europe.
SKS phases are used to correct for the influence of upper mantle anisotropy on the S and
ScS phases. The splitting parameters are described by the time difference between the
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signal of the S and ScS phases on the transverse and radial component of the seismograms.
In 95 % of the split measurements, the transverse component of the wave is ahead of the
radial component, while the shape of the signal corresponds to that of an isotropic model
with a discontinuity of the D” layer. Therefore, Thomas and Kendall (2002) proposed
a transversely isotropic anisotropy. They associate the anisotropy with a subduction of
the Izanagi plate, since a collision of the slab and the CMB proceeds in a significant
shear deformation. This process has the potential to induce dislocation glide in crystal
assemblages in the LMM or preferred orientations in inclusions (Thomas and Kendall,
2002).

Wookey and Kendall (2008) studied differential pairs of S and ScS phases at epicentral
distances ranging from 60° to 85° along two perpendicular raypaths (east-west and south-
north). They analysed one event from both directions at various recording stations.
From these measurements, they obtained different delay times and values for the fast
polarisation axis, from which they interfered an incomparability of a simple anisotropy.
Their measurements agree with the north-south trend of geodynamics as determined by
tomography. These measurements might go along with a LPO of perovskite or post-
perovskite, or an alignment of melt inclusions. The observed anisotropy may therefore
be a consequence of the remnant slab material from past subduction in the North Pacific
(Wookey and Kendall, 2008).

A direct comparison between the results of this study and those of Thomas and Kendall
(2002) and Wookey and Kendall (2008) is not straightforward. Both used discrepant pairs
of S and ScS phases to study the anisotropy in the LMM. As the ScS phase gets reflected
at the CMB, this phase propagates almost horizontally through the D” layer. In contrast,
XKS phases, which have been utilised throughout this thesis, and particularly SKS phases,
have a steeper angle with which they penetrate through the D” layer (Fig. 4.8). Wookey
and Kendall (2008) obtained splits for discrepant pairs of S and ScS phases in the yellow
circular region labelled with WK2008 in Fig. 6.17, where I obtained predominantly nulls.
This difference can be explained by the different raypaths that XKS and ScS phases have
in the LMM. The strength of the anisotropy and the path length within this anisotropy
always show a trade-off regarding the values of the splitting parameters and eventually even
the type of splitting observation (Nowacki et al., 2011; Creasy et al., 2021). Additionally,
the splitting parameters by Wookey and Kendall (2008) are obtained along raypaths in
south-north and east-west direction. In this thesis, the raypaths with piercing points in
vicinity of the region studied by Wookey and Kendall (2007) are raypaths from southeast to
northwest. In the presence of a complex anisotropy (more complex than a single, laterally
homogeneous, horizontal anisotropic layer), different results can follow from different
measurement methods, including the propagation direction, propagation angle or wave
type (Long and Silver, 2009).

Creasy et al. (2021) studied a similar region as Wookey and Kendall (2008), but to a larger
extend. Their SWSMs included in addition to SKS, SKKS and PKS phases also SKiKS
phases. The SKS phases (corrected for upper mantle anisotropy) with piercing points in
the centre of the region labelled with CPLT2021 in Fig. 6.17, predominantly do not show
splitting. Towards the north of the study region of Creasy et al. (2021), consistent split
PKS phases are measured. These findings are consistent with both the null observations in
SKS phases in the centre of the region found in this work as well as the splits in SKS phases
obtained north of the CPLT2021 region. Additionally, Creasy et al. (2021) performed
forward modelling, combining their SWSMs with PdP and SdS reflection polarities. They
associated the anisotropy with a CPO of post-perovskite or bridgmanite. Since the shear
direction that they obtained is orientated south-southwest or north-northeast, they suggest
a flow in the LMM towards the Perm anomaly (Creasy et al., 2021).
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Long and Lynner (2015) conducted a study on anisotropy in the region labelled by LL2015
in Fig. 6.17. They observed a LMM anisotropy in proximity to the Perm anomaly. 30
discrepant pairs were measured at 18 stations within Furope. Of these, ten discrepant pairs
sample the boundary of the Perm anomaly, while a smaller group sample the region east
of the Perm anomaly around (60° N, 80° E). These discrepant pairs are associated with the
pronounced lateral gradient in shear wave velocity in the region and the presence of mantle
flow. The presence of anisotropy near the boundary of the Perm anomaly indicates that
deformation is concentrated at the boundary, potentially linked to mantle flow directed
towards the Perm anomaly (Long and Lynner, 2015).

Since anisotropy of the LMM has been previously observed in the target region of this thesis,
and the SWS observational types in this thesis agree particularly well with the observations
types of the same phases in the region of CPLT2021, we interpret the measurements
performed in this thesis as indeed showing lateral variations in seismic anisotropy in the D”
layer. The anisotropy in the LMM beneath Siberia has been associated with a deformation
of slab material, which may result in a potential alignment of material (Thomas and
Kendall, 2002; Wookey and Kendall, 2008). The material exhibiting anisotropy could also
influence the magnetic flux due to alignment, potential changes in temperature or chemical
composition.

However, a number of assumptions needs to be made in order to get from measurements
of anisotropy to mantle flow and, consequently, deformation. These assumptions include
constraints regarding the type of anisotropy, rheology, the response of the material to shear
and the strain history. Many of these influencing factors are still unknown, including,
e.g., lateral variations in viscosity and temperature, as well as the effect of composition
and temperature on the density of mantle phases (Nowacki et al., 2011; Creasy et al.,
2021). Nevertheless, previous studies have shown that the LMM influences the magnetic
field through the control of the geodynamo. Especially, the presence of static features
as the HLFLs result from the coupling of flow in the core to the mantle (Bloxham and
Gubbins, 1987). The morphology of the geomagnetic field is, thus, strongly influenced by
the structure in the D” layer in regions of fast shear wave velocity anomalies (Gubbins
et al., 2007). The flow in the highly electrically conductive core, generating a major
part of the Earth’s magnetic field, is electromagnetically coupled to the lower mantle,
which is significantly less conductive. An electromotive force in the LMM is induced, due
to the advection of fluid motions in the core, resulting in movements of the magnetic
field lines. This effect may vary laterally due to the temperature-dependent conductivity
of the mantle (Bloxham and Gubbins, 1987). Gubbins et al. (2007) suggest that the
influence due to thermal variations might have stronger effects on the magnetic field than
compositional variations, with the thermal conductivities of the minerals at the CMB
forming an important boundary condition for core dynamics. The large lateral temperature
variations above the CMB act back on the core and force weak convection in the core.
This might force an alignment of convection cells in the core with thermal anomalies in
the LMM (Bloxham and Gubbins, 1987). Li (2020) suggests the formation of hot thermal
ridges due to small-scale convection near the CMB which is driven by subducting slabs -
driving flow towards a hot anomaly (as the Perm anomaly). These thermal ridges may
cause or enhance seismic anisotropy in the region (Li, 2020).

6.4 Evaluation of the used method

In the following, the obtained results are discussed regarding the SWS method. Section 6.4.1
addresses the discrepancy between the small percentage of measured SWS pairs compared
to the number of the requested events for the different stations. In addition, the dependence
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of the observation of SWS with varying BAZs is discussed. Section 6.4.2 presents the
criteria to minimise the dependence of the results on the analyst. In the last section (6.4.3),
the reproducibility of the results at proximate stations is discussed.

6.4.1 Number of observed splitting pairs

Looking at Table 6.1 to Table 6.4 for all analysed stations, a great discrepancy can be seen
between the number of requested events and the number of events for which a successful
SWSM of a pair of XKS phases has been performed. Only in around 2.7% to 4.7 % of
the earthquakes, a pair of core refracted waves with SWS has been observed at one of the
studied permanent stations. Various factors that can lead to this discrepancy are mentioned
in Table 6.6 for the permanent stations HSPB, ULN and WMQ and in Table 6.7 for the
temporary stations SA01, SA02 and SA05. The first criterion refers to the correct set-up of
the seismic station or a possible misorientation of the seismic station, which goes along with
an incorrect orientation of the three components, ZNE, of the seismometer. This specific
problem occurred again at the WMQ station, affecting 33 out of the 111 earthquakes
(cf. Fig. A.4 and Fig. A.5). Since no information regarding the exact misorientation of the
seismometer is mentioned in the metadata of the station, a correction for this misorientation
could not be done for the WMQ station. Consequently, these events are not used, in
contrast to the data from the KEF station which have been corrected prior to the analysis.

Table 6.6: Analysis of requested EQs regarding their eligibility for SWSMs of XKS phases
for the permanent stations HSPB, ULN and WMQ.

criteria HSPB ULN WMQ
no. EQ=211 no. EQ=167 no. EQ=111

misorientation - - 33
phase interferences
< 90°: ScS, S & SKS - - -

[104,109]°: SKKS & SKIKS 50 6 -
> 129°: SKS & SKIKS - 41 4
> 135°: SKS & SKIKS and

pSKS & SKKS - 26 -
magnitudes

My < 6.0 100 94 71
My > 7.5 4 4 1
remaining EQ 82 44 22

Additionally, phase interferences, a major factor influencing SWSMs, have been previously
discussed in Section 4.3.2. To exclude interferences with S and ScS phases for both SKS
and SKKS phases, only events with epicentral distances greater than 89° are analysed. But,
a closer look at Fig. 4.7c reveals that SKKS and SKIKS phases arrive in close temporal
proximity in an epicentral range of [104,109]°. This significantly influences the number
of usable events for the HSPB station with 50 out of 211 events being in this epicentral
distance.



62 Chapter 6: Results and discussion

For the ULN station, the large epicentral distances to the selected earthquakes enable the
measurement of SWS for PKS phases. However, the interference of SKIKS and pSKS phases
for both SKS and SKKS phases limits the SWSMs in 41 of 167 earthquakes. Another main
influence on measuring SWS is the magnitude of the analysed earthquakes. For earthquakes
with moment magnitudes smaller than 6, the low SNR hinders the measurement of SWS
since the relevant phases cannot be clearly identified or might be hidden in noise. More
than 60 % of the earthquakes at the WMQ station and still 47 % of the events at the HSPB
station have moment magnitudes between [5.6,5.9]. Increasing the moment magnitude limit
will increase the SNR, but it will also strongly reduce the number of potential earthquakes.
A limit for very large moment magnitudes (My, > 7.5) is pointed out due to the long
rupture duration, and therefore the signal of the SKS and SKKS phases may be hidden
in the S wave coda. This affects only few events due to the rare occurrence of strong
earthquakes. The influence of a limit on the hypocentral depth is not further discussed
here, since a boundary of 50 km already results in SWSMs with high SNR and strongly
constrains the number of events.

Table 6.7: Analysis of requested EQs regarding their eligibility for SWSMs of XKS phases
for the temporary stations SA01, SA02 and SA05.

criteria SAO01 SA02 SA05
no. EQ=34 no. EQ=40 no. EQ=20

misorientation - - -
phase interferences

< 90°: ScS, S & SKS - - .
10 6

[104,109]°: SKKS & SKIKS 8

> 129°: SKS & SKIKS - - -
> 135°: SKS & SKIKS and

pSKS & SKKS - - -
magnitudes

My < 6.0 20 22 10
My > 7.5 1 1 1
remaining EQ 10 14 7

However, even for the remaining earthquakes (Table 6.6 and Table 6.7), not for every event
SWSMs of pairs of XKS phases are measured. Another influencing factor on whether
SWS can be measured at the station for an earthquake includes the radiation pattern.
Therefore, an additional analysis is performed to study the directional dependency of the
pairs, for which SWSMs are (not) performed successfully. The total ranges of BAZs for all
downloaded earthquakes of the permanent stations are analysed and listed in Table A.8.
The range given for the ULN station extends over north from 347.4° to 360° and then
continues from 0.0° to 28.8°. The BAZ range for the WMQ station is similarly orientated.
The total range of BAZs for the HSPB station is the widest with almost 53°. Within this
range, two sectors can be identified where successful measuring of SWS can be performed.
For the ULN station three ranges are defined. The limits of these ranges cannot be defined
so clearly; especially between the range in the northern and north-eastnorthern range.
However, the occurrence of PKS phases only in the BAZ range in the north is striking
for defining a second sector where pairs can be measured. Despite the BAZ range of the
WMQ station exceeding 31°, the three only pairs have been observed in a range between
9.2° to 10.0°.
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Given the inhomogeneous distribution of suitable earthquakes for SWSMs of XKS phases
on the Earth, and the constraints introduced due to the desired location of the piercing
points in the LMM, making assumptions about directional dependency of the epicentres
that are suitable for measuring SWS is not possible without including events from a larger
backazimuthal range. The second cluster of pairs at the ULN station between [357, 6]°, as
an example, is the only cluster showing a significant number of measurable PKS phases.
This is due to the fact that only in this BAZs there are sufficient strong and deep enough
earthquakes in a matching epicentral distance. With the limited number of earthquakes
and small ranges of BAZs a clear indication of the directional dependency of earthquakes
with good measurable SWS is challenging, since this effect cannot be studied without
the influence of other constraints on the events, such as the hypocentral depth or the
magnitude. The listed values in Table A.8 for the hypocentral depth (z) and the moment
magnitude (M) mark the smallest value for both, when a SWSM has still been performed.
These values do not necessarily follow from the same earthquakes. From the measurements
it is striking that, to be able to measure SWS, either a great hypocentral depth or a strong
magnitude is needed. The presence of one of these criteria might compensate a lower value
in the other, thereby still allowing for the occurrence of measurable SWS. This can be
illustrated by an earthquake with a moment magnitude of My = 6.0 and a hypocentral
depth of only 50 km, which can still result in a measurable SWS, and vice versa. Therefore,
to minimise the discrepancy between the number of requested events and the measurable
SWS, it is necessary to introduce a combined limit for the hypocentral depth and the
moment magnitude of potential earthquakes. This could increase the percentage of SWSMs
within the requested events, while at the same time not unnecessarily minimising the
overall number of events, and thus discarding potential good earthquakes.

6.4.2 Reproducibility of the method depending on analyst

The influence of different analysts on the obtained SWSMs has been discussed in detail
in Section 4.3. The definition of strict criteria for the classification of the observational
type and the quality (Table 4.6) ensures an as objective classification as possible. Further
restrictions on the potential earthquakes, with respect to hypocentral depth, moment
magnitude and epicentral distances, serve to minimise the variations that occurred in the
analyses of the events at the KEF station by different analysts. The implementation of
these strict criteria might lead to discarding of some of the potential usable earthquakes
and, consequently, measurable phases. Nevertheless, together with the use of two methods
in SplitLab (Wiistefeld et al., 2008) to obtain the splitting parameters, this ensures that
questionable results, for which different analysts might have different results, will not be
included in the analysis. Since the overall number of discrepant pairs (19 out of 1486
analysed events) in the vicinity of the HLFL beneath Siberia is small, it is critical to ensure
the quality and reproducibility of each measurement, independent of the analyst.

6.4.3 Reproducibility of the method at stations

The criteria defined in Table 4.6 and discussed in Section 4.3.2 and Section 6.4.2 are chosen
to ensure that the results derived from SWSMs do not depend on the analysts. The same
would be expected for measuring at different seismic stations in close spatial vicinity. For
those stations, the radiation pattern of the earthquakes and the epicentral distance to
the event should be the similar. If the stations are located in sufficient proximity to each
other, the anisotropy in the upper mantle or crust just beneath the station should be
similar. To quantitatively study this effect, SWSMs are performed at three stations of
the ScanArray (SA01, SA02 and SA05) (Thybo et al., 2021). Since these stations have
only been deployed temporarily, SWSMs can only be performed for a limited number of
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earthquakes. The Julian dates for the earthquakes, for which at least one XKS phase is
measured, are listed in Table 6.8. The different observations for the phases at the three
stations are listed in three columns. If a SWSM can be performed for an given earthquake,
the measured phase is listed, e.g., for the earthquake at the 2014.001 SWSMs at the SAO1
station can be performed for the SKS phase, but not for the SKKS phase. The signal for
the SKKS phase is not visible, likely due to noise or the absence of a visible signal within a
reasonable time span around the theoretical arrival time of the phase. This is particularly
the case for SKKS phases, for both the SA01 and the SA02 station. As previously observed
and discussed, successful measurement of SWS of the SKKS phases is more challenging
and cannot be accomplished as often as for the SKS phases (cf. Section 4.2). This can
be attributed to the smaller amplitude of the SKKS phase, which is more susceptible to
be hidden in the noise. The three stations in general show a comparable high noise level
compared to the previously studied permanent station. A look at the locations of the
three stations reveals their proximity to the shoreline in Northern Norway, which induces a
higher noise level due to swell and tidal movements.

Table 6.8: Comparison of SWSMs at different stations of the ScanArray.

event date SA01 SA02 SA05
2014.001 SKS; SKS no signal; SKS not measurable
SKKS no signal SKKS & pSKS interfere
2014.049 no data SKS; SKS not measurable
SKKS & SKIKS interfere
2014.101 SKS; SKS no signal; no data
SKKS SKKS & SKIKS interfere
2014.121 no data SKS; signal btw. SKS & SKIKS
SKKS
2015.058 SKS; SKS; splitting methods disagree
SKKS SKKS no signal
2015.087 SKS; SKS; splitting methods disagree
SKKS no signal SKKS no signal
2015.293 SKS; SKS; no data
SKKS no signal SKKS

Only for two events (2014.101 and 2015.058) a pair of SWS is measured at the SA01 station.
For both earthquakes, issues were encountered at the SA02 station regarding the absence
of a visible signal for one of the phases or the interference of phases. The SA05 station
exhibits an overall higher noise level than SA01 and SA02. Therefore, even if a signal is
visible for one of the phases, SWS cannot be measured because both splitting methods
(RC and SC) do not agree, or the particle motion is neither elliptical nor linear before and
after correction.

The number of earthquakes, that can be studied at these stations, is further limited since
not all three stations have been operating throughout the entire time span. If one of the
stations is not operating for an earthquake this is indicated with "no data" in Table 6.8.
This is, for instance, the case for the SAO1 station for the earthquake at the 2014.121, for
which a discrepant pair is measured at the SA02 station. A comprehensive comparison
of the results at the ScanArray stations, concerning the reproducibility at the different
stations, has therefore not been feasible due to a limited number of suitable earthquakes
within the operational period of all three stations and a high noise level. To study this
effect in more detail, these measurements should be repeated at two permanent stations
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with a larger number of potential earthquakes and a lower noise level.

Indeed, the consistency of splitting observations for different earthquakes with spatially
close epicentres and piercing points in the LMM for both SKS and SKKS phases has been
studied in this thesis. For example, this can be seen in Fig. 6.9. The three earthquakes,
for which splitting is observed for two core refracted phases, have epicentres in close
vicinity, resulting in recorder-side piercing points that are spatially very close for both
SKS and SKKS phases. The observational type is the same for all three events, thereby
demonstrating consistency and therefore also reliability of the results. Similar observations
can be obtained for the three easternmost pairs measured at the ULN station (Fig. 6.6).
Both the SKS and SKKS phases show consistent results for the observational type, with
especially the piercing points of the SKS phases in the LMM being in close vicinity.
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Chapter 7

Conclusion and outlook

In this thesis, SWSMs have been conducted to study seismic anisotropy in the LMM
beneath Siberia, using XKS phases. Earthquakes with moment magnitudes greater or
equal to 5.5 and a hypocentral depth of at least 20 km with epicentral distances ranging
from 80° to 141° degrees have been measured at seven seismic stations. The recording
stations are broadband stations in Northern Europe and Central Asia. The splitting
parameters, the orientation of the fast polarisation direction ¢ and the delay time 0t, are
determined in MATLAB using the SplitLab software (Wiistefeld et al., 2008). The SWS
for the single event analysis is performed using the RC method (Bowman and Ando, 1987)
and the SC method (Silver and Chan, 1991). A particular focus is placed on the analysis
of phase pair SWS discrepancies, i.e., between SKS and SKKS phases, as they serve as a
clear indication for a LMM contribution to the splitting signal.

Measurements of SWS at the KEF station in Finland resulted in a total of 36 pairs with
17 discrepant pairs with piercing points in the LMM beneath the North Atlantic as well as
southeast to northeast of the recording station. The piercing points of the SKKS phases
west of the KEF station align with the boundary of the LLSVP beneath the North Atlantic.
These SKKS phases close to the boundary of the LLSVP consistently show splitting while
the SKS phases further away from the region of reduced shear wave velocity show nulls. The
splitting observations of the SKKS phases suggest a strong anisotropy along the boundary
of the LLSVP. This is assumed to be induced by a complex mantle flow towards the region
of reduced shear wave velocity and this potentially feeds into an upwelling of hot mantle
material (Grund and Ritter, 2018; Long and Lynner, 2015). The SWSMs with piercing
points east of the KEF station result in a complex pattern with varying nulls and splits for
all three phases. This complexity can be attributed to the combination of an increased
shear wave velocity in proximity to the subducted slabs beneath Siberia and a reduced
shear wave velocity within the vicinity of the Perm anomaly.

The analysis of SWS at the KEF station provided the additional advantage to be able to
compare the results obtained by different analysts. Muhammad Dillah and I studied the
same dataset which had previously been analysed by Grund and Ritter (2018). Variations
between the analysts can be attributed to an error in the temporal alignment of the
components of the seismograms in SplitLab (Frohlich et al., 2023), still contained in
the measurements of Grund and Ritter (2018), resulting in the creation of artificial
splitting observations or distortion of some measured splitting observations. Other factors
influencing the quality of measurements and the splitting observational type include both
subjective as well as objective factors. As objective factors, the time window in which
splitting measurements are performed and the filter parameters are criteria that are selected
individually by the analyst. Additionally, simultaneously arriving seismic phases might
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influence the SWSMs due to phase interferences. Aside from that, subjective factors such
as possible near-null measurements (Wiistefeld and Bokelmann, 2007) as well as the human
factor have a non-negligible influence on the SWSMs.

The information obtained from the measurements at the station KEF has then been
incorporated into the measurements of anisotropy at the HLFL beneath Siberia. The
selection of six different seismic stations and the corresponding earthquakes has been made
in such way, that the piercing points through the LMM are within a 15° radius around
the centre of the HLFL beneath Siberia. Thereby, enabling a comprehensive image of the
anisotropy in the LMM in this region along various propagation directions. The study of
pairs of core refracted phases gives the advantage to be able to attribute the anisotropy to
the LMM while also examining the anisotropy in the regions at different angles, since SKS
phases are penetrating through the LMM at steeper angles as SKKS phases. A total of 49
pairs are measured with 19 discrepant pairs, indicating that the observed anisotropy can
be attributed to the LMM. The observed pattern in the discrepant pairs predominantly
finds split phases within the region where the model of the Earth’s magnetic field at the
CMB (Jackson et al., 2000) indicates the highest magnetic flux. Therefore, the SWSMs
might be associated with an increased magnetic flux manifesting as potential changes of
mineral composition or temperature variations, and thus a deformation process that leads
to an alignment of material, which results in the macroscopic observation of anisotropy in
the region (Gubbins et al., 2007; Nowacki et al., 2011).

A comparison with previous studies shows a robust evidence for seismic anisotropy in the
LMM in the target region (Thomas and Kendall, 2002; Wookey and Kendall, 2008; Creasy
et al., 2021; Long and Lynner, 2015; Grund and Ritter, 2018). A high level of agreement is
obtained between the results in this thesis and by Creasy et al. (2021) using core refracted
phases. However, discrepancies emerge when comparing the results with the SWSMs by
Thomas and Kendall (2002) and Wookey and Kendall (2008), who used pairs of S and ScS
phases. In the presence of a complex anisotropy, the measured splitting type depends on
the propagation direction as well as the angle with which the wave propagates through
the LMM. Since ScS phases are reflected at the CMB, they penetrate through the D”
layer at much smaller angles than XKS phases. So far, the present anisotropy has mostly
been associated with a change in shear wave velocity due to the remnant subducted slab
and thus deformation processes that go along with this downwelling material (Thomas
and Kendall, 2002; Wookey and Kendall, 2008; Creasy et al., 2021). A comparison of the
splitting pattern with the model of the Earth’s magnetic field (Jackson et al., 2000) offers
an alternative possibility. The flow processes at boundaries with increased and decreased
shear wave velocity may be associated with temperature and density variations, which
could impact mineral and phase composition in these regions (Li, 2020). Consequently,
these deformation processes could also influence the intensity of the magnetic flux in the
region.

In order to understand how variations of shear wave velocity or changes in the intensity of
the magnetic flux influence the presence of anisotropy or whether a combination of both
might contribute to the measured splitting observation further SWSMs are required. By
studying additional stations, that show a significant number of suitable, deep and strong
enough earthquakes (cf. Table A.1), a more complete image of the pattern of anisotropy
might be obtained. The incorporation of discrepant pairs of S and ScS phases might reduce
and explain the occurring discrepancies between the observations of SWS in this thesis
and the studies by Thomas and Kendall (2002) and Wookey and Kendall (2008). As a way
to obtain a more complete image of the anisotropy in the regions with intense magnetic
flux, it is highly relevant to also compare the results obtained in the region of Siberia with
those of the SWSMs at the HLFLs beneath Canada and the North Atlantic.
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The DeepDyn Project "Understanding the influence of seismic deep mantle structure at the
core-mantle boundary on intense magnetic flux regions" studies in addition to anisotropy
also reflections of the D” layer. This is carried out at the University of Miinster. Their
results should be compared to our measurements of SWS to obtain a more complete image
on the seismic structures in regions of increased magnetic flux at the CMB.

In subsequent works, the link between the measuring of SWS and the underlying mantle
flow geometries should be studied in more detail. This might provide information about a
potential correlation of anisotropy and an increased magnetic flux. As many assumptions
have to be made to infer the underlying deformation processes from the observation
of SWSMs and potentially obtain a connection to the increased magnetic flux, forward
modelling, e.g. using AxiSEMS3D, should be utilised to obtain information regarding
constraints on the mineral composition and temperature or pressure conditions in the
vicinity of the HLFL beneath Siberia. The combination of the D” reflections with a study of
seismic anisotropy in the DeepDyn project has the potential to yield additional information
that can constrain the geometry of possible models. This could overcome the general
non-uniqueness problem of datasets and the imprecision of the responsible mechanism
for the anisotropy in the LMM (Creasy et al., 2021). The SWSMs from this thesis can
then be incorporated into the modelling as limiting conditions to test how well certain
mineral compositions or temperature and pressure conditions fit with the obtained splitting
observations.
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A.1 SWSMs at KEF station

A.1.1 Misorientation of the KEF station
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Figure A.1: View seismogram panel for an earthquake on 2016/07/25, hypocentral depth
= 68 km, My = 6.1, epicentral distance = 115.28°, with misorientation of the KEF
seismometer. A strong signal is visible on the T-component.
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(b) Diagnostic plot with correction for misorientation

Figure A.2: Diagnostic plot for an earthquake on 2016/07/25, hypocentral depth =
68 km, My = 6.1, epicentral distance = 115.28°, with misorientation of the seismometer
(top) and after the correction for a misorientation of the KEF seismometer (bottom).
Strong deviations of the particle motion from the theoretical BAZ occur before correction.
The determination of splitting parameters does not agree within both methods and is not
working satisfying since we still see a signal on the T-component also after determination
of the splitting parameters. After the correction for the misorientation of the station, the
particle motion is aligned with the theoretical BAZ and only noise remains on the corrected
T-component. Both methods (SC and RC) agree for the corrected traces.
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.1.2 Comparison of SWSMs by different analysts
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Event: 22-Nov-2011 (326) 18:48 -15.36° N -65.09° E 550 km Mw = 6.6
Station: KEF Backazimuth: 262.7° Distance: 103.42°
init.Pol.: 85.4% Filter: 0.020 Hz - 0.19 Hz mzxmn“ 26.4

Rotation Correlation: 9< 40°< 73 0.0<0.2s<04
Minimum Energy: -5< 69°< 82 0.1<03s<1.3
Eigenvalue: 76< B1°< 84 04<12s5<20
Quality: fair  IsNull: Yes Phase: SKS
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Event: 22-Nov-2011 (326) 18:48 -15.36" N -65.09" E 550 km Mw = 6.6
Station: KEF Backazimuth: 262.7° Distance: 103.42°
init.Pol.. 76.8° Filter: 0.020 Hz - 0.19 Hz  SNR.: 20.6

Rotation Correlation: -1< 35°< 72 0.0<0.2s5<0.8
Minimum Energy: -3< 61°< 80 01<03s<15
Eigenvalue; -11< -7°< -1 0.5<1.5s<20
Quality: fair  IsNull: Yes Phase: SKKS
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(d) SKKS MD

Diagnostic plot of SKS and SKKS phases for an earthquake on 2011/11/22

analysed by MD and myself. The observational type for the SKS phase agrees within both

analysts.

Figure A.3

For the SKKS phase I classified the phase as split while MD classified it as

null. There is no strong signal on the T-component and the particle motion is only slightly

elliptical but the SC method is not striving towards large delay times.
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A.2 SWSMs beneath Siberia

A.2.1 Station-earthquake configuration

Table A.1: Parameters of analysed seismic stations to potentially study the HLFL beneath
Siberia. The last column represents the number of suitable earthquakes, that occurred after

1995/01/01 independent of the operation status of the recording station, with a piercing

point in the LMM within 15° radius around the centre of the HLFL beneath Siberia. SWSMs

are performed at the stations with bolded entries in the table.
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A.2.2 Misorientation of the WMQ station
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Figure A.4: View seismogram panel for an earthquake on 2014/07/07, hypocentral depth
= 60km, My = 6.9, epicentral distance = 121.73°, with misorientation of the WMQ
seismometer. A strong signal is visible on the T-component for both the SKS as well as the
SKKS phase.
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Figure A.5: Diagnostic plot for an earthquake on 2014/07/07, hypocentral depth = 60km,
My = 6.9, epicentral distance = 121.73°, with misorientation of the WMQ seismometer.
Strong deviations of the particle motion from the theoretical BAZ occur. The determination
of splitting parameters does not agree within both methods and is not working satisfying
stnce we still see a signal on the T-component also after determination of the splitting
parameters. Since the exact misorientation of the seismometer is not known, no SWSMs
are conducted.
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A.3 Results and discussion
A.3.1 Single measurements of shear wave splitting

Table A.2: Number of SWSMs for the station HSPB. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
is measured for any of the two.

total no. of SWSMs ‘ SKS SKKS PKS
‘ split null ‘ split null ‘ split null
59 19 3] 8 2| 0 0

Table A.3: Number of SWSMs for the station ULN. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
is measured for any of the two.

total no. of SWSMs SKS SKKS PKS
split null | split null | split null
41 20 5 4 3 0 9

Table A.4: Number of SWSMs for the station WMQ. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
is measured for any of the two.

total no. of SWSMs SKS SKKS PKS
split null | split null | split null
8 5 0 3 0 0 0

Table A.5: Number of SWSMs for the station SA01. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
is measured for any of the two.

total no. of SWSMs SKS SKKS PKS
split null | split null | split null
7 4 1 1 1 0 0




Chapter A: Appendix 83

Table A.6: Number of SWSMs for the station SA02. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
s measured for any of the two.

total no. of SWSMs SKS SKKS PKS
split null | split null | split null
7 3 2 0 2 0 0

Table A.7: Number of SWSMs for the station SA05. The first column represents the
total amount of phases for which I was able to measure SWS, independent of the splitting
observation and the phase. The individual results for the different phases are listed in the
other columns. It needs to be taken into account, that all seismic traces are studies for
SWS of SKS and PKS phases, measurements of SKKS splitting is only performed if SWS
is measured for any of the two.

total no. of SWSMs ‘ SKS SKKS PKS
‘ split  null ‘ split  null ‘ split  null
0 0o o] 0 0] 0 0
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HSPB N I —— ULN N I ——

-60-30 0 30 60 -60-30 0 30 60

(a) HSPB (b) ULN
[ ___— [ — ]
WMQ N 60-30 0 30 60 SA01 N

(d) SA01

(e) SA02

Figure A.6: Stereoplots for single SWSMs at the different recording stations to study the
HLFL beneath Siberia. The mapped SWS observations include measurements of all quality
criteria.
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A.3.2 Directional dependency

Table A.8: Analysis of the BAZs of EQs where successful SWSMs are performed for at
least two XKS phases at the permanent stations HSPB, ULN and WM. The indicated
hypocentral depth z beneath the range of BAZs for pairs indicates the shallowest depth of an
EQ in this BAZ range where a SWSM has still been possible. Myy indicates the smallest
moment magnitude for which a SWSM has been possible. This EQ is not necessarily the
same event as the event mentioned in the hypocentral depth.
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