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SUMMARY

Seismic tomography is the pre-eminent tool for imaging the Earth’s interior.
Since the advent of this method in the 1980’s, the internal structure of Earth
has been vastly sampled and imaged at a variety of scales, and the resulting
models have served as the primary means to investigate the processes driv-
ing our planet. Significant recent advances in seismic data acquisition and
computing power have drastically progressed tomographic methods. Broad-
band seismic waveforms can now be simulated up to the highest naturally
occurring frequencies and consequently, measurement techniques can exploit
seismic waves in their entire usable spectrum and in multiple frequencies.

This dissertation revolves around aspects of global multiple-frequency
seismic tomography, from retrieving and processing of large seismological
data sets to explore the multi-scale structure of the earth. The centrepiece
of this work is an efficient processing strategy to assemble the largest possi-
ble data sets for waveform-based tomographic inversions. Motivated by the
complex but loosely-constrained structure of the lowermost mantle, we aim
to increase the spatial resolution and coverage of the mantle in all depths by
extracting a maximum of information from observed seismograms.

We first present a method that routinely measures finite-frequency travel-
times of Pdiff waves by cross-correlating observed waveforms with synthetic
seismograms across the broad-band frequency range. Large volumes of wave-
form data of ~ 2000 earthquakes are retrieved and pre-processed using fully
automatic software built for this purpose. Synthetic seismograms for these
earthquakes are calculated by semi-analytical wave propagation through a
spherically symmetric earth model, to 1 Hz dominant frequency. This way,
we construct one of the largest core-diffracted P wave traveltime collections
so far with a total of 479,559 traveltimes in frequency passbands ranging
from 30.0 to 2.7 s dominant period. Projected onto their core-grazing ray
segments, the Pdiff observations recover major structural, lower-mantle het-
erogeneities known from existing global mantle models.

An inversion framework with adaptive parameterisation and locally-adjusted
regularisation is developed to accurately map the information of this data
set onto the desired model parameters. This broad-band waveform inversion
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seamlessly incorporates the Pdiff measurements alongside a very large data
set of conventional teleseismic P and PP measurements. We obtain structural
heterogeneities of considerable detail in all mantle depths. The mapped fea-
tures confirm several previously imaged structures. At the same time, sharper
outlines for several subduction systems (e.g., Tethyan, Aegean and Farallon
slabs) and uprising mantle plumes (e.g., Iceland, Afar and Tristan da Cunha)
appear in our model. We trace some of these features throughout the mantle
to investigate their morphological characteristics in a large (whole-mantle)
context. Moreover, we report the structural findings revealed by our model.
This ranges from geometries of slab complexes and subdivisions of Large Low
Shear Velocity Provinces at the root of the mantle to tomographic evidence

to support the existence of deep-mantle plumes beneath Iceland and Tristan
da Cunbha.



ZUSAMMENFASSUNG

Seismische Tomographie ist die fithrende Vorgehensweise um das Erdinnere
zu visualisieren. Die Erde wurde seit der Einfithrung dieser Methode in den
1980er Jahren grofirdumig in verschiedensten Tiefen und Skalen dargestellt.
Die resultierenden Erdmodelle dienten seit dem als Grundlage um die treiben-
den Kréafte in der Erde zu untersuchen. Jingste Fortschritte in der seismis-
chen Datenerfassung und zunehmende Rechenleistung haben tomographische
Modelle dramatisch verbessert. Breitbandige seismische Wellenformen kon-
nen nun bis zu den hochsten natiirlich vorkommenden Frequenzen simuliert
werden. Seismische Wellen werden folglich in ihrem gesamten nutzbaren
Spektrum und in mehreren Frequenzen genutzt.

Diese Dissertation beschéftigt sich mit globaler seismischer Tomographie
in mehreren Frequenzbéndern, beginnend mit dem Herunterladen und Bear-
beiten der Daten bis hin zur Beschreibung des Erdinneren auf verschiedenen
Skalen. Das Herzstiick der Arbeit ist eine effiziente Strategie, moglichst
grofle Datensétze fiir Wellenformtomographie zu sammeln. Motiviert von
der komplexen und weithin unterbestimmten Struktur des tiefen Erdman-
tels, zielt die Arbeit darauf ab, die rdumliche Auflésung und Abdeckung des
gesamten Mantels durch maximale Ausnutzung des Informationsgehalts von
Seismogrammen zu erhohen.

Zunachst prasentieren wir eine Methode zur automatisierten Messung der
Laufzeiten von Pdiff Phasen, mittels Kreuzkorrelation mit synthetischen Seis-
mogrammen in mehreren Frequenzbédndern. Anhand einer eigens entwickel-
ten Software wurden Seismogramme von iiber 2000 Erdbeben vollautoma-
tisch heruntergeladen und prozessiert. Synthetische Seismogramme (bis zu
1 Hertz dominante Frequenz) wurden mittels einer semianalytischen Meth-
ode in einem kugelsymmetrischen Erdmodell berechnet. Aus der Kreuzko-
rrelation erhielten wir den bisher grofiten Datensatz von insgesamt 479.559
Pdiff Laufzeiten, aufgeteilt in Passbander zwischen 30 und 2.7 Sekunden.
Bereits eine erste Auswertung, bei der nur die Laufzeitdifferenzen auf die
Kern-Mantel-Grenze abgebildet werden, zeigt grofiskalige Strukturen, die mit
bestehenden globalen Mantel-Modellen tibereinstimmen.
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Ein Inversionsschema wurde entwickelt, inklusive adaptiver Parametrisierung
und lokaler Regularisierung, um die Daten auf ein Mantelmodell abzubilden.
Die Inversion breitbandiger Wellenformen integriert Pdiff Messungen in einen
sehr groflen Datensatz konventioneller Messungen von P- und PP-Laufzeiten.
Wir erhalten ein detailliertes Modell von Mantelstrukturen welches sich durch
alle Tiefen spannt. Diese bestéitigen Ergebnisse aus fritheren Tomographien,
gleichzeitig werden sowohl Subduktions-Systeme (Tethys, Agiis, Farallon)
als auch aufsteigende Manteldiapire (Island, Afar, Tristan da Cunha) in un-
serem Modell deutlich schérfer abgebildet als bisher. Wir beschreiben den
Verlauf dieser Strukturen durch den gesamten Mantel um die geomorpholo-
gischen Figenschaften im Kontext grofiskaliger Mantelstrukturen zu verste-
hen. Im weiteren beschreiben und diskutieren wir detaillierte Strukturen in
unserem Modell, wie etwa die Geometrie subduzierter Lithosphirenplatten
im Mantel und Large Low Shear Velocity-Provinzen (LLVP) an der unteren
Kern-Mantel-Grenze, sowie tomographische Beweise fiir Manteldiapire unter
Island und Tristan da Cunha.
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Introduction

This chapter is intended to provide an overview on the historical and method-
ological aspects of the global seismic tomography. In Section , major dis-
coveries about the Earth’s internal structure that led to the seismic tomog-
raphy, as known today, will be reviewed. This will be followed in Section @
by summarising the variants of global tomographic imaging techniques. Sec-
tion will put the global multiple-frequency inversion technique, the un-
derlying method in this study, in the context of previous developments in
finite-frequency tomography. After highlighting the objectives of this study
in Section [1.4, the contents of the following chapters will be outlined in the
last section.

1.1 A brief history of global seismic tomography

In 1906, Richard D. Oldham discovered the central “core”, roughly halfway
between the Earth’s surface and its centre as shown in Fig. [L.1], on the basis
of a so-called “travel-time curve” (Oldham, 1906). The graph represented the
relation between the arrival times of a set of teleseismic waves and their cor-
responding epicentral distances. The arrival times in this plot, although mea-
sured from spatially distributed source-receiver pairs, formed coherent curves.
Remaining discrepancies were explained by Oldham to be caused by (i) inac-
curacies in the distant records, (ii) errors in determining the time of origin,
and (iii) non-uniform rates of propagation in different directions. The infer-
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1906

Figure 1.1: Our understanding of the internal structure of Earth has evolved
from a homogeneous mantle-core model to detailed maps of its hetero-
geneities. See text for further discussion. (“we’ve come a long way” cartoon
by E. Garnero, http://garnero.asu.edu/)

ences drawn by Oldham were built upon the assumption that the observed
traveltimes have a spatially-invariant component which depends only on the
epicentral distance and source depth: T, ival = T'(distance, depth) + dT'. The
first component T'(distance, depth) was the basis of many discoveries of the
main features of our planet in the twentieth century (Fig. [L.1)):

In 1909, A. Mohorovici¢ inferred the crust-mantle discontinuity, known as
Moho discontinuity, from P wave observations generated by regional earth-
quakes (Mohorovicid, [1909). The radius of the Earth’s core was modified by
Gutenberg (1913) after its first estimation by Oldham. H. Jeffreys’s work on
the Earth tides combined with the results of seismological studies led to a
“truly” fluid core (Jeffreys, [1926). In 1936, I. Lehman inferred the existence
of the inner core by observing unidentified P waves at large epicentral dis-
tances (Lehmann, 1936). H. Jeffrey and K. Bullen compiled traveltime tables
and generated the first complete radially symmetric Earth model that could
accurately predict seismic traveltimes and be used to locate earthquakes (Jef-
freys and Bullen, 1940).

Early in the 1970s, analysis of large seismological data sets, enabled by
rapidly growing global seismic networks, allowed significant refinements on
the spherically symmetric Earth models by using global averages of seismic-
wave propagation times, for example, Preliminary Reference Earth Model
(Dziewonski and Anderson, 1981), TASP91 (Kennett and Engdahl, 1991))
and AK135 (Kennett et al), 1995). This confirmed that, to the first order,
the internal structure of the earth can be well approximated by a stratified,
spherically symmetric model; however, it was also realised that a full 3-D
interpretation was needed to satisfy deviations of the traveltime observations
from the radially symmetric models. As a consequence, the other component
(dT') became the main ingredient in estimating 3-D heterogeneities inside the
earth via imaging techniques called as seismic tomography.
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On global scales, a linearized seismic tomography method was first used
by h)ziewonski et al. (|1977|) to derive a model for large-scale heterogeneities
in the lower mantle. [Dziewonskﬂ (|1984|) applied this method to ISC delay
times (500,000 teleseismic traveltime residuals from 5,000 earthquakes) and
created the first reliable global tomographic model. The results, represented
as images of two-dimensional slices or Touog, showed the long-wavelength
lateral heterogeneities in the P wave velocity structure of the earth. For a
comprehensive review of the history of tomography, refer to () and
references therein.

Since then and due to the growth of seismological waveform data hold-
ings (at data centres) and their increasing data quality, the resolution of
tomography models (on all scales) has been increasing. These developments
have made high-resolution tomographic images one of the main inputs for
a broad spectrum of geological and geophysical studies, such as the tomo-
graphic evidence for ancient, deep-sinking slabs (|Van der Hilst et a1.|, |199]J)
confirmed later by a global S-wave model (Grand et al.. |1997), mantle con-
vection (van der Hilst et al., 1997: Ritsema and Van Heijst, EOOd), upris-
ing mantle plumes (Biiwaard and Spakmanl, 1999|; ontelli et al.|, 20045;
Zhao 20041; French and Romanowicz, |2()la), continental evolution (Ritsema
et all, 199@), reconstruction of tectonic plate configurations (|Van der Voo
et al 19993]; Bivloch et al.|, IZOOQ; |Van der Meer et al.|, l201d; Bigloch and
1\/[ihalynu1k|7 12013) and temperature/compositional components of structural
heterogeneities (Schuberth et a1.|, }20093], ), to name a few.

Geophysical inverse theory and methods to deal with the under-determined
nature of inverse problems were formulated by tBaCkus and Gilberd (|1967,
|1968 197d); |Jackson| (|197ﬂ). Early global models used ray (infinite frequency
or zero wavelength) approximation, similar to geometrical optics, to model
the measured arrival times due to the simplicity and computational efficiency
of the theory (Dziewonski et all, 1977; Zhou, 1996; Grand et al., 1997; van der
Hilst et alJ 1997; Obavashi and Fukad, 1997; Kennett et all. 1998; Bijwaard
et al.|, |1993; [Boschi and Dziewo?ki‘, hOOd; [Kérason and Van der Hilstl, tZOO]J).
However, development of novel inversion techniques combined with the rapid
progress in computing power led to a variety of global tomography methods
to better exploit the full seismograms, and consequently, to better image the
internal structure of the earth in all scales. In the next section, the concept
behind these techniques as well as the main features of global tomography
methods will be briefly discussed.
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MODEL SPACE

FORWARD MODELLING y DATA SPACE

IMAGING
INVERSE MODELLING

Figure 1.2: Inverse modelling is the reverse of forward modelling! In forward
theory, the results of the measurements (data space) are predicted based
on a model and a mapping function(s), for example, elastic wave equation,
Data = Mapping Func(EarthProperty). In inverse theory, the data is linked
to the estimates of the model parameters via modelling and assumed theories,
EarthProperty = MappingFunc ' (Data). Imaging is an inverse problem
in which one best-fitting element of the model space (e.g., velocity structure)
is estimated on the basis of the data space (e.g., traveltime measurements).

1.2 State of the art in global seismic tomography

Seismic tomography is an inverse problem in which (desired) model parame-
ters are linked to the (measurable) seismological observations via modelling
techniques (Fig. @) This simple definition highlights the main components
in which the tomography models differ fundamentally: what kind of seismo-
logical observations are measured (e.g., onset times, cross-correlation trav-
eltimes, phase velocities, time-frequency misfits, instantaneous phase mea-
surements or amplitudes)? what are the desired model parameters (e.g., P
or S velocity variations, seismic anisotropy, visco-elastic dissipation or den-
sity)? What is the modelling technique (e.g., ray-theory, finite-frequency or
adjoint)?

Rays vs. waves Traveltime observations modelled by ray-theoretical
assumption allow to invert very large data sets at high resolution. This
methodology has been widely used in creating global (P and S) tomography
models (h)ziewonski et all, 1977; Zhou, 1996|; Grand et al.|, 1997; |van der Hilstl
et al.|, |1997|; Obavashi and Fukad, 1997; Kennett et al., 1998: Bijwaard et al.,
1998; IBOSChi and Dziewonski, I‘ZOOd; arason and Van der Hilst, 2001; Zhao,

004: Lei and Zhad. 2006; Amard, 2007; Li et all, 2008; Auer et all, 2014;
oelemeijer et al,, 201d). In this framework, the arrival times of seismic waves
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are assumed to be sensitive to only the velocity structure along the geometri-
cal ray path, that is, a curve of minimal traveltime that connects the source
and receiver. The main advantages of this method are its simplicity and com-
putational efficiency as well as the availability of large traveltime data sets,
for example, ISC (International Seismological Centre) and NEIC (National
Earthquake Information Center) catalogues. However, as the theory is based
on infinite frequency or zero wavelength approximation, it is only valid when
the length of the 3-D heterogeneities are large compared to the wavelength
of propagating waves. Moreover, the observations for this method are usu-
ally hand-picked onset times; hence, the uncertainties associated with each
measurement cannot be easily quantified. To overcome these limitations, two
new classes of tomography methods were developed: finite-frequency tomog-
raphy (Marquering et al., 1998; Dahlen et all, 2000; Hung et al, 2000; Zhou
et al., 2004; Montelli et al., 2004b; Sigloch and Noleti, 2006) and full-waveform
inversion ([Tromp et al), 2005; Liu and Tromp, 2008; Fichtner et al), 2008,
2009b; Tape et al), 2009). Both methods compare the observed seismograms
with synthetic waveforms, as opposed to only the onset times. This modi-
fication addresses several short-comings of ray-based tomography methods:
the measurement technique requires no user-intervention, the quality of the
measurements can be better quantified (e.g., cross-correlation factor), mul-
tifrequency observations are possible, and in addition to traveltimes, other
observables (such as amplitude) can be extracted from the seismogram. Mea-
sured observables are projected onto the model parameters by the sensitivity
kernels which can correctly account for the frequency-dependent interaction
of waves with structural heterogeneities that ray-based methods are unable
to accommodate. These kernels can be computed using semi-analytical ap-
proaches ([Tian et al|, 2007h), mode-coupling (ILi and Romanowicz, 1996) or
fully numerical techniques (Nissen-Meyer et al), 2007; Liu and Tromp, 2008).

Linear vs. nonlinear The inverse problem underlying seismic tomog-
raphy can be regarded as an optimisation problem in which the goal is to
minimise a misfit functional. Depending on the measured observables and
complexity of the problem, the misfit can be minimised in either one linear
step or iteratively by calculating the misfit gradient at each step. Examples
for the linearized seismic tomography framework are ray-based least-squared
methods and finite-frequency tomography. Computational efficiency is the
main advantage of linearized inversion schemes. This allows for comput-
ing the approximate Hessian and incorporating a large amount of data (as
one of the main factors in increasing the resolution) into a linear (single-
iteration) inversion. However, if the observables are nonlinear in nature or
sharp changes in the model parameters are expected (e.g., crustal and upper-
most mantle imaging), iterative methods are preferred. One example of non-
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linear inversion schemes is the adjoint tomography method in which fully
numerical modelling techniques are used to calculate so-called event kernels,
that is, simultaneously calculates the interaction between the forward and
adjoint (backward) wavefields for one source and all the receivers (Tromp
et all, 2005; Tape et al), 2007; Fichtner and Igel, 2008). This computes
the gradient of the misfit function that can be used to update the model.
One main advantage of this method is the possibility to successively solve
the inverse problem through the propagation of wavefields in 3-D models,
which is highly beneficial to resolve heterogeneous models with strong pa-
rameter gradients. However, for the ambitious data volumes and frequencies
used in linearized global models, fully numerical modelling in 3-D reference
models remains well beyond reach. As a consequence, the data sets used in
adjoint tomography are restricted to low frequencies and few earthquakes.
Another limiting factor in this method is the starting model which needs to
be sufficiently close to the optimum model to ensure the convergence. The
heavy computational cost to estimate individual source-receiver kernels also
prohibits the calculation of approximate Hessian; hence, only event-kernels
(gradient of the misfit function) are usually computed.

Deterministic vs. probabilistic Tomography models are inherently
non-unique due to the limited amount of independent information and un-
certainties in the data space (observations). As a result, a variety of models
exists that can explain one set of data. The true properties of these random
variables (data and model parameters) can be best specified by probabil-
ity density functions (pdf) through probabilistic inversion theory ([Tarantola,
2005). However, sampling the pdf of model parameters in global tomography
is still computationally intractable. By taking certain approximations and
simplifying assumptions, one optimal model that explains the observations
can be derived based on deterministic inverse theory and by minimising a se-
lected misfit function. This approach has been the basis of the most known
inverse solutions, although there have been attempts for the probabilistic
inversions as well (Trampert et all, 2004; Mosca et al), 2012; Kaufl et al,,
2013).

Frequency content Observations in seismic tomography are extracted
from the parts of the signal (in frequency or time domain) that carry the
imprints of the 3-D distribution of physical properties in the earth. De-
pending on the sensitivity kernels (the relation between measured data and
structural model), observations or more importantly, a combination of them
can constrain the earth structure locally or globally. Generally speaking, by
increasing the frequency content of these observations, smaller-scale struc-
tures can be resolved in more limited regions (narrower sensitivities). Fig.
compares these two aspects (spatial extent and frequency content) of various
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tomographic techniques that are currently being used. The red colour shows
the methods that can potentially cover the whole globe. The blue colour
identifies the techniques that can either illuminate a limited depth range
(surface wave) or provide regional models (regional adjoint).

A major effort in seismic tomography is focused on the construction of
multi-scale models that can explain a wide-range of multifrequency measure-
ments, i.e. span the horizontal axis of Fig. [l.3. To this end, two approaches
have been proposed. On the one hand, inverting large tomographic data
sets that include a variety of observations, different frequency bands and
seismic phases, can result in one model that to a very good extent explain
the measurements. The challenge in this approach is to accurately map
the information of multifrequency measurements through parameterisation
and regularisation (in linearized tomographic methods). Hence, inversion
meshes of spatially varying element size have been widely used to adapt the
“retrievable” resolution in different regions in order to make the joint inver-
sion of high and low-frequency measurements possible (e.g., Nolet and Mon-
telli (2005); Auer et al) (2014); French and Romanowicz (2014); Zaroli et al.
(2015)). On the other hand, a composite model that successively includes
high-resolution regional models into a smooth 3-D background model has
been also suggested (Afanasiev et al,, 2016). The