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Abstract

Many mysteries remain about the inner workings of the Earth from what the origins of
lower mantle structures to when did plate tectonics begin. Seismology provides obser-
vations of the Earth's interior by analysing phenomena such as the re ections of waves
or anomalous timings of waves arriving at the recording stations. Through analysis of
these phenomena, information such as the morphology, location and velocity pertur-
bation of mantle heterogeneity has been constrained. Information about the velocity
gradients, how quickly the seismic velocity of material changes with distance, at the
boundaries of mantle heterogeneities has not been analysed to the same extent and can
aid our understanding of its thermal and chemical properties. When a wave interacts
with a su ciently strong velocity gradient, the wave moves at two di erent speeds over

a short distance leading to multiple arrivals arriving at the recording station. This
phenomenon, called multipathing, has been analysed through the waveform complex-
ity it creates and has led to estimations of the velocity gradients at the boundaries of
mantle heterogeneity. In addition to the waveform complexity, the multiple arrivals
should arrive with di erent directions and horizontal speeds through di raction of the
wave by the velocity gradient. The direction and horizontal speeds have seldom been
used to analyse multipathed arrivals and could give more information about the het-
erogeneities. In this thesis, | use array seismology methods to analyse multipathing
and di raction of the wave eld by measuring the direction and speeds of the arrivals
and expand the analysis to a global scale. First, | analyse multipathing caused by
the African Large Low-Velocity Province (LLVP), a continent-sized anomaly at the
core-mantle boundary beneath Africa, and show multipathing is frequency dependent
and can be caused by relatively weak velocity gradients. Then, | develop a method to
automate the identi cation of multipathing with array methods using cluster analysis
which also provides uncertainty estimates of the measurements. Finally, this automated
method is used to create a multi-regional map of SKS multipathing which motivates
future studies analysing the conditions needed for multipathing and for comparison
with other investigations into the Earth's current state and evolution.
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Chapter 1

Introduction

This dissertation focuses on the use of seismic array methods to analyse mantle het-
erogeneities by measuring how they have perturbed the teleseismic wave eld through
phenomena such as multipathing (Section 1.1.2) and scaling up the measurements from
regional to global scale. To give context to the work presented later, | discuss why we
should study the Earth's interior seismically and brie y outline what phenomena can

be studied and why | focus on analysing the lateral velocity gradients of mantle hetero-
geneities (Section 1.1). Then, | summarise array methods used to measure the slowness
vector properties (direction and horizontal velocity of a wave), their limitations and
methods developed to overcome some of these limitations (Section 1.2).

1.1 Investigating the structure of the mantle seismically

The movement of Earth's tectonic plates driven by mantle convection is the cause of
many of the most hazardous and extreme features of the surface including earthquakes,
volcanoes and tsunamis. Although the dynamic interior of the Earth drastically a ects
the surface we live on, many questions concerning the structure and processes of the
mantle remain. Such questions include: When did plate tectonics begin (Stern, 2007)?
How do plumes or hotspots initiate (Koppers et al., 2021)? Does subducted lithosphere
reach the core-mantle boundary? Why do some slabs stagnate and others not (Fukao
and Obayashi, 2013)? Are there remnants of the primordial Earth in the mantle (Gar-
nero et al., 2016)? Why are slabs (Fukao and Obayashi, 2013) and plumes (French and
Romanowicz, 2015; Rickers et al., 2013) apparently impeded at 1000 km depth? What
is the evolutionary history of the mantle? To address these and other uncertainties,
seismology provides invaluable observations of the Earth's interior on scales ranging
from global 1-D velocity models of the Earth (Dziewonski and Anderson, 1981) to tens
of kilometre scale observations of the core-mantle boundary (e.g. Frost et al., 2013).
Furthermore, as computational power and coverage of seismometers with novel de-
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ployments (e.g. Simon et al., 2021) expands, further constraints on hypothetical Earth
models such as that shown in Figure 1.1 can be made.

Figure 1.1: Figure 13 from Tr nnes (2010) summarising a possible conceptual Earth model. In
this hypothetical model, the LLVPs here are denoted as thermochemical piles causing large scale
convection causing surface uplift. LLVPs are hypothesised to in uence other mantle structures
by possibly initiating mantle plumes at their boundaries as plume generation zones (PGZs) and
Ultra Low Velocity Zones (ULVZs) collected at their boundaries. The sinking material reaches
the core-mantle boundary and pushes the thermochemical material into the LLVP piles.

1.1.1 Seismic observations of the Earth

Seismologists have applied many techniques to the ever growing dataset of seismo-
grams. Seismic tomography provides broad X 1000 kilometre scale) observations of
3-D elastic structure of the Earth (e.g. French and Romanowicz, 2014; Ritsema et al.,
2011; Simmons et al., 2010), but cannot resolve ner scale structure on the order of
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100s of kilometres. Regional studies focusing on a speci ¢ area of the Earth can have
higher resolution and uncover structures invisible to tomography adding to the picture

of what the Earth's internal structure is. Some of these regional studies employ array
techniques outlined in Section 1.2 to observe weaker signals created through interaction
with seismic heterogeneity such as from scattering in the mid mantle (Bentham and
Rost, 2014; Li et al., 2014; Ritsema et al., 2020; Rost et al., 2008) and lower mantle
(Cao and Romanowicz, 2007; Haddon and Cleary, 1974; Haddon et al., 1982; Ma and
Thomas, 2020; Rost and Earle, 2010), re ected arrivals from transition zone (Day and
Deuss, 2013; Lessing et al., 2014; Waszek et al., 2018) and mantle heterogeneity (Kito
et al., 2007; Lay, 2007; Revenaugh and Meyer, 1997; Schumacher and Thomas, 2016;
Schumacher et al., 2018) or diraction and refraction of the wave eld (Cottaar and
Romanowicz, 2012; Stockmann et al., 2019; Xu and Koper, 2009). Despite advances of
seismic imaging of the Earth, standout questions of the most enigmatic features of the
mantle remain.

1.1.1.1 Large Low-Velocity Provinces and Ultra Low Velocity Zones

Since the rst seismic tomography models (Dziewonski et al., 1977), two extremely
large low-velocity regions have been imaged beneath Africa and the Pacic labelled
Large Low-Velocity Provinces (LLVPs) and have been a common feature in all S-wave
tomography models (e.g. French and Romanowicz, 2014; Koelemeijer et al., 2015; Lu
et al., 2019; Ritsema et al., 2011). Since their discovery, LLVPs have remained one of
the most enigmatic and studied structures of the mantle with uncertainties remaining
over their spatial scale, how “sharp' the transition from the surrounding mantle to the
LLVPs is, or their relationship with other mantle heterogeneity. Further uncertainties
can be shown from the di erent hypotheses of what LLVPs are. Are they purely thermal
structures or do they have some form of chemical heterogeneity? How old are LLVPs?
Are they long lived features of the mantle or are they relatively short-lived features?
Some of the di ering conceptual models for LLVPs are shown in Figure 1.2 edited from
Figure 2 in Garnero et al. (2016).

Seismic tomography typically shows LLVPs to spatially extend 1000s of km laterally
and up to 1000 km above the CMB, have approximately 3% reduced S-wave velocity and
approximately 2% reduced P-wave velocity relative to the surrounding mantle, although
it has been shown tomography can underestimate seismic velocity anomalies in the lower
mantle (Bull et al., 2009; Bull et al., 2010; Ritsema et al., 2007; Schuberth et al., 2009).
The density of LLVPs has been a heavily discussed topic and knowledge of the density
anomaly of LLVPs can potentially di erentiate between the conceptual models shown in
Figure 1.2. Initial estimates using gravity and normal mode (whole Earth oscillations)
data suggested LLVPs may be 0.8% { 1.8% denser than the surrounding mantle (Ishii
and Tromp, 1999; Trampert et al., 2004). Since these studies, other estimates have
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Figure 1.2: Edited from Figure 2 in Garnero et al. (2016). Four conceptual models of what
LLVPs could be. (a), a cluster of mantle plumes,(b) a superplume with chemical heterogeneity,
(c), a stable and long-lived dense thermochemical pile andd) , a thermochemical pile with
density similar to the surrounding mantle.

been made and suggest the LLVPs may be 0.88% less dense than the surrounding
mantle (Koelemeijer et al., 2017) while others suggest they are 0.5% denser than the
surrounding mantle (Lau et al., 2017). Work continues to consolidate the dierent
results of Stonely modes and tide observations with an LLVP model with a more dense
base and less dense tops (Richards et al., 2021). To infer whether chemical heterogeneity
may be present, correlations between shear wave velocity (sensitive to the rigidity of
the material) and bulk sound (sensitive to the compressibility of the material) can
be made. Studies comparing these properties found a negative correlation between the
two, which cannot be produced by thermal anomalies alone for the same phase (Masters
et al., 2000) suggesting chemical heterogeneity is present, although, this could indicate
locations of a phase change (Koelemeijer et al., 2017) and not necessarily constrain
whether LLVPs are compositionally unigue to the mantle. Seismic tomography provides
broad-scale observations of LLVPSs, but cannot resolve the spatial scale of the transition
from the mantle to LLVP, which could give information about how distinct LLVPs are
from the surrounding mantle. Studies analysing sharp changes in arrival times of waves
over small spatial scales and identifying multipathing give estimates of a transition
length of 10s of kilometres and a shear wave velocity reduction of between 3% and 5%
(Beger and Romanowicz, 1998; Ford et al., 2006; He and Wen, 2012; He et al., 2006; Ni
and Helmberger, 2003a; Ni and Helmberger, 2003b; Ni et al., 2002; Ritsema et al., 1997,
Sun et al., 2009; Sun and Miller, 2013; Wang and Wen, 2004; Wen, 2001; Zhao et al.,
2015). Multipathing only occurs when a wave is incident on a su ciently strong lateral
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velocity gradient and leads to two arrivals which arrive at di erent times, directions and
horizontal speeds. For further discussion of multipathing, see Section 1.1.2. Despite
claims that sharp velocity gradients are evidence for chemical heterogeneity, it has
been shown that purely thermal structures with no chemical heterogeneity can produce
sharp velocity gradients and velocity reductions (Davies et al., 2012). At the moment,
both purely thermal and thermochemical models of LLVPs can replicate the seismic
observations made so far, therefore none of the conceptual models can be ruled out yet.

On a much smaller scale, Ultra Low Velocity Zones (ULVZs) have been imaged in
various regions at the CMB with very strong reductions in S and P-wave velocity of
up to 50% and 25% respectively (Garnero and Helmberger, 1996; Garnero et al., 1998;
Idehara, 2011; Rondenay and Fischer, 2003; Rost et al., 2005; Yu and Garnero, 2018)
and be up to 20% more dense than the mantle (Idehara, 2011; Rost et al., 2005). ULVZs
are typically on the order of 10s of kilometres high and 100s of kilometres laterally
(McNamara, 2019; Rost et al., 2005; Thorne and Garnero, 2004) although there have
been observations of so called ‘mega’' ULVZs (Cottaar and Romanowicz, 2012; Thorne
et al., 2013) which have lateral spatial scales of up to 1000 km. ULVZs have been
detected using a variety of seismic techniques including scattering (e.g. Ma et al., 2019;
Rondenay and Fischer, 2003; Rost and Garnero, 2006) and di raction (Cottaar and
Romanowicz, 2012) as well as by waveform analysis (e.g. Thorne and Garnero, 2004;
Thorne et al., 2021; Thorne et al., 2019). Like LLVPs, ULVZs remain very enigmatic
with uncertainty over their origins remaining and determining which hypotheses are
correct is challenging. The hypotheses often involve partial melt, dense, compositionally
distinct material, or some combination of the two. To be dense enough (10% denser
McNamara et al. (2010)) to survive mantle mixing and not be limited to only the hottest
regions of the mantle, ULVZs have been proposed to be compositionally distinct with
a range of hypotheses proposed as sources for this compositional heterogeneity such
as silicate sediments from the core (Bu ett et al., 2000), iron enriched post perovskite
(Mao et al., 2006; Mao et al., 2005), partial melt from subducted slab (Liu et al., 2016),
iron-enriched oxides (e.g. Wicks et al., 2017).

ULVZs and LLVPs are likely related in some dynamic sense as ULVZs have been
shown at the boundaries of LLVPs (Yu and Garnero, 2018). Understanding the rela-
tionship between ULVZs and LLVPs would give some insight into the origin of LLVPs
and their role in global mantle convection. As it is unclear if either or both LLVPs
and ULVZs are home to some heterogeneity it is challenging to constrain their rela-
tionship. Observations of ULVZ location, shape and sizes can further constrain their
role in the mantle and with LLVPs and possibly the chemical nature of both structures
(McNamara, 2019).
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1.1.2 Why analyse multipathing, di raction and refraction?

Of the phenomena analysed seismically, multipathing has not been analysed in the same
detail or as widely applied as other seismic phenomena. Multipathing observations
provide information about the lateral velocity gradients the wave has sampled and over
what distance the properties change between the ambient mantle and the heterogeneity
itself. Analysis of boundary structure has been focused on LLVPs using observations
of waveform complexity and distinct changes in travel time anomalies (e.g. Ni et al.,
2002). In addition to these observations, more information is available by using array-
based methods to measure the slowness vector properties of the multipathed arrivals
(Ward et al., 2020), see Section 1.2 for details. Furthermore, analysing the slowness
vector properties of waves that have di racted when interacting with the boundaries
of mantle heterogeneities can also be used to constrain the velocity gradients. In this
section, | outline in more detail what multipathing is, the progress that has been made
in analysing the phenomenon and what analysing the slowness vectors of multipathing
could contribute.

Multipathing occurs when a wave is incident on a su ciently strong lateral veloc-
ity gradient. Figure 1.3 illustrates multipathing at the boundary of LLVPs and fast
material and how they may be observed at the surface. The velocity gradient causes
di erent parts of the wave eld to move at di erent speeds depending on whether they
are travelling inside or outside of the structure. The dierent parts of the wave will
diract along the boundary and through the structure. This results in two or more
wavefront segments that arrive at the station at di erent times and with di erent hori-
zontal speeds and directions. Multipathing from mantle heterogeneity is often analysed
in terms of their arrival times and waveform complexity (e.g. Ni and Helmberger, 2003a;
Sun and Miller, 2013; Zhao et al., 2015) and later | show multipathed arrivals can be
observed using their di erent direction and horizontal speeds.

Multipathing has been used to infer the morphology, location, velocity perturbation
and lateral velocity gradient at the boundaries of mantle heterogeneity to understand
processes active in the mantle. Silver and Chan (1986) identify multipathing in di-
rect S waveforms by their broadening relative to ScS phases to identify a slab feature
penetrating the 660 km discontinuity, veri ed using forward modelling to replicate
the multipathing with a slab like feature. There have been several studies analysing
multipathing caused by the LLVPs. As described earlier, a standout question about
LLVPs is whether they are purely thermal features or if they are home to chemical
heterogeneity. Observing multipathing at the boundaries of LLVPs and quantifying
the possible gradients to compare with those in geodynamic models may constrain if
chemical heterogeneity is required to produce strong enough velocity gradients to cause
multipathing. A standout study on this was conducted by Ni et al. (2002) who analysed
the waveforms of S, ScS, Sdi and SKS waves recorded in southern African which is lo-
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Figure 1.3: Cartoons of how SKS multipathing from an earthquake (red star) to a seismic
array (green triangles) may occur at the boundaries of seismically fast material (top) and
slow material (bottom). The raypaths are coloured by whether they are relatively slow (red),
fast (blue) or if they will show multipathed arrivals (pink). These cartoons show how sharp
boundaries and multipathing may be observed in seismograms recorded at an arrayl) of both

sub gures shows the waveforms and an abrupt change in arrival times wherea®) shows the
di erence in the vector properties of the arrivals, which is the focus of this thesis. The bottom
sub gure is taken from Ward et al. (2020).
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cated directly above the African LLVP. They nd evidence for clear multipathing and,
through a 2-D ray-tracing approach, estimated the velocity gradients as a reduction of
3% S-wave velocity over 50 km. Several other studies using similar approaches of wave-
form analysis and then replication using 2-D ray tracing synthetics (Ni and Helmberger,
2003a; Ni and Helmberger, 2003b; Sun et al., 2007) have found similar estimates for the
lateral velocity gradients as have those expanding to 3-D ray tracing (Helmberger and
Ni, 2005; Ni et al., 2005). Following this series of studies, e orts have been made to
automate the identi cation of multipathing in the waveforms (Sun et al., 2009). In this
algorithm, multipathing is identi ed by comparing the observed waveform to a synthet-
ically generated seismogram where multipathing has been approximated as a di erence
in arrival times between the di erent sides of the Fresnel zone. The Fresnel zone de-
scribes the area at a point along the path of the wave between the source and receiver
(for further discussion on Fresnel zones and array seismology see Rost and Thomas,
2009). This "multipathing detector' (Sun et al., 2009) has since been used to analyse
multipathing caused by plumes (Sun et al., 2010), African LLVP boundaries (Sun and
Miller, 2013), ULVZs (Sun et al., 2019) and subducting slabs (Sun et al., 2017). Mul-
tipathing has been analysed using measurements of the multipathed arrivals' direction
and horizontal speed, but the multipathed arrival is described as a post cursor to the
main Sdi arrival caused by sampling an ULVZ (Cottaar and Romanowicz, 2012).

It has often been proposed that the presence of “sharp' velocity gradients capable
of producing multipathing is evidence for chemical heterogeneity, particularly for lower
mantle structure (e.g. Ni et al., 2002), however, it has been shown purely thermal struc-
tures are also capable of producing sharp velocity gradients (e.g. Davies et al., 2012).
Studies analysing strong lateral velocity gradients have focused on LLVP boundary
structure and the lateral velocity gradients of other mantle heterogeneities have not
been fully explored. Therefore, multipathing observations to identify and quantify lat-
eral velocity gradients are still valuable to understand mantle dynamics and history.
Unlike other mechanisms for mantle heterogeneity to a ect the seismic wave eld, multi-
pathing has not been analysed on a global scale to identify where strong lateral velocity
gradients exist and quantify their strengths. This is part of the motivation for the end
goal of this thesis where | begin to create a global dataset of multipathing in di erent
seismic phases starting with SKS.

1.2 Array methods: overview, limitations and develop-
ments
All of the work in this project uses a spatial distribution of recording stations to measure

the properties of a teleseismic wave. It is therefore necessary to lay the foundation by
describing what property | measure (Section 1.2.1), and introduce the techniques used
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to measure it (Sections 1.2.2 and 1.2.3). Then, assumptions and limitations of the
standard methods are outlined and the techniques | and others have used to address
them are described (Section 1.2.4).

1.2.1 Slowness vector

All work in this thesis in some way involves making slowness vector measurements of
a teleseismic wave arriving at receiver stations distributed spatially in close proximity
called a “seismic array' (Figure 1.4 shows an example of an array). Later in this section,

| describe techniques to measure the slowness vector of a wave with a seismic array and,
to understand the implications and results of Chapters 2, 3 and 4, | describe what a
slowness vector represents.

Figure 1.4: Edited from Figure 3 of Rost and Thomas (2002) showing a spat|al distribution
of stations (triangles). The position of the stations are recorded in the vectorrm with their x
(east), y (north) and z (elevation) coordinates.

The slowness vector describes the horizontal direction and inclination of a wavefront.
The horizontal direction (or backazimuth, ) can be measured as the angle clockwise
from north to the direction the wave is coming from (Figure 1.5). The inclination of
the wave is inferred from the apparent horizontal velocity (vhor) Of the wave with

i = arcsin ( med), (1.1)
Vhor

assuming the velocity of the material beneath the array {meq). The apparent horizontal
velocity can be calculated from the time taken for the wave to travel between stations
at the surface. As these stations usually have very little elevation di erence between
them, relative to the seismic wavelength, only the horizontal component of the wave's
velocity can be measured. Assuming similar velocity properties of the medium beneath
the array, the faster the apparent horizontal velocity of the wave, the more steeply it is
arriving. A completely vertical wave will arrive at all stations at the same time, thus
having an in nite apparent velocity. In work presented later, the measurement made is
not the apparent horizontal velocity but the horizontal slowness of the wave ), which



10 Chapter 1: Introduction

is the inverse of the apparent horizontal velocity ¢/nor),

1
- = 1.2
P= e 1.2)

of the wave moving over the array. From the horizontal slowness, the inclination {)
of the wave can be calculated by assuming a slowness of the wawe(the inverse of
the velocity of the wave through the medium, vheq) travelling through the material
beneath the stations with

i = arcsin(g): (1.3)

The slowness vector can be plotted in a polar coordinate system with horizontal
slowness on the radial axis and the backazimuth on the azimuthal axis (Figure 1.5).
The distance of a point on this plot from the centre gives the horizontal slowness and
the angle from O (or north) gives the backazimuth. This can, if the velocity of the
medium is known, be interpreted in 3D as a hemisphere beneath the array and a wave
arriving from beneath. The closer the point is to the centre, the steeper the inclination
of the arrival.

Figure 1.5: Cartoon explanation of making a slowness vector measurement when plotting
horizontal slowness f) on the radial axis and backazimuth ( ) on the azimuthal axis. a) shows

the plot on the horizontal plane where the measurement can be made antd) shows how the

horizontal slowness measurement on this plot relates to inclination angle.
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When measuring the slowness vector of a wave using the methods described in Sec-
tions 1.2.2 and 1.2.3, one often searches over a range of di erent slowness vectors. For
this search, the slowness vector can be de ned through itgx and p, components which
describe the slowness vector components in the East and North direction respectively.
If searching over a range of slowness vectors in the polar system (backazimuth and
horizontal slowness), the spacing between the vectors increases as a function of the
horizontal slowness such that at very low horizontal slowness, the distance between
the vectors is very small and at largerp values the distance is very large for the same
backazimuth spacing. If the slowness vector is de ned withpx and py representation,
the spacing between the slowness vectors in the search can be the same regardless. In
all methods applied in this thesis, we search over a range of slowness vectors using
their px and py representation, but for more intuitive interpretation we convert the
measurements to backazimuth and horizontal slowness values.

1.2.2 Beamforming

In all methods used in this thesis, beamforming (Rost and Thomas, 2002) plays a
crucial role. Beamforming is used to amplify the coherent signal and suppress incoher-
ent noise for energy arriving from a particular backazimuth and horizontal slowness.
Beamforming uses the fact that at a given array of stations distributed spatially, a wave
arriving from a particular direction with a particular horizontal velocity will arrive at

the stations at di erent times. Depending on the apparent horizontal velocity, the time
taken to travel the horizontal distance between stations will be di erent and can be
clearly seen as a moveout on a distance-time plot (Figure 1.6).

Given a backazimuth, horizontal slowness and station IocationsI fm), the estimated
arrival times relative to a reference point assuming a plane wavefront can be calculated.
The plane wavefront model assumes the curvature of the wavefront leads to negligible
e ects on the travel time estimates. This holds for a small seismic array but, for larger
arrays and arrays which are close to the source or antipode, this assumption breaks
down. This is discussed further in Section 1.2.4.1. Using the calculated delay times,
the seismograms can be shifted in time. After the seismograms are shifted, they are
“stacked' which is essentially taking the mean amplitude at each time over all of the
seismograms. The resultant stacked seismogram is the “beam' that is formed. This
whole process can be described by

1 M
M

m=1

! !
D(tgisc; K) = Sm(tdisc +'rm K); (1.4)
where b(tgisc) is the amplitude of the beam at a discrete timetgisc, M is the number of
seismograms sy, is the mth seismogram,!rm is a Yector describing the location of the
seismograph which recorded the seismograsy, and k is the horizontal slowness vector.
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Figure 1.6: A distance-time plot of data from the 25 May, 1997 event recorded at the Kaapvaal
array in South Africa. This plot illustrates the high amplitude waves generate by the earthquake
arrives at about 1460s at an epicentral distance of 113.2and then the wave arrives gradually
later with epicentral distance until the top of the plot where the wave arrives at approximately

1490s. The blue line marks the expected arrival time if the wave travels through the 1-D Earth
model PREM (Dziewonski and Anderson, 1981).
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The full derivation for this equation and how the coherent signal separates from the
incoherent noise can be found in Rost and Thomas (2002). The level to which the signal
to noise (SNR) is increased from stacking is approximately M whereM is the number
of seismograms used in the beamforming assuming perfectly coherent signals and totally
incoherent noise (Harjes and Henger, 1973). Beamforming can amplify the signal of
coherent waves arriving from a particular backazimuth and horizontal slowness if it is
known. What many techniques discussed in the next sections take advantage of is how
beamforming can also be used to measure the coherent signal arriving from a particular
backazimuth and horizontal slowness. Through this measurement of coherence, a range
of slowness vector properties can be used to nd which has the strongest coherent signal
and therefore has the closest slowness vector properties to the arrival.

1.2.3 Vespagrams, beamforming grid searches and f{k analysis

It is rare to know the slowness vector properties of an arrival before using beamforming
and it is often very useful to estimate these properties and study what may have caused
them to deviate from the prediction of an Earth model. To estimate the slowness vector
properties of arrivals in a given time section of seismograms recorded at a seismic
array, velocity spectral analysis/vespagrams (Davies et al., 1971), beamforming and
f{k analysis can be used. Here, | give a brief overview of these methods.

The vespa process takes advantage of the ability of beamforming to amplify the
coherent signal and suppress the incoherent noise of a backazimuth and horizontal
slowness of a wave. Vespagrams vary one of either backazimuth or horizontal slowness
while keeping the other one constant and create beams at each combination of slow-
ness vector properties. The result of the vespa process can be plotted as a vespagram
which has the slowness vector property investigated on the y-axis and time on the x-
axis (Figure 1.7). This example shows a vespagram where the horizontal slowness is
varied and backazimuth is kept constant as the backazimuth between the source and
the centre of the array. Alternatively, the horizontal slowness could be kept constant
and vary the backazimuth. The value given to the constant slowness vector property
is very important and may lead to misleading measurements of the other slowness vec-
tor property (Rost and Thomas, 2002). Furthermore, the array geometry, aperture
and station spacing a ect the resolution of the arrivals in the vespagram plot. Poor
resolution on a vespagram is shown by high amplitudes at many horizontal slowness
or backazimuth values making it di cult to measure the slowness vector property of
the arrival. This is problematic when trying to isolate di erent arrivals based on their
slowness vector properties. Strategies have been developed to improve the slowness
resolution such as Nth-root stacking (McFadden et al., 1986), phase weighted stack-
ing (Schimmel and Paulssen, 1997), F statistic (Blandford, 1974), or cross-correlation
beamforming (Ruigrok et al., 2017).
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Figure 1.7: Example of a vespagram showing what times and horizontal slownesses have the
most coherent signal. Data used are the same as in Figure 1.6. Notice that there are two clear
regions where phases SKS and SKKS arrive (Figure 1.10). Furthermore, there may be two
arrivals with di erent slownesses for both of these phases possible evidence for multipathing

(Section 1.1.2).
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The full slowness vector ( nding both the backazimuth and horizontal slowness) of
the coherent signal(s) in a time window can also be found using the beamforming ap-
proach. To do this, both backazimuth and horizontal slowness parameters are searched
in a grid search. For each slowness vector, the beam is formed and a measure of the
power in the beam with 7

I t2 ]

P(k)= " bz(tcont'; k)dt; (1.5)
where P!( k) is the power value for'a slowness vectc!)rk and is found by integrating
along the power of the beamt?(tcont; k) between timest, and to. Note, now time is a
continuous variable. This gives a single value describing how coherent a signal is at a
given slowness vector and therefore if you search over a range of slowness vectors, you
can determine which have the strongest coherent signal. For example, Figure 1.8 shows
the result of this grid search approach with the data in Figure 1.6 and there is clearly
a region of high power values near the predicted SKS slowness vector value.

For the sake of e ciency, this grid search approach can be conducted in the fre-
quency domain with the f{k method, which will calculate the coherent power distri-
bution over frequency (f) and wavenumber (k) (Aki and Richards, 2002; Capon, 1969;
Hinich, 1981) described as

| Zl Zl 2

I I hd o I
Pk k)=  Blen k)dt= SO = ik 9L g
1 1 M 2

m=1

where P( k ko) is the power at a particular slowness vectork relatlve to the slowness
vector of the S|gna] ko, S(!) is the Fourier transform of the signal,’ rrn is the position
vector of station m and! is the angular frequency. From this expression of the power
as a function of wave number, the power can be broken into the amplitude spectrum
(S(!)) and the array response function

1 X ?
— gl (k ko)rm - (1.7)
M

m=1

| |
ARF (k ko) =

The array response function describes the e ect of array aperture and inter-station

spacing on the wavenumber power spectrum. As the ARF can be calculated theo-
retically given an array geometry, studies have deconvolved the ARF from the power
distribution to try and recover the signal S(! ). We discuss this alongside other lim-

itations of using seismic arrays and methods developed to address them in the next
section.
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Figure 1.8: Example of a power distribution on a grid of di erent slowness vectors de ned

by their p, and p, components. Thepy is the easterly component of the slowness vector and
py is the northerly component of the slowness vector. Data used are the same as in Figure
1.6 and the analysis is conducted between 1450 and 1500 seconds after event origin time in a
frequency band between 0.10 { 0.40 Hz. Notice that there is one clear region with high power
values and the centre of this region slightly deviates from the SKS predicted slowness vector
(white cross). The shape of the high power region is determined by array geometry, spacing
and aperture which can be calculated as the array response function.
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1.2.4 Building on standard array processes

The techniques outlined in the previous section make assumptions about the wave
speed, wavefront shape, near-surface geology, waveform shape, the contribution of noise
and others. In this section, we describe these limitations and how studies have addressed
these limitations and improved the resolution of slowness vector measurements.

1.2.4.1 Correcting for a curved wavefront

Conventional array methods assume the wave moving over the array can be approx-
imated as a plane wave. A plane wavefront assumes the backazimuth and horizontal
slowness of the wave are the same at all stations in the array. However, assuming a
nite source and a spherical Earth, the backazimuth of the wave varies with location
and the horizontal slowness varies with source-receiver distance. For arrays of a smaller
aperture, the plane wave assumption holds and there is no e ect of assuming a plane
wavefront on the measured slowness vector. For large aperture arrays, such as the
Kaapvaal array used for analysis in Chapter 2, the assumption breaks down and can
a ect the slowness vector measurement. Because of this, | change the beamforming
methodology to correct for a curved wavefront.

To correct for a curved wavefront | alter the travel time estimation process given
a backazimuth and horizontal slowness. To estimate the travel times, of a curved
wavefront moving from an event to an array of stations, the radial distance over a
spherical Earth is calculated using the Haversine formula,

a = (sin( 7)2 +cos( 1) cos( 2) sin(T'))z (1.8)
p_
_ a

c = 2arctan( pﬁ) (1.9)

d= @c; (2.10)

where d is the distance in degrees, is the latitudinal di erence between the event
and the station, ' is the longitudinal di erence between the station and the event, 1

is the latitude of the event, 5 is the latitude of the mean station location. From these
distances, the arrival times are estimated by multiplying the distances by a horizontal
slowness value, the traces are then shifted and stacked as in the conventional beam-
forming approach. For each backazimuth of interest, the event is relocated keeping the
epicentral distance constant along the backazimuth in question from the centre of the
array using

new = [arcsin(sin( oig) cos(d) + cos( oig) sin(d) cos( )] ; (1.11)
sin( ) sin(d) cos( oid)
cos@d) sin( o) SIN( new)

new = ' old T arctan ; (1.12)
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where ew is the new latitude, ' new is the new longitude, o is the old latitude, ' gq

is the old longitude, d is the epicentral distance and is the backazimuth. From this
new location, the distances and travel times can be recalculated. Figure 1.9 visualises
the process of searching over backazimuths and calculating the radial distances as is
also shown in Chapter 2.

Figure 1.9: Figure 3 in Chapter 2 showing the process of correction for a curved wavefront
and how the method searches over di erent backazimuths.

Rather than assuming the backazimuth is the same at all stations, this curved wave-
front correction assumes the backazimuth of the wave at each station is the same as the
theoretical backazimuth over a spherical Earth from the relocated point to the station.
This accounts for the curved wavefront shape as it travels over an array. To test the
correction, | apply the corrected beamforming method on synthetic data arriving from a
known backazimuth and horizontal slowness (also shown in the supplementary material
for Chapter 2 in Appendix Section A.1). The correction reduces the backazimuth error
from 2.37 to 0.40 and the horizontal slowness error from 0.20 s/ to 0.03 s/ . ltis
still assumed the wave moves over the array with a constant horizontal velocity, which
is not true for large arrays and may still account for the very small errors observed in
slowness vector measurements observed from synthetic data.
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1.2.4.2 Reducing the e ect of array geometry

As discussed in Section 1.2.3 the power distribution can be described in the frequency
domain as a convolution of the signal power and the array response function (ARF). The
array response function describes how the array aperture and station distribution a ects
the resolution of the signal in the power distribution. As the ARF can be estimated
theoretically using the array geometry, the ARF could be deconvolved from the power
distribution output from beamforming or f{k analysis to improve the resolution.

| use the Richardson-Lucy (R{L) deconvolution algorithm (Lucy, 1974; Richardson,
1972) to deconvolve the theoretical ARF from the power distributions in Chapter 2 to
better identify multipathed and single arrivals. The R{L algorithm restores an image
that has been blurred by a known point spread function (psf). For this application, the
blurred image is the beamforming power distribution and the point spread function is
the ARF. Rather than directly deconvolve the point spread function from the image,
which may increase the noise in the image, the R{L algorithm instead estimates what
the deblurred image is by nding an image that, when convolved with the psf, is as
close to the blurred image as possible. The algorithm assumes the blurred imag&)
is described by
G=P D; (1.13)

where G is a matrix describing the blurred image, which is produced by the 2-D convo-
lution () of P, a matrix describing the point spread function, with D, the unblurred
image. The iterative deconvolution process is described in the following paragraph.

At each iteration, the algorithm calculates a correction factor matrix C, which
is multiplied element-wise with each value in the current iteration's estimate of the
unblurred image. If the estimated unblurred image is the same as the true unblurred
image, the correction matrix will be lled with ones and the estimate of the unblurred
image will not change.

The algorithm rst convolves the point spread function matrix ( P) with the previous
iteration's image estimate matrix (D; 1) asP D; ;. If the deblurred image estimate
D; 1 is the true deblurred image, the result of this convolution will be the same as the
observed imageG. To quantify the deviation between the true deblurred image and the
image estimate, the original image matrix G is divided element-wise by the output of
the previous step as shown byF%- To create the correction matrix C, the transpose
of the point spread function (PT) is convolved with the output of the previous step as

shown by PT g‘i —. The correction factor is then multiplied element-wise with the

image estimate of the previous iteration O; 1) to give an updated estimate ©;) and
the algorithm moves on to the next iteration. All of the above steps can be described
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by
Di= Dy (P o) (1.14)
P Dj1
where D; is the deblurred image at iteration i, D; 1 is the deblurred image of the
previous iteration, is the inverse of the sum of the columns of the point spread
matrix P and acts as a normalising vector,P is the point spreading function, PT is
the transpose of the point spreading function, indicates 2-D convolution, and G is

the original observed image.

This technique has been applied to f{k power outputs in previous studies (Maupin,
2011; Picozzi et al., 2010) and | use this to deblur beamforming outputs in Chapter
2. For this application, the original image G is the beamforming output and the point
spread function (P) is the ARF. A limitation of the R{L deconvolution technique in
this application is the ARF accounts for array geometry, aperture and station spacing
but not for the e ect of the local geology. Therefore, the ARF may not be the same as
the true point spread function which blurs the signal in the power distribution.

Other deconvolution algorithms have been implemented such as the CLEAN-PSF
algorithm (for details see Gal et al., 2016) and algorithms which could be implemented
such as blind deconvolution where the point spread function is not known to begin with
and is updated alongside the deblurred image (Kundur and Hatzinakos, 1996). | do not
explore these options further as the R{L deconvolution is satisfactory and improving
the resolution further is not necessary or the focus of this work.

1.2.4.3 Reducing incoherent noise

In a linear stack, where seismograms are stacked with no weighting, only the time
series of the amplitudes are used to create beams and search for the slowness vector
properties. If incoherent noise is present in the traces with large amplitudes, it may, by
chance, stack coherently and a ect the slowness vector measurement. In this section,

| outline methods often employed to reduce the power of incoherent noise and boost
the signal of coherent arrivals. Through these processes, low amplitude but coherent
arrivals may be identi ed and the resolution of the arrival of the power distributions

are improved.

1.2.4.3.1 F statistic

The F statistic (Blandford, 1974; Frost et al., 2013) has been employed to improve the
signal of coherent arrivals and reduce incoherent noise in the power distribution. The
F statistic is calculated by dividing the total power of the beam by the total power of
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the residual of the beam and the individual traces
[ ,
Fp=(M 1popr o=t Ap)(taisc) |

taso =1 m=1[Sm(ip)(taisc) B ;p) (taisc)]?

(1.15)

where F ., is the F statistic at a particular backazimuth () and horizontal slowness
(p), M is the number of traces that form the beam, by .;)(tgisc) is the beam at time
tgisc (time is a discrete variable here) for a given backazimuth and horizontal slowness
and sy p)(taisc) is trace m at time tgisc shifted by the time calculated for a particular
backazimuth and horizontal slowness. The F statistic gives a measure of the coherence
of the signals in the time widow by measuring the similarity of the amplitude in time
after the time shift from beamforming.

The F statistic assumes the signal waveform is the same on each trace and both the
signal and noise are assumed to be stationary (their mean amplitude does not change
over the time the signal is analysed) and spectrally white, the signal is perfectly cor-
related and noise completely uncorrelated (Blandford, 1974). The F statistic performs
less well in instances where these assumptions are not met such as when the noise is
correlated as found when using very small aperture arrays (station spacings of less than
a kilometre) (Blandford, 1974), although techniques have been developed to use the F
statistic on small arrays (Selby, 2008; Selby, 2011). The apertures of the arrays used
in this work are much larger than those where the F statistic is less e ective. Other
assumptions in the beamforming process may make the signal appear less coherent such
as not accounting for a curved wavefront at a large aperture array or from e ects of the
local geology. This would produce scatter in the time calculations leading to reduced
coherence of the signal.

1.2.4.3.2 Phase weighted stacking

The methods described in Section 1.2.2 and 1.2.3 the stacking process is a linear stack
where there is no additional weighting of the seismograms when they are summed. By
weighting the seismograms or points of the seismograms, the signal-to-noise ratio of
the beams can be improved, improving the resolution of the slowness vector power dis-
tribution and improving the relative amplitude of low amplitude but coherent arrivals.
Phase weighted stacking (Schimmel and Paulssen, 1997) is a non-linear stacking method
which weights each point of the linear stack by an amplitude independent measure of
coherency described by

1)
Bows (taisc) = B(taisc) M g midse ; (1.16)

m=1
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where byws(taisc) is the phase weighted stack at timet, M is the number of seismograms,

m(tdisc) is the mth instantaneous phase at time tgisc, b(tgisc) is the amplitude at
time tgisc Of the linear beam andyv is the weighting power. Phase weighted stacking
creates a “phase stack' to weight the linear beam by. If the signal is coherent at a
speci ¢ time, then the weighting from the phase stack is 1 and incoherent signals have
a weighting closer to zero. The power valuer in equation 1.16 controls how aggressively
the incoherent signals are suppressed.

As phase weighted stacking is a non-linear stacking method, the waveforms are
distorted and therefore the resultant phase weighted stack cannot be used for waveform
analysis. Phase weighted stacking is very sensitive to the coherency of the wave over the
array and therefore if an arrival is only present in some but not all of the traces it can
be heavily down-weighted depending orv. Furthermore, the coherency measure means
phase weighted stacking is very sensitive to time o sets which can greatly improve the
slowness resolution of vespagrams or power distributions. However, errors in the travel
time estimates during beamforming from e ects of local geology or not correcting for
a curved wavefront could o set arrivals in time making them less coherent and phase
weighted stacking could erode them such that they are no longer visible.

1.2.4.3.3 Nth-root stacking

Although not used in this thesis, an approach used by some studies discussed later
in Section 1.1 to improve the resolution of the vespa process is the Nth-root stack
(McFadden et al., 1986). Like the F statistic and phase weighted stacking, Nth-root
stacking is a non-linear stacking approach which enhances weak but coherent signals
measured across the array. The Nth-root stack takes the Nth-root of each seismogram
before creating the beam

1 pd | ! 1N s (taisc)
R (tgisc) = —  Sm(tgisc +'rm K )
bN (taisc) M m(tdisc +'I'm ) jSm (tdisc)]

m=1

(1.17)

Wheretﬂ (tdisc? is the temporary beam at time tgisc, M is the number of se'ismograms,
Sm (tisc +!rm " k) is the time shifted seismogram of some slowness vectok and N
is the order of the Nth-root stack. The Nth-root of the absolute amplitude is taken,
therefore to retain the sign of the signal at timetgsc the Nth-rooted trace is multiplied

y % To create the Nth-root stack, the temporary beam is taken to the power
N

b (taise) = B (taisc) ™ %g:; (1.18)

by (tgisc) is the Nth-root stacked beam and again to retain the sign of the signal at
time tgisc, the trace is multiplied by M Taking the Nth-root of the single traces

b,% (tdisc )J
reduces the amplitude variance of the individual traces means the small amplitude but
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coherent phases stack to a relatively greater amplitude than in a linear stack. This pro-
cess puts greater importance on the coherence of the phase than the amplitude leading
to more suppressed noise and greater enhancement of signal by reducing the signal am-
plitude variance. In Nth-root stacking, both the signal and the background noise are
attenuated, but the background noise is much more attenuated relative to the signal
(McFadden et al., 1986). When using a very high N value, even the signal itself begins
to be attenuated, therefore a suitable value for N is essential in this application. The
attenuation of the signal deforms the waveforms in the beam, therefore the resultant
beams from Nth-root stacking cannot be used for waveform analysis.

1.2.4.4 Wave eld coherence assumption

Standard beamforming procedure assumes waveform coherence across the array or in
other words the wavelet of the arriving signal is assumed to be the same across the
array. Heterogeneities in the Earth which are sampled by some paths to the array but
not all or complex source time functions recorded on a large enough array may result
in waveform incoherence which can result in inaccurate measurements (Gibbons et al.,
2018; Gibbons et al., 2008). Strategies to address the impacts of this assumption include
using spectrogram beamforming (for details see Gibbons, 2014; Gibbons et al., 2008)
or using the seismic envelopes, the instantaneous amplitude with the phase information
removed (Eaton and Kendall, 2006). Other than the waveform shape, the e ect of local
geology on the wave eld as it moves across the array may result in scatter of the arrival
times and lead to errors in the slowness vector measurement (Gibbons et al., 2018).
Currently, there is no way to correct for the local structure without a velocity model

of the near array structure. However, blind deconvolution (Kundur and Hatzinakos,
1996) and updating the array response function to better deblur the power distribution
may contain some information about what may deform the signal in slowness space
that is not included in the theoretical ARF.

Rather than trying to reduce or eliminate the e ects of some of these assumptions
about the local geology and waveform incoherence, the method presented in Chapter 3
estimates the combined uncertainty of these assumptions. This is because the array in
question is bootstrapped (random sampling with replacement, Efron (1992)), therefore
if local geology or dierences in waveform shape does a ect the measurement this
will produce some scatter between the samples. The extent of the scatter of slowness
vectors then gives the estimate of the uncertainty of the measurement when using all
the stations in the array. This is discussed and demonstrated further in Chapter 3 and
applied to a large dataset in Chapter 4.
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1.3 Rationale of the thesis

The goal of this work is to quantify the e ect mantle heterogeneity has on the teleseismic
wave eld by using array methods to identify multipathing through slowness vector
perturbation and to upscale the process to a global scale. This section outlines the
strategy to achieve the goal of the thesis and discuss the reasoning behind decisions
such as the choice of seismic phase | use (Section 1.3.2).

1.3.1 Strategy

Before trying to scale up the identi cation of multipathing and wave eld perturbation

on a global scale, | investigate whether it is possible or worthwhile to investigate mantle
heterogeneity through array analysis of multipathing and what can be learned from
the observations. Chapter 2 investigates the use of array analysis of multipathing by
gathering a large dataset of SKS and SKKS arrivals (Figure 1.10) and use beamforming
(Section 1.2) to identify multipathing and wave eld perturbation by their slowness
vector properties. The dataset samples the African LLVP which has been extensively
studied and many studies have observed multipathing in the waveforms (e.g. Ni and
Helmberger, 2003a; Ni et al., 2002; Sun and Miller, 2013; Wang and Wen, 2007) giving
the best chance to observe and investigate the potential of using array methods with
multipathing. This study also served to aid the automation of the process. Analysing
the data by visual inspection and labelling the observations with multipathing, single
arrival and noise helped to understand challenges such as identifying multipathing over
spatial aliasing and misidentifying arrivals as noise.

After gaining an understanding of the process, | then try to automate the process
as much as possible to make the analysis of large global datasets feasible. In addition
to classifying seismic arrivals, the method in Chapter 3 also estimates the uncertainties
of the slowness vector measurements of the arrivals, which typically are not included in
slowness vector analysis. The uncertainty estimates account for many of the limitations
discussed in Section 1.2.4. These uncertainty estimates allow for the properties such as
the location of a structure or the depth of re ectors to have quanti able uncertainty
bounds. Other than SKS multipathing, the method is tested on other data such as
PKPdf precursors and surface waves to show the parameters | nd do generalise to
other seismic arrivals. Challenges remain to reduce the misclassi cation of noise as an
arrival and improvements to the method are discussed in Chapter 5.

Armed with this new method to automatically identify multipathed arrivals, | take
the large dataset of SKS waveforms from Thorne et al. (2020) and apply the method
and make global-scale observations of SKS multipathing. This nal study essentially
has started the journey towards global coverage of multipathing and slowness vector
perturbation which can be used to infer locations, velocity perturbations and velocity



81.3 Rationale of the thesis 25

gradients of heterogeneities as well as make global scale interpretations of the frequency
dependence of multipathing and wave eld perturbation. In Chapter 4, the process to
make global-scale observations of SKS multipathing is outlined in more detail and basic
interpretation are made to suggest possible causes of the observations. Even with simple
statistical methods and smoothing the observations by binning, several structures found
by comparing with ndings from other approaches are visible. This motivates further
study of what properties are capable of producing such observations and expanding the
dataset to cover even more of the Earth.

1.3.2 Seismic phase choice

For all projects, | have used SKS and SKKS (Figure 1.10). | choose SKS because of
the nearly vertical path it takes through the mantle after leaving the core. Having
the wave exit the core at a near-vertical angle gives a greater chance for the wave to
sample a vertically orientated lateral velocity gradient from structures such as mantle
plumes or LLVPs for longer. Therefore, the velocity gradients of these structures can
perturb the wave eld more and it is more likely to detect multipathing and the e ects of

di raction. | collected a large dataset of over 2000 SKS and SKKS arrivals over several
frequency bands to analyse in Chapter 2 of this thesis. | use this dataset of human-
analysed observations to tune the method developed to automate the identi cation of
multipathing and measurement of slowness vector properties in Chapter 3. Given the
advantages of SKS described earlier, we then use an already collected global dataset of
SKS waveforms from Thorne et al. (2020) to apply this method and begin to create a
global map of multipathing and slowness vector deviations.

While using SKS has some advantages and | argue it is the best-suited phase to
probe the lower and mid mantle for heterogeneity, there are some challenges to be
noted. SKS is sensitive to some source side structure, but the extent of the perturbation
remains to be fully explored and | argue large slowness vector deviations are unlikely
to be caused by source side structure only because of the very large spatial deviation
of the pierce points on the source side needed for a wave to arrive with the observed
slowness vector properties. However, smaller slowness vector deviations may be caused
by source side structure and this deviation will change the path taken on the receiver
side.

1.3.3 Contribution and novelty

Each chapter of this thesis contributes to scienti ¢ knowledge di erently. Chapter 2
demonstrates multipathed arrivals can be observed by their di erent slowness vector
properties and slowness vector measurements of SKS waves alone can give real insight
into the location, morphology and velocity gradient of LLVP boundaries. Forward mod-
elling in the chapter uses the nite frequency code SPECFEM3DGIlobe (Komatitsch
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Figure 1.10: Ray paths of SKS (red) and SKKS (blue) from source (white star) to receiver
(green triangle).

and Tromp, 2002a; Komatitsch and Tromp, 2002b) to model a full wave eld rather than
ray tracing or coupled Earth mode{spectral element method approximations (Capdev-
ille et al., 2003a; Capdeville et al., 2003b; Helmberger and Ni, 2005; Ni et al., 2000) to
nd lateral velocity gradients an order of magnitude lower than the strong gradients
reported by Ni et al. (2002). In addition to suggesting LLVPs may have weaker velocity
gradients than thought for the past 20 years or so, this also motivates a comparison
between ray-tracing methods and nite frequency modelling to determine whether the
inferred velocity gradients of the methods di er.

The implications of Chapter 3 come from providing the rst method, to my knowl-
edge, which both automatically identi es multiple arrivals in slowness space and gives
the slowness vector measurements of those arrivals uncertainty estimates. The method
makes global-scale measurements of slowness vector properties of seismic arrivals and
identi cation of multipathing more feasible. Furthermore, the method allows uncer-
tainty bounds on the location of structures such as the depth of a re ector or the
location of scattering in the lower mantle. Even with applications on a smaller scale,
knowing the uncertainty of the slowness vector measurement can allow the user to
discriminate between measurements and determine which should be interpreted.

Finally, the novelty and contribution of the work in Chapter 4 is a global scale
investigation locating mantle heterogeneities by their velocity gradients, which has not
previously been conducted. The results of the study can already be used to iden-
tify several mantle heterogeneities in densely sampled regions unresolvable to global
or regional tomographic studies. From this dataset, work can be done to expand the
observations using phases such as Sdi and ScS to get greater global coverage and
can be used to compare the results of geodynamic studies as well as in tomographic
studies. Furthermore, studies using forward modelling to quantify what velocity gradi-
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ents, perturbations and height are needed to observe multipathing and slowness vector
magnitudes now have a large number of observations to use for comparison. This multi-
regional study shows each of the heterogeneities has unique characteristics in terms of
the slowness vector pattern, magnitude and multipathing observations. These di ering
observations between heterogeneities show the value of these measurements to constrain
the unique properties such as the geometry, velocity gradient magnitude and velocity
perturbation of the structures. Having a global dataset of lateral velocity gradient
properties can then be used to infer the di ering thermal and chemical properties of
the heterogeneities which then feed into inferences of their age and origin.

Overall the contribution of this work is to demonstrate the value of analysing the
slowness vector properties of multipathing, developed an automated to identify multi-
pathing and make slowness vector deviation measurements and applied the method to
create large scale observations of mantle heterogeneities to improve our understanding
of mantle structure and further constrain Earth's mantle dynamics.
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Chapter 2

Lateral Velocity Gradients in the
African Lower Mantle Inferred
from Slowness Space
Observations of Multipathing

Abstract

Large Low-Velocity Provinces (LLVPs) are hypothesised to be purely thermal features
or possess some chemical heterogeneity, but exactly which remains ambiguous. Regional
seismology studies typically use travel time residuals and multipathing identi cation
in the waveforms to infer properties of LLVPs. These studies have not fully analysed
all available information such as measuring the direction and inclination of the ar-
rivals. These measurements would provide more constraints of LLVP properties such
as the boundary velocity gradient and help determine their nature. Here, we use array
seismology to measure backazimuth (direction) and horizontal slowness (inclination)
of arriving waves to identify structures causing multipathing and wave eld perturba-
tion. Following this, we use full-wave eld forward modelling to estimate the gradients
required to produce the observed multipathing. We use SKS and SKKS data from
83 events sampling the African LLVP, which has been extensively studied providing a
good comparison to our observations. We nd evidence for structures at heights of up
to 600 km above the core-mantle boundary causing multipathing and wave eld pertur-
bation. Forward modelling shows gradients of up to 0.7% Vs per 100 km (0.0005 km
s 1 km 1) can produce multipathing with similar backazimuth and horizontal slowness
to our observations. This is an order of magnitude lower than the previous strongest
estimates of 3% Vs per 50 km (0.0044 kms! km 1). As this is lower than found
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for both thermal and thermochemical structures, lateral velocity gradients capable of
producing multipathing are not necessarily evidence for a thermochemical nature.

Plain Language Summary

Of the structures observed within the Earth, "Large Low-Velocity Provinces' (LLVPSs)
have remained enigmatic in terms of their composition and origin. LLVPs have been
hypothesised to a ect the Earth from surface uplift to the magnetic eld. Determining
what LLVPs are remains a major question for those studying Earth structure.

Previous seismology studies analysing LLVPs used the time taken for the wave to
travel from the earthquake to the recording station and what the seismic signals look
like when they arrive. However, properties such as the direction and speed at which the
waves arrive are not analysed in detail. The speed and direction of the waves can inform
us about how LLVPs have perturbed the waves by phenomena such as refraction.

This study measures the direction and speed of the arriving waves that have sampled
the LLVP beneath Africa. Analysing this information has lead to several structures
to be identied. From modelling the full wave eld with dierent LLVP models, we
estimate the distance over which the transition from the mantle to the LLVP happens.
To replicate our observed changes in the direction and speed of the waves, the transition
could be an order of magnitude larger than previous estimates.

2.1 Introduction

Large Low-Velocity Provinces (LLVPSs) are roughly antipodal, low-velocity features of
the lower mantle located beneath Africa and the Paci c and are surrounded by high-
velocity material hypothesised to be slab remnants (Bijwaard et al., 1998; Grand et al.,
1997; Grand, 2002), shown in Figure 2.1. Since rst observed, LLVPs have remained
enigmatic features of the lower mantle with their origin, composition and therefore
their in uence remaining uncertain.

The location of the LLVPs relative to other structures and phenomena such as
surface uplift (Bull et al., 2010; Hager et al., 1985; Lithgow-Bertelloni and Silver,
1998), possible subducted slab remnants (Hager, 1984), mantle plumes (Davies et al.,
2015b; Thorne et al., 2004), large igneous provinces (Torsvik et al., 2010), Ultra Low
Velocity Zones (McNamara et al., 2010) and outer core strati cation (Mound et al.,
2019) suggests LLVPs are in uential on whole Earth dynamics. Despite being very
signi cant for our understanding of global dynamics, many properties of the LLVPs are
still unknown and there are several hypotheses of their origin. These hypotheses can be
approximately split into those where LLVPs are purely thermal features and those in
which they are chemically distinct relative to the surrounding mantle (Garnero et al.,
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Figure 2.1: (a) 3D map of tomography model SEMUCB-WML1 (French and Romanowicz,
2014) with an isosurface of 1% Vg shown in red and an isosurface of +1%Vg in blue. The
isosurface is plotted below 80% of the Earth's radius (5097 km, 2205 km above the CMB).
(b) Multipathing at LLVP boundaries. As the wavefront moves over a strong lateral velocity
gradient, di erent parts travel at di erent speeds and arrive at the stations at di erent times

as two distinct arrivals (1) . The gradients can cause the wave to di ract and the structure can
cause the wave to refract as it passes through it. As a result, multipathed arrivals can arrive
from di erent directions and inclinations (2).
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2016). For a purely thermal feature, a common hypothesis is that LLVPs are a cluster
of plumes (Schubert et al., 2004) which appear as one large slow feature because of
the inherent resolution limitations from seismic tomography (Bull et al., 2009; Davies

et al., 2015a; Davies et al., 2012; Ritsema et al., 2007). The thermochemical origin
hypothesis requires a source of material chemically unique to the current lower mantle
either from the primordial Earth or material that has accumulated over geological time.
Material from the primordial Earth is hypothesised to start as a basal layer of material
that is swept into piles forming the LLVPs. Mechanisms for the origin of this base layer
include a basal magma ocean (Labrosse et al., 2007), accumulation of dense melts (Lee
et al., 2010) or an ancient, iron-enriched crust which was then subducted and is stable
at CMB conditions (Tolstikhin and Hofmann, 2005). This basal layer could then have
been swept into piles observed as LLVPs which has been shown numerically (Tackley,
1998) and experimentally (Davaille, 1999). Alternatively, they could have accumulated
over geological time as subducted lithosphere in the lower mantle (Christensen and
Hofmann, 1994; Hirose et al., 1999; Hirose et al., 2005) which is swept into piles,
forming the LLVPs (Mulyukova et al., 2015; Tackley, 2011). However, there is some
question of the feasibility of producing negative velocity perturbations (Deschamps et
al., 2012) and for the slab material to accumulate at the same rate as it is stirred into
the mantle (Li and McNamara, 2013).

Depending on the origin of the LLVPs, our understanding of how the Earth evolved
from its primordial state changes. If LLVPs are a short-lived cluster of mantle plumes,
they do not need to exist in early Earth history. If they are long-lived piles of pri-
mordial Earth remnants, their formation and survival would need to be accounted for.
Constraining the origin of LLVPs, therefore, has implications for our understanding of
the Earth's history as well as whole Earth dynamics.

To reduce the number of hypotheses, there has been a focus on determining whether
LLVPs are purely thermal or thermochemical features. Their relative density could
provide constraints but con icting observations have suggested both higher and lower
relative density (Ishii and Tromp, 1999; Koelemeijer et al., 2017; Lau et al., 2017).
Anticorrelation of S-wave velocity and bulk sound speed (Masters et al., 2000; Su and
Dziewonski, 1997) is commonly used as evidence for compositional heterogeneity for
LLVPs, but this has also been interpreted as the presence of post-perovskite (Davies
et al., 2012; Koelemeijer et al., 2015). The presence of strong lateral velocity gradients
has been attributed to a thermochemical origin (Ni et al., 2002; To et al., 2005), but
these gradients can also be replicated with purely thermal structures (Davies et al.,
2012; Schuberth et al., 2009).

Most of these studies use observations or constraints from seismological studies.
Seismic tomography provides global, broad observations of LLVP location, morphology
and relative velocity (e.g. French and Romanowicz, 2014; Grand et al., 1997; Grand,
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2002; Koelemeijer et al.,, 2015; Ritsema et al.,, 2011; Simmons et al., 2010). The
agreement of the long-wavelength structure of LLVPs in tomography models shows they
are a result of the lower-mantle structure and not the di erent datasets or methodologies
used (Lekic et al., 2012). In addition to these global observations, regional seismology
studies combine travel time residuals, multipathing observations in the waveform and
forward modelling to recover the location, gradient and inclination of LLVP boundaries
(e.g. Frost and Rost, 2014; He and Wen, 2009; He and Wen, 2012; He et al., 2006; Ni
et al.,, 2002; Ritsema et al., 1998; Roy et al., 2019; Sun and Miller, 2013; To et al.,
2005). Multipathing occurs when a wavefront is incident on a strong lateral velocity
gradient that causes the wavefront to move at di erent speeds and arrive at a recording
station with di erent travel times as two arrivals. In addition to this, the boundary
structure causes the wave to diract and the structure causes the waves to refract as
they pass through it, so the multipathed arrivals arrive from di erent directions and
inclinations as well as arrival times. Figure 2.1 illustrates the multipathing phenomena
at LLVP boundaries and how they can be observed at the surface.

LLVP boundary studies using travel time residuals and waveforms are common and,
from their observations, have estimated the gradients at the boundaries of LLVPs to
range from 3% Vg per 50 km ( 0.0044 km s km 1) (Ni et al., 2002) to 2% Vs per
300 km ( 0.00048 km s km 1) (Ritsema et al., 1998) (See Table 2.1 for published
estimates of African LLVP S-wave velocity gradients). Combining travel time residuals,
multipathing identi cation and forward modelling to observe and infer the properties
of structures is well established and has been applied to a variety of structures (Silver
and Chan, 1986; Sun et al., 2019; Sun et al., 2017; Sun et al., 2010) and algorithms
developed to identify multipathing automatically in the waveforms (Sun et al., 2009;
Zhao et al., 2015). Although regional seismology studies only use the waveform to infer
the e ects of deep Earth structure on the wave eld, they do not analyse all information
available such as the direction and inclination of the arrival.

Study Gradient ( V) Gradient (kms 1 km 1)
Ni et al. (2002) 3% per 50 km 0.0044

Ni and Helmberger (2003c)| 3% per 100{150 km| 0.0022 { 0.0015

Ni and Helmberger (2003a)| 3% per 50 km 0.0044

Sun and Miller (2013) 3:5% per 200 km 0.0013

Ritsema et al. (1998) 2% per 300 km 0.00048

This study 0:7% per 100 km 0.00050

Table 2.1: Table of lateral gradients of the African LLVP's boundaries in Vs and kms ‘km 1.
The gradients for kms km ! were calculated using theVs value for PREM (Dziewonski and
Anderson, 1981) at the CMB.

Current observations have not been su cient to constrain LLVP properties and
therefore their compaosition, origin and in uence remain ambiguous. Both purely ther-
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mal and thermochemical structures can replicate properties such as the strong gradi-
ents, velocity reduction, morphology and anticorrelation between S-wave velocity and
bulk sound speed (Davies et al., 2012; McNamara et al., 2010; McNamara and Zhong,
2004; McNamara and Zhong, 2005; Schuberth et al., 2009; Tackley, 1998). Because
current seismic observations are not enough to constrain LLVP properties, we explore
what can be inferred from analysing the direction and inclination of the arrivals.

This study uses array seismology to measure the backazimuth (direction) and hori-
zontal slowness (a proxy for inclination) to identify multipathing and regions of di rac-
tion and refraction. This is applied to data sampling the lower mantle beneath Africa,
where several studies have identi ed multipathing and sharp travel time residuals (e.g.
Ni et al., 2002; Sun et al., 2009; Wen et al., 2001). Di erent frequency bands are used
to hypothesise di erences in the African LLVP boundary structure such as gradient,
depth and inclination. Using these observations, we estimate the gradients capable of
producing multipathing with similar backazimuth and horizontal slowness deviations
as our observations.

2.2 Methodology

2.2.1 Slowness vector grid search and beamforming

To measure the backazimuth and horizontal slowness, we search over a range of slowness
vectors each with its own backazimuth and horizontal slowness and use beamforming
(Rost and Thomas, 2002) to measure the power of the coherent signal. If there are
multiple arrivals, we detect high power values at di erent backazimuths and horizontal
slownesses. The results are referred to as p plots as they describe how the power
of coherent signal varies with backazimuth () and horizontal slowness ). Figure 2.2
shows examples of clear, possible and null multipathing observations in the p plots
and clear example of multipathing in the waveforms. The analysis is conducted within
a time window selected from the visual inspection of the record section, typically on the
order of tens of seconds. Information such as the time windows, stations, measurements,
multipathing identi cation is available from 10.6084/m9. gshare.16573646.

Most array techniques assume energy propagates as a plane wavefront (Rost and
Thomas, 2002). If the array aperture is small, this assumption holds and the e ect
of a curved wavefront is negligible. We use data from the Kaapvaal array (James et
al., 2001), which has a large aperture (spread over approximately 20in northwest-
southeast orientation) so the plane wave assumption breaks down and can contribute
to some deviation from the predicted backazimuth and horizontal slowness.

We alter the travel time calculation of beamforming to account for a circular wave-
front given a backazimuth and horizontal slowness (Figure 2.3). To calculate the travel
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Figure 2.2: {p plots giving examples of arrivals classi ed as(a) clear multipathing using
data from an event on 29 May, 1997,b) potential multipathing using data from an event on
25 May, 1997 and(c) no multipathing using data from an event on 06 October, 1997. Details
of event location and date are provided in the appendix Section A.8. All of these were Itered
between 0.10 and 0.40 Hz and the power linearly normalisedd) Waveforms from an event on
25 May, 1997 plotted by their great circle path backazimuth with a possible multipathed arrival
highlighted.

times of a circular wavefront moving over a spherical Earth from event to station loca-
tions, the radial distances are calculated using the Haversine formula. This distance is
then multiplied by an angular slowness value ins= . From these estimates, the traces
are shifted, stacked and the power of the coherent signal estimated. To search over
backazimuth, the event is relocated keeping the epicentral distance constant. From
this new location, the radial distance to each station is calculated relative to the mean
distance and the travel times calculated (see Chapter 1 for details).

We test our correction on synthetic data arriving from a known backazimuth and
horizontal slowness (see appendix section A.1). We nd our correction reduces the
backazimuth deviation from 2.37 to 0.40 and the horizontal slowness deviation from
0:20s= to 0:03s=.
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Figure 2.3: lllustration of the correction for a circular wavefront over a spherical Earth and
how we search over backazimuth. The event location is changed depending on what backazimuth
is tested with the epicentral distance kept the same. For each location, the radial distance to
each station is calculated and the product of this with the angular slowness gives a travel time

estimation.
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2.2.2 Multipathing identi cation and slowness vector measurements

Multipathed arrivals are identi ed as power maxima separated in backazimuth and
horizontal slowness and with a power value above the background noise and at least
10% of the maximum power value (Figure 2.2). We calculate the orientation of the
locus between the multipathed arrivals clockwise from North where multipathing is
identied. To calculate this, the locations of the multipathed arrivals in the p
observation are recorded and the angle of the vector connecting the two points from
North is calculated. This angle is then rotated by 90 as the locus is orthogonal to the
vector connecting the two points.

Our data set includes SKKS phases (Section 2.2.4) at distances where other phases
such as S3KS could arrive at similar times and horizontal slownesses, which make
it challenging to identify multipathing. For SKKS observations where multipathing
could be present, we analyse synthetics generated using SYNGINE and the 1-D model
prem.i_2s (Hutko et al., 2017; Krischer et al., 2017) as an estimate of the relative power
of SKKS and S3KS. If there is any power for an S3KS arrival in the synthetic  p
plots and there are multiple arrivals in the recorded data, the observation is labelled
as \possible" multipathing. See Section A.2 for more details.

In addition to identifying multipathing, several measurements can be made from
each observation. The backazimuth residual ( ) between the observed ( gpserved)
and the backazimuth predicted by the great circle path between the event and mean
station location ( predicted) IS given by = observed predicted - 1he horizontal
slowness residual ( p) between the observed Popserved) and the PREM (Dziewonski and
Anderson, 1981) predicted horizontal slownesspyredicted) IS given by  p = Popserved
Ppredicted - The vector from the predicted location to the observation location in the

p plot is recorded as a measure of the direction and strength of the perturbation the
wave has experienced. Figure 2.4 illustrates the meaning of this vector residual, locus
between the arrivals and visualises backazimuth and horizontal slowness deviations.

2.2.3 Frequency Analysis

To analyse the frequency dependence of multipathing and its wave eld e ects, the data
are ltered in ve frequency bands and analysed separately (frequency bands: 0.07-0.28
Hz, 0.10-0.40 Hz, 0.13-0.52 Hz, 0.15-0.60 Hz, 0.18-0.72 Hz, 0.20-0.80 Hz) each with a
width of two octaves. The frequencies will a ect the size of the Fresnel zone, which gives
an approximation of the area contributing to the observation. For both the main and
multipathed arrival to have enough power to be observed, there needs to be a signi cant
enough velocity change over the Fresnel zone. The frequency variation of multipathing
could be indicative of di erences in sharpness, depth or inclination between boundaries.
Fresnel zones for each frequency band were calculated at the CMB using velocity values
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Figure 2.4: Annotations of the {p observation with data from an event on the 29 May, 1997
showing clear multipathing. The locus between the multipathed arrivals marked in blue gives
an approximation of the boundary orientation. The residual slowness vector from the predicted
backazimuth and horizontal slowness gives information of how the wave eld has been perturbed.

lllustrations of positive and negative residuals for backazimuth and horizontal slowness are
shown.
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from PREM (Dziewonski and Anderson, 1981), details in Section A.9.

2.2.4 Data and preprocessing

SKS and SKKS data (Figure 2.5) from events located 70to 140 away from the centre
of the array and with magnitudes between 5.5 and 7.5 recorded at the Kaapvaal array
are used to analyse Africa LLVP boundary structure (Figure 2.5). We deconvolve the
instrument response, remove the mean amplitude, taper and apply a bandpass lIter
between 0.05 and 1.0 Hz (period of 120 s) for visual inspection. The horizontal
components are rotated to radial and tangential components for clear SKS and SKKS
identi cation. Following this, the signal-noise ratio (SNR) is estimated in a 70s time
window around the predicted arrival time and used to roughly sort the data into traces
that should be kept (SNR > 3), removed (SNR< 2.5) and could be used (2.5 SNR
< 3). Events with more than 10 traces sorted into \keep" or more than half between
the \keep" and the potentially usable bins were sorted by hand after visual inspection
of the record section aligned on the PREM (Dziewonski and Anderson, 1981) predicted
SKS arrival. If there is a clear SKKS arrival, SKKS is also analysed. 83 events remain
(see Appendix Section A.8 for event details).

The frequency bands we use are limited by the station spacing of the array. If the
inter-station spacing is too large, spatial aliasing could occur in the  p plot and be
misidenti ed as multipathing. The Nyquist criterion for the station spacing of each
frequency band is used to limit the frequencies used. The lower frequencies will likely
have higher amplitudes and in uence the stacking signi cantly more than the higher
frequencies, so we only limit the lower frequency cuto s for the frequency analysis using
this criterion. The lower frequency cut-o is limited to 0.20 Hz.

2.2.5 Noise reduction techniques

Multipathed arrivals could arrive with a lower SNR and stack to a similar power
as incoherent signal at other backazimuths and horizontal slownesses. To aid mul-
tipathing identi cation, several techniques to improve the SNR of coherent arrivals
are implemented. We use phase weighted stacking (Schimmel and Paulssen, 1997), F-
statistic (Blandford, 1974) and deconvolve the array response function (ARF) using the
Richardson-Lucy deconvolution method (Lucy, 1974; Richardson, 1972) as done in pre-
vious studies (Maupin, 2011; Picozzi et al., 2010). These are detailed further in Section
A.3 with examples of their e ectiveness. We use the outputs of all these methods to
identify multipathing in the data with criteria for clear, potential and no multipathing
explained in Section 2.2.2. Measurements of horizontal slowness and backazimuth devi-
ations are taken using the phase-weighted (Schimmel and Paulssen, 1997) stack points
as they most consistently have lower noise than the other methods.
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Figure 2.5: (@) The CMB pierce point locations for SKS and SKKS from events used in
the analysis (Section 2.2.1) for whole array and sub-array observations (Section 2.2.6). The
earthquakes, stations and ray paths are also plotted to show what other structures could have
been sampled. The paths provide good coverage of the African LLVP, its boundaries and the
surrounding mantle. The pierce points are shown on tomography model S40RTS (Ritsema et
al., 2011) with shear wave velocity contours of 0:5%, 1:0%, 1:5% and 2:0% Vs marked
to highlight potential boundaries and structure. (b) Paths of SKS (purple) and SKKS (green)
through the Earth. (c) Station coverage of the Kaapvaal array, chosen for its excellent station
density and coverage.

2.2.6 Sub arrays

To better constrain the location of multipathing and its wave eld e ects, the available
stations in the Kaapvaal array are grouped into sub-arrays. Data from all available
stations are also analysed. We group the traces using their waveform properties, back-
azimuths and epicentral distances. We accept that we are adding our own bias to the
observations by grouping the sub-arrays this way. Whole array observations are used to
identify multipathing but, because the large area of the combined Fresnel zones of the
Kaapvaal array, not used to analyse backazimuth and horizontal slowness deviations.
317 di erent sub-array geometries were used; stations for each sub-array and the data
for each sub-array can be found from https:// gshare.com/s/fbcb167ad15d581cfd4e.

2.2.7 Method strengths and limitations

Other studies have developed a method to automatically detect multipathing in the
waveform (Sun et al., 2009). In comparison to this method, there are several limitations
and advantages. The multipathed arrivals need to be present in enough traces to stack
coherently and produce clear arrivals on the p plot. Arrivals of similar slowness
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may not be resolved as separate arrivals. On the other hand, noisier traces can be
used because the stacking methods improve the SNR. The observations themselves also
allow measurements of backazimuth and horizontal slowness deviations, which can be
used to analyse structures a ecting the wave eld.

2.3 Multipathing

This section describes our multipathing observations and discusses the frequency de-
pendence (Section 2.3.1) and spatial variation (Section 2.3.2) with interpretations of
possible boundary locations. Clear multipathing is observed in 16% of our whole array
observations and 6.6% of our sub-array observations.

2.3.1 Frequency dependence

Figure 2.6 shows the variability of multipathing with di erent frequency bands. Some
observations show clear multipathing within speci ¢ frequency bands while others in
all frequency bands, which could be due to dierences in boundary nature such as
the velocity gradient, inclination or depth. As explained in Section 2.2.3, to observe
multipathed arrivals, enough of the Fresnel zone needs to sample di erent velocities.
This requires the lateral velocity gradient is su ciently strong and su ciently sampled

by the wave eld. Analysing the power spectra of data with and without multipathing,
using Welch's method (Welch, 1967), shows evidence for an increase in the power of
higher frequencies (appendix Figures A.10 to A.14). We hypothesise this is caused
by the focusing of higher frequencies due to di raction from lateral velocity gradients.
Further work is needed to constrain the exact relation between velocity gradient and
frequency content and other possible causes, which is not the focus of this study.

Observations of multipathing at di erent frequencies could be due to di erences
in wavelength. Multipathing observations at higher frequencies could be indicative
of strong velocity gradients while multipathing at low frequencies is indicative of a
signi cant velocity change over a wider boundary. If the boundary is at an angle to
the incidence of the wave, the boundary will not be sampled for as long and appear
smoother.

Sampling boundaries at di erent depths could cause frequency variation in our
observations due to changes of wavelength with velocity. At the same depth, and
therefore the same 1-D velocity, the boundaries need to have di erent gradients or
inclinations for multipathing to occur at di erent frequencies. At di erent depths,
the boundaries could be the same sharpness and inclination but observed at di erent
frequencies due to di erent Fresnel zone sizes.

The size and station density of the array could contribute to the frequency varia-
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Figure 2.6:  -p plots comparing the frequency bands in which clear multipathing is observed.
The left column uses data from the 25 May 1997 event and clear multipathing is only observed
in the 0.13 { 0.52 Hz band. The right column uses data from the 29 March 1998 event where
clear multipathing is only observed in the 0.10 { 0.40 Hz frequency band.
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tion. Larger, denser arrays will be sensitive to a larger area and will record multipathed
arrivals in more waveforms. Lower frequencies with larger Fresnel volumes are more
sensitive to weaker velocity gradients, but the weaker gradients may mean the multi-
pathed arrivals will have a smaller amplitude also. Whole array observations should
have more multipathing observations at lower frequencies (Figure 2.7) because weaker
multipathed arrivals will be recorded in more waveforms and stack to an observable
power.

Figure 2.7: Number of observations of clear (green), possible (yellow) and no multipathing
(grey) in di erent frequency bands for whole array and sub-array observations. The number
of usable observations changes with frequency due to noise conditions and slowness resolution.
At higher frequencies, the observations were noisier and at the lowest frequencies the slowness
resolution is too poor to use.

2.3.2 Spatial analysis

Our observations show multipathing is not limited to one region and occurs in di erent
frequency bands depending on the region. In Figure 2.8, the loci and the tomog-
raphy velocity contours for both whole and sub-array observations align well to the
east of Africa (25 S, 32 W) with a boundary trending northwest-southeast which then
curves to trend approximately west-east as the boundary moves southward. Contours of
S40RTS (Ritsema et al., 2011) and pierce points are mapped at 2400 km depth because
for several paths this depth has an increase in lateral velocity gradient (e.g. Figure
2.12) and features at this depth provide possible explanations for most observations.
It is possible, due to the 3-D nature of the structure, structures at other depths could
explain our observations. However, we have tested several tomographic, and therefore
data-based, models at di erent depths and found this to be the most satisfactory. In
these regions, multipathing is observed in all frequency bands over both whole and
sub-array observations. The range of frequencies could be interpreted as an LLVP
boundary being sampled at several depths, or a boundary with both a strong lateral
velocity gradients and a signi cant velocity change.

The circular low-velocity feature to the southeast of Africa (35 S, 30 W) is marked
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by 1.5% Vg velocity contour aligns well with the loci in the area. Multipathing

is observed at a range of di erent frequencies here with arguably more observations
at frequencies above the (5 { 0:60 Hz band. Observing multipathing at higher fre-
guencies imply sampling of a relatively sharp gradient and observations in a broad
frequency range suggest large and sharp velocity changes or sampling boundaries at
several depths.

To the west of Africa (25 S, 15W), particularly in the sub-array observations,
there is a lot of scatter in loci orientations and multipathing is mainly observed in the
higher frequency bands. The scattered loci are possibly due to the waves travelling
through the body of the LLVP boundaries and sampling boundaries at several depths.
Depending on the depth, the boundaries could have di erent orientations, therefore
leading to scattered loci. Observing multipathing in higher frequency bands could be
due to strong lateral velocity gradients or the depths the boundaries have been sampled.

There are signi cant di erences between the whole and sub-array observations.
Whole array observations will be sensitive to a larger area meaning small structures
a ecting a small part of the wave eld may not be resolved. This could explain why more
multipathing is observed to the west in sub-array observations. Where multipathing is
observed in whole array observations only, the velocity gradient may not be sampled
for long enough along raypaths from the event to the sub-arrays. The multipathed
arrivals would then not arrive with enough amplitude to stack to an observable power.

Studies using travel time and waveform observations have reported a boundary
to the southwest of Africa with an approximate northwest-southeast strike (Ni et al.,
2002). The orientation of the locus of our multipathed arrival in this region approx-
imately agrees (Figure 2.8) supporting these previous results. Sun et al. (2010) nd
evidence for a mantle plume in the mid-mantle of this region too. We do not nd
evidence for this, most likely because of resolution and sampling limitations.

To further explore the spatial distribution of multipathing, we compare the loca-
tions of clear, possible and no multipathing observed at any frequency (Figure 2.8).
Multipathing is not limited to one region and the pierce points of clear multipathing
are very close to pierce points that show no or unclear multipathing. Our interpretation
is the boundary structure needs to be sampled in a specic way for the multipathed
arrivals to arrive with observable amplitudes.

2.3.3 Seismic anisotropy

There have been several studies analysing seismic anisotropy in the region of this study
(e.g. Cottaar and Romanowicz, 2013; Ford et al., 2015; Lynner and Long, 2014; Reiss et
al., 2019; Wang and Wen, 2007a). Shear wave splitting could complicate the waveforms
and be misinterpreted as multipathing. Therefore, we measure SKS splitting in splitting
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Figure 2.8: Subgures (a) and (b) show 1-D ray path pierce points at 2400 km depth (ap-
proximately 500 km above the CMB) for events showing clear multipathing for whole array and
sub-array observations respectively. The size and colour of the circles correspond to the fre-
quencies at which multipathing is observed. The locus between the arrivals is marked for each
frequency to represent the approximate orientation of the boundary causing the multipathing.
Sub gures (¢) and (d) show the pierce points at 2400 km depth for clear (red) possible (or-
ange) and no (blue) multipathing for whole and sub-array observations respectively. Velocity
contours are shown at 2400 km depth from tomography model S40RTS (Ritsema et al., 2011).
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time and direction of the fast axis, remove the measured e ect and repeat the analysis
for a selection of events. After the anisotropy correction, we still observe multipathing
(Figure A.16). For low SNR events, correcting for anisotropy reduced the quality of
the observation. Since anisotropy alone is not the cause of observed multipathing and
can reduce the quality of some observations, we do not correct for shear wave splitting.

2.4 Slowness Vector Residuals

This section analyses the slowness vector deviations and how they vary spatially. We
focus our spatial analysis on the full slowness vector deviation from the predicted to
the observed arrival in slowness space (Figure 2.4). Descriptions of backazimuth and
horizontal slowness deviations are given in Section A.4. When spatially analysing these
deviations, the pierce point location is moved to match observed backazimuth and
horizontal slowness.

Backazimuth residuals show little variation between frequency bands (Figure A.5).
The majority of the observations lie between 8 and 14 and maximum values are
10 to 22 for positive and negative deviations respectively. There are more negative
residual observations with on average approximately 64% negative residual observations
compared to 36% positive. This is possibly due to heterogeneous sampling from limited
event-station con gurations.

The horizontal slowness deviations vary little with frequency, with most observa-
tions lying between 12 s/ and 1.0 s/ (Figure A.7). Oultliers are present in these
observations but show no clear pattern and range from a maximum of 2 s/ and a
minimum of 1.6 s/ . Like the backazimuth residuals, the observations are not evenly
distributed about 0 s/ with 60% positive residuals and 40% negative. This variation
could be due to the large-scale low velocity structures in the mantle beneath Africa
causing them to refract and arrive at a shallower angle.

The magnitude of the slowness vector deviations does not vary greatly with fre-
guency with slightly more high magnitude deviations at higher frequencies and with
minimum and maximum observed values from less than 0.1 s/to 2.1 s/ (Figure A.8).

2.4.1 Spatial analysis of slowness vector deviations

The full slowness vector deviation is a vector from the predicted arrival in the  p plot

to the observed arrival. The azimuth of the vector indicates the direction of perturba-

tion and the length is indicative magnitude. This vector combines the backazimuth and
horizontal slowness perturbations giving a clear picture of how the wave eld is being
a ected. Figure 2.9 shows how these vectors vary spatially.

The radial pattern and magnitude of the vectors around the circular feature south-
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