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ABSTRACT

Earthquake rupture is a complex phenomenon of which we understand comparatively
little. In mapping the rupture of a seismic event in both space and time, different tech-
niques and datasets have been used, which often led to incoherent results for the same
event. Most of these methods rely on seismic recordings neglecting the information
carried by the surface waves, and focus on the arrivals of P- and S-waves. The central
idea of our project is to implement surface-wave time reversal, to study the focusing of
the time-reversed field at the source location and to better constrain the details of rup-
ture processes at the source of seismic events. Our method combines the seismic time
reversal approach with a ray-tracing algorithm, relying on the generalized harmonic
parameterization to trace surface-wave ray paths in the presence of laterally varying az-
imuthal anisotropy.

We validated our time-reversal method, and quantified its limitations, through a num-
ber of synthetic tests at the global scale. In our experiments, a prominent maximum of
the time-reversed wave filed is systematically obtained at or very close to the original
location and time of the source. The uncertainties in the original source location and
time are governed by the distribution of stations, and velocity model used. We next
applied our method to narrow-frequency-band-filtered surface-wave data from the great
26 December 2004 Sumatra-Andaman earthquake. We reproduce the results of earlier
studies, including the reconstruction of the source location, direction of rupture propa-
gation, its spatial extent, its duration, and identify the region where most seismic energy
is released.

Further, we applied our method to a volcanic setting, i.e., to recordings of very long
period events that occurred in Mayotte, Comoro Islands. Our results are found to be
in good agreement with the centroid locations obtained by moment tensor inversion.
A precise location of this type of events helps in constraining the depth, size, and the
geometry of the seismogenic volume, and hence to shed light on deep processes as-
sociated with volcanism. Moreover, we applied our methodology to one of the recent

earthquake, February 6, 2023, M,, 7.8 Turkey earthquake and analyse its rupture prop-



agation and compared our results with the most recently published results.

Keywords: Earthquake source, Surface wave, Time reversal, Ray tracing, Sumatra

Earthquake, Mayotte Island.



CHAPTER 1

Introduction and state of the art

With rare exceptions, fault planes are not accessible to direct observation, and their
properties can only be reconstructed by the analysis of seismic and geodetic data. To
better understand earthquake dynamics, the earthquake cycle, and eventually for seis-
mic hazard assessment, it is crucial to understand where the earthquake rupture of large
earthquakes nucleates and how it propagates. Most often, arrivals of P- and S- wave
are used to image the rupture history of an earthquake in terms of slip map, source time
function and local slip-rate. In the past decades, many works have been conducted to
formulate and solve the inverse problems either by linear inversion (Olson and Apsel,
1982) or nonlinear inversion (Hartzell et al., 1996; Monelli and Mai, 2008), and so to
constrain the space-time distribution of the slip along a fault plane, based on availability
of seismic data. One of the main outcomes of those efforts is that the distribution of the

slip associated with a large earthquake tends to be very heterogeneous.

Many authors used different inversion schemes which led to discrepancies among the
slip models for an earthquake (Beresnev, 2003; Mai et al., 2016). These discrepancies
may be ascribed to different data selection and processing, to the methods used in the
computation of Green’s functions, and/or to the parameterization used for inversion it-
self. Due to our imperfect knowledge of the Earth’s structure and of fault geometry, and
to the fact that data coverage is systematically insufficient, the solution of the source in-
version problem is very non-unique. In other words, different source-imaging methods,
applied to the same data, result in different models of the source, and eventually lead to

different ideas of an earthquake’s nature. Therefore, we adopted the surface wave time-



reversal technique to mitigate this uncertainty, at least in the case of large earthquakes,
by taking a section of seismograms that are not generally included in source inversion

problem: the surface waves.

The main aim of this project is to provide a method for interpreting regional and tele-
seismic seismograms in terms of properties of the seismic rupture, or, in other words, to
map seismic slip as a function of position on the fault, and time, for a given earthquake.
We first investigate the influence of station distribution, and/or errors in the velocity
model, on the focusing of the time-reversed wave field using synthetic data, and then
apply the same method to real data. Our method is in particularly effective when applied
to regional and teleseismic data of large earthquakes; we have also applied it success-
fully on seismic recordings of very long period events in a volcanic region. In particular,
observation of these kinds of events could improve our understanding of volcanic activ-

ity (Carbone et al., 2006, 2008).

1.1 Seismic fault imaging

Based on the magnitude and depth of the earthquake, and on the station coverage, dif-
ferent approaches are implemented to estimate the spatial and temporal behavior of
seismic slip for a given earthquake. Several different types of data are used. For in-
stance, dense networks of strong-motion accelerometers, GPS networks and satellite
geodesy are used to constrain the seismic slip associated with an earthquake: they pro-
vide a good resolution of the surface expression of the event, but have relatively limited
sensitivity to the fault geometry. Regional and/or global seismic networks at teleseismic
distance are used in case near-field instrumental coverage is insufficient. Thus, seismic
data along with geodetic data and field geology observation (if needed) could be used

to constrain the fault geometry.

Based on availability of seismic datasets, one could map slip on the fault via (a) least-

squares inversions, (b) the back-projection method, or (c) the seismic time-reversal



method.

1.1.1 Least-squares inversion

This method is based on the representation theorem, which provides a linear relation-
ship between the observed displacement and the slip rate distribution on the fault plane.
However, real-world least-squares imaging poses more challenges due to the elastic ef-
fect in the wave propagation and due to the complexity in spatiotemporal evolution of
seismic ruptures, their solutions tends to be non-unique (Mai et al., 2016). Moreover,
it can be very expensive in terms of computational cost. The time reversal method
whereas can effectively handle complex wave propagation phenomena, such as multi-
ple reflections and scattering, which can pose challenges for least square inversion. The
time reversal method is able to capture and utilize the full complexity of wave propaga-

tion, resulting in more accurate imaging and source location.

1.1.2 Back-projection method

This method is robust and requires a limited number of assumptions with no inversion
involved. It consists of reconstructing oscillations backward in time by transforming
available receivers into sources of spherical waves (Ishii et al., 2005). The recordings
from an array of nearby stations are stacked, and the location where the stack has max-
imum value are interpreted as sources of the originally recorded wave field. However,
the physical nature of such back-projected wave field that focuses on source remains
undefined, i.e., it is not clear how the back-projected field is related quantitatively to

slip and/or slip rate (Fukahata et al., 2014).



1.1.3 Time reversal (TR) method

This method was largely developed and “popularized” by Mahtias Fink and co-workers,
in the framework of theoretical and experimental acoustics. TR first emerged in under-
water acoustics (Parvulescu and Clay, 1965; Edelmann et al., 2002), and from there it
spread to various other fields such as medical imaging (Fink, 1997; Fink and Tanter,
2010) and non-destructive testing (Chakroun et al., 1995; Sutin et al., 2004). TR source
imaging was first introduced by (McMechan, 1982), where the time-reversed wave
equation was used to image earthquake sources instead of subsurface structures. This is
in some ways similar to the back-projection method; however, it requires the back prop-
agated wave field to be modeled numerically, solving the 3-D displacement equation
instead stacking the signal; receivers act as dipole rather than monopole sources and
the time-reversed wave field can be interpreted as displacement (or velocity), within
the method’s resolution limits. TR is the most reliable available technique, from the
theoretical viewpoint, to reconstruct the seismic source; on the other hand, early appli-
cations to seismic data have suggested it to be computationally too heavy for systematic

practical application.

The advantage of our method is that it does not requires any prior assumptions gen-
erally used in alternative location techniques or source mechanism inversion to obtain
the source location, extent and duration simultaneously (Lokmer et al., 2007). Further,
time reversal method being based on wave equations instead of travel time, it starts from
wave equations, decomposes the wave field and prevents the traditional use of the travel
time. The success of our method, however, depends on the distribution of the station
over the globe, large dimension of the earthquake and on the quality of the velocity
model used for backward wave propagation. Its application to the smaller event is also

discussed in chapter 3.

In this thesis, the TR concept is applied to the surface-wave portion of the seismo-

gram, neglecting body waves. The advantages of using surface waves over body waves



are explained below in section 1.2. This significantly reduces the computational costs
of full-waveform time-reversal. To model the propagation of surface waves, the 2-D
Helmholtz equation is used, in a laterally smooth, lossless half space. The theory be-
hind surface wave time-reversal is summarized in section 2.2.2. The method involves
recording the surface waves generated by an earthquake and using mathematical algo-
rithms to reverse the propagation of the waves back in time. This technique is based on

the principle of spatial reciprocity and time invariance.

The basic steps of the surface-wave time reversal method consist of taking the record-
ings of seismic events, identifying the time window during which the surface waves
were generated and reverse the propagation of the waves back in time, mathematically
flipping the waveforms so that they travel back to the source of the earthquake. Then,
we determine the location and characteristics of the seismic source by analyzing the

reversed waveforms.

Surface waves carry a lot of information, that, in previous efforts to reconstruct seismic
sources, has often been neglected. Our contribution helps to fill this methodological
gap, and will ultimately help us to better understand the nature of earthquakes. In the
long run, it is our hope that efforts such as our could lead to improve earthquake fore-

casting and hazard mitigation strategies.

1.2 Surface waves

Surface waves are seismic waves that travel along the surface of the earth and are studied
widely for the characterization of the Earth’s interior such as determination of regional
crust, upper mantle and transition zone, determination of the elastic/anelastic properties
of shallow subsurface and survey of loose sediments. They are classified into two types:
(a) Rayleigh waves and (b) Love waves. The former consists of an elliptical retrograde

motion along a plane parallel to the direction of propagation and perpendicular to the



surface of the earth; the latter consist of a horizontal motion that is transversal to the
direction of propagation, and therefore parallel to the surface of the earth (Fig. 1.1).

In the framework of our research, surface waves carry several advantages in compar-

Surface waves

111 11 1 H 1 -

Rayleigh-waves

) Love-waves

Fig. 1.1 Particle motion associated with the propagation of seismic waves, from Inder
Singh Gupta, 2014.

ison to body waves. Surface waves are efficiently generated by shallow sources. This
also applies, e.g., at regional distances, where surface waves have much larger ampli-
tudes for shallow earthquakes, than for deeper ones. Moreover, they are dispersive, i.e.,
different frequencies travel with different velocities and sample the Earth at different

depths (the longer the period, the larger the depth of sensitivity).

In our method, we time-reverse the entire surface-wave window of seismograms, ne-
glecting the body-wave one. The information carried by these waves are important for
following reasons:

(a) Due to its dispersive nature, the time-reversed back-propagated surface-wave field
focuses sharply on the source location, which can enhance the robustness and resolution

of mapped seismic slip.

(b) Propagation of the surface wave can be studied separately for each a set of narrow-

frequency bands, thus reducing the modeling problem from 3-D to 2-D (e.g., Ekstrém



et al., 1997). This lowers the computational costs drastically.

(c) Knowledge of the 3-D structure of the Earth’s interior, necessary to back propagate
the time-reversed signal, is limited; but surface waves propagate within the crust and
shallow mantle, whose structure is relatively well understood i.e., global phase veloc-
ity maps of Rayleigh wave velocities are available in the frequency band relevant to
our study, at both regional and global scale, thus improving the accuracy of the time-

reversal method.

Considering these advantages, our method contributes significantly to efforts towards
reconstructing the location of earthquakes and mapping the related ruptures in both
space and time. We anticipate that our method works well for a wide range of epi-
central distances. Unlike body waves, surface waves carry more energy at an epicen-
tral distance greater than 30° and can be easily identified and isolated in seismograms.
Even at shorter distance, though obscured by the body-wave coda, surface waves can

still emerge in a time-reversal experiment (Boschi et al., 2018).

1.3 Surface Wave Ray tracing

We use an existing surface-wave ray tracing algorithm, based on a generalized spherical-
harmonic parameterization of surface wave phase velocity (Boschi and Woodhouse,
2006), to model surface-wave propagation by ray tracing. The algorithm accounts for
laterally varying azimuthal anisotropy of surface-wave velocity. The generalized spher-
ical harmonic parameterization is theoretically complex; it is, however, more effective
than, e.g., a pixel or spline parameterization, when tracing rays through an azimuthally
anisotropic phase velocity map (Boschi and Woodhouse, 2006). The expansion of az-
imuthal anisotropy is done by using generalized spherical harmonics, which allows
path-averaged phase velocities to be calculated with great ease. This parameterization

makes the inverse problem invariant with respect to rotations of the co-ordinate frame



and eliminates singularities associated with the indeterminacy of azimuths at the poles.

The basic idea behind this algorithm is to trace a ray from the source towards all points
in the grid, to calculate at what time the narrow-band surface-wave wavelet will reach a
certain point in the grid. Based on that and actual recordings, we built a time-reversed
wave field. Thus, the total time-reversed wave field is the sum of all time-reversed
wave-fields obtained from all the individual stations. Boschi and Woodhouse (2006)
introduce several innovative ideas to improve the accuracy and efficiency of the ray
tracing method. The details of the ray tracing algorithm are given in Chapter 2, Section
2.2.1, where we also describe some improvement that were introduced in the frame-
work of this thesis. Here, Fig. 1.2 shows the ray path traced using this algorithm for

arbitrarily chosen source and receiver.

0 40 80 1200 160" -160° -120° -80° -40° O’

0° 40" 80° 1200 160° -160° —120° -80° -40° O

Fig. 1.2 100 s Rayleigh wave ray paths traced using surface wave ray tracing algorithm
for an arbitrarily chosen source-receiver geometry.
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1.4 Study Area

1.4.1 Sumatra-Andaman Island

The subduction zone offshore Sumatra received relatively little attention in compari-
son with the subduction zones in Japan and United States prior to the 2004 earthquake
and tsunami (McCaffrey, 2009). The subduction zone, which is also known as Sunda
subduction zone, is a long convergent belt that extends southward from the Himalayan
Frontal Thrust through Myanmar. This trench further continues towards the south and
passes through Andaman and Nicobar Islands and Sumatra, south of Java and the Sunda
Islands (See Fig. 1.3). In a broad sense, the simple interaction of the Indo-Australian
and Eurasian plates explains the plate kinematics of Sumatra region. Generally, the tec-

tonics of Sunda subduction zone is divided into western and eastern settings. To the east

80° 100° 120° 140° 160°

\ , & Pacific plate
/ % N Philippine Sea plate
Indian plate / "'_ Py S L i i
0° SN G g el N

-10° Australian plate

-20°

Fig. 1.3 Plate tectonic setting of Sumatra. Here, green, golden and red arrows rep-
resent direction of Australian-Sunda plate motion, Indian-Eurasian plate motion and
Australian-Eurasian plate motion while thick red line is for fault.

of Sumba, the lighter continental Australian lithosphere is thrusting beneath the Oceanic
lithosphere, while to the west of Sumba, the dense Indian Ocean Lithosphere subducts
beneath the continental Sunda plate. Relative to Sunda Plate, the Australian plate is

moving northward with convergence rate of ~67 mm/year, while the Indian Ocean is
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subducting beneath Sunda plate with speed of ~52 mm/year (DeMets et al., 1994). The
northward motion of Australian plate is accommodating by the Sunda subduction zone.
Sunda subduction zone is also called Sunda megathrust. Generally, megathrust faults
occur at locations where subducting oceanic crust thrust beneath the continental crust

and islands arcs.
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Fig. 1.4 (a) Tectonic context and earthquake history of the Sunda subduction zone.
The subducting Indian and Australian plates are separated from the Sunda plate to the
northeast by a forearc sliver known as the Burma microplate. Blue arrows on the figure
indicate the orientation and speed of plate motions with respect to the Sunda plate. The
black lines represent major fault zones that mark the boundaries of the plates in the
region. The colored outlines highlight the extent of large historical and recent ruptures
that occurred on the megathrust. The figure has been adapted from (Briggs et al., 2006)
and incorporates data from (Bilham, 2005), (Natawidjaja et al., 2006), (Konca et al.,
2008). (b) Aftershock sequence of 2004 Sumatra-Andaman earthquake, M, 9.3 (green
dots) and 2005, M, 8.6 (black dots). Golden star shows the location of events (M,, >
7.0) after 1900, along the Sunda subduction zone (from USGS catalog).

Sumatra is located at the southern edge of Sunda shelf (Bird, 2003), which is mov-
ing with speed of few millimeters per year to few centimeters per year towards east of
Eurasia Plate (Chamot-Rooke and Le Pichon, 1999; Bock et al., 2003). Further, Suma-
tra sits at the boundary between two tectonic plates. To the south-west of Sumatra, there
is ocean floor, which is part of Indian/Australian plate, while the Sumatra and other is-

lands in Indonesia are part of the Eurasian plate. The two tectonic plates meet at the
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ocean floor at the plate boundary, known as sunda subduction zone, which is 5500 km
long boundary between the Indo-Australian and Eurasian plates. The nature of conver-
gence is oceanic type in the Andaman-Sunda arc (Kayal, 2008). The Andaman-Sunda
arc is considered as seismically very active and categorized as highest seismic hazard
zone because in Sumatran region, the oceanic plate is subducting beneath the conti-
nental plate. The two plates become locked or stuck. As the subducting plate slowly
descends, it pulls the upper plate down with it, which cause the deformation in the over-

riding plate, resulting the stress build up.

The Andaman-Sumatra section of the subduction zone already had hosted several dam-
aging large and great earthquakes in the past, out of which some generated also destruc-
tive tsunami (Bilham, 2005). The historical large and great earthquakes ruptured only
~200-300 km of the plate boundary, while the 2004 A, 9.3 Sumatra-Andaman earth-
quake and its large aftershocks series ruptured more than 1300 km of the plate boundary.
The tsunamigenic 2004 earthquake ruptured the affected regions by past earthquakes as

well as intervening unbroken patches (Bilham, 2005).

The giant 2004 Sumatra-Andaman earthquake of M, 9.3 is the third largest instrumen-
tally recorded seismic event in the world. It triggered a massive tsunami with waves
up to 30 m run-up, causing an estimated loss of 283,000 lives in fourteen countries
(Jaiswal et al., 2011). Rather than tearing the land apart all at once, the rupture started
beneath the epicenter (marker in Fig. 1.4(a)) and propagated to the north along the fault
with an average rupture velocity 2 km/s (Ishii et al., 2005). The duration of rupture in
Sumatra earthquake was 10 minutes. During this process, the fault ruptured at depth
of 50 km below the ocean floor, where the two tectonic plates stuck together. The up-
per plate slid back upward and to the west by ~15 m along the plate boundary near
Banda-Aceh, Sumatra (Jaiswal et al., 2011). However, the slip was much smaller to the
north of the Nicobar Island. Another great earthquake occurred just four months after
the giant Sumatra earthquake of A, 8.6 on March 28, 2005 (hereafter, 2005 Sumatra

earthquake). The mainshock of 2004 Sumatra earthquake caused a total of 3460 after-
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shocks with magnitude ranging 3.5-7.5, while total of 1835 aftershocks of magnitude
range 3.6-6.9 caused by mainshock of 2005 Sumatra earthquake. The aftershock se-

quences of these two events are shown in Fig. 1.4(b).

1.4.2 Mayotte Island

Mayotte Island, the oldest and easternmost cluster of complex volcanic edifies in the
Comoros archipelago, located in the northern part of Mozambique Channel, between
Northwest of Madagascar and Northeast of Mozambique (Fig. 1.5). It has total land
area of 374 square kilometers and consists of two main volcanic islands: Petite-Terre
(11 square kilometers) and Grande-Terre (363 square kilometers). Magmatic activity
has been estimated to be onset between 10-20 Ma (Emerick and Duncan, 1982; Pelleter
et al., 2014; Michon, 2016). The most recent eruption was reported to be about 7 Ma

ago (Zinke et al., 2003, 2005).

Mayotte was affected by a number of tectonic events, including an episode of NE-
SW trend rifting through Permo-Triassic, associated with fragmentation of Gondwana
(Geiger et al., 2004; Reeves, 2014). The historical seismicity of Mayotte has incomplete
view. However, based on the ancient information, four earthquakes has been recorded
during 17th century that caused damage to many mosques. The location and magnitude
of these events remains unverifiable (Hachim, 2004). Very few historical earthquakes of
M,, > 4 hit the island, including the destructive events 23 April 1993 Mb 5.2, located
40 km south of island, causing a damage of around 1.7 M Euros and the 2011 Mb 4.9
event (Audru et al., 2010).

A seismic crisis started in the east of Mayotte Island 2018 May, which was widely
felt by people, mainly during the first month of crisis. The largest event recorded dur-
ing this sequence was on May 15, 2018, of magnitude M,, = 5.9 (Cesca et al., 2020;
Lemoine et al., 2020). Over the course of a year, about 407 very long period signals

and 7000 volcanic-tectonic earthquakes were recorded (Cesca et al., 2020). The origin
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Fig. 1.5 Location of Mayotte Island. Red star is location of the largest earthquake and
largest very long period event recorded during the seismic sequence over a period of
one year from 2018. Red square in the inset map represents our study area.

of this earthquake activity has been attributed to the drainage and resonance of a deep
magma reservoir (Cesca et al., 2020; Lemoine et al., 2020). At least 1.3 cubic kilo-
meters of magma drained from the reservoir of about 10-15 kilometers diameter at a
depth of 30+5 kilometers (Cesca et al., 2020). Since May 2018, repeated seismic ac-
tivity has been associated with deformation of the surface of Mayotte, resulting in land
subsidence. Our study focuses only on different, very low-frequency, signals recorded
during this crisis, including a long-lasting event detected on November 11, 2018, with
dominant frequency of ~16s. in response to the depletion of the deep reservoir, a mas-
sive magmatic intrusion took place, reaching the seafloor in a submarine eruption, and
finally leading to the birth of a new seafloor volcano. It was almost 1 km high in the

bathymetric survey done a few months afterwards (Feuillet et al., 2021).
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1.5 Thesis outline

In this section we report the outline of the thesis. This thesis is about implement-
ing a time-reversal algorithm to investigate spatio-temporal characteristics of different
earthquakes (Fig. 1.6) with the important differences that includes use of only surface
waves rather than entire seismograms and their backward propagation is modeled using

membrane-wave approach.
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Fig. 1.6 Focal mechanism of earthquakes studied in this thesis.

Chapter 1 includes the motivation behind this thesis and some details about the study
area and past earthquakes. The following chapter 2 describes the method of seismic
time-reversal and ray-tracing algorithm, relying on the generalized spherical harmonic
parameterization. Here, we validate our method through number of synthetic tests
and apply it to one of the largest earthquakes, the great 26 December 2004 Sumatra-
Andaman earthquake and reproduce the results which are in good agreement with the
previous findings. In chapter 2, we use the same manuscript published on "Geophysical

Journal International”. Chapter 3 is about the investigation of a sequence of anomalous
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events (very low-frequency signals) associated with volcanism at Mayotte Island. This
chapter contains the same structure of a manuscript to be submitted on ”Geophysical
Journal International”. Chapter 4 is dedicated to the study of recent earthquake 1.e., 6
February 2023, M,, = 7.8 Turkey earthquake. We analyze the rupture process of this
event by combining surface wave time-reversal approach with ray-tracing algorithm us-

ing teleseismic and regional data.

Finally, in the last chapter, we provide the summary of this thesis and recommend future
research directions. Our ultimate goal of this work is to bring some clarity to various
aspects of the rupture evolution for better understanding kinematics of various earth-

quakes.
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CHAPTER 2

Seismic source mapping by surface wave time reversal: application

to the great 2004 Sumatra earthquake

Apsara Sharma Dhakal®, Irene Molinari?, Lapo Boschi'*?

(Geophys. J. Int. (2023) 233, 1018-1035,
https://doi.org/10.1093/gji/ggac493)

123 ABSTRACT

Different approaches to map seismic rupture in space and time often lead to incoherent
results for the same event. Building on earlier work by our team, we ‘time-reverse’
and ‘backpropagate’ seismic surface wave recordings to study the focusing of the time-
reversed field at the seismic source. Currently used source-imaging methods relying on
seismic recordings neglect the information carried by surface waves, and mostly focus
on the P-wave arrival alone. Our new method combines seismic time reversal approach
with a surface wave ray-tracing algorithm based on a generalized spherical-harmonic
parametrization of surface wave phase velocity, accounting for azimuthal anisotropy.
It is applied to surface wave signal filtered within narrow-frequency bands, so that the
inherently 3-D problem of simulating surface wave propagation is separated into a suite
of 2-D problems, each of relatively limited computational cost. We validate our method
through a number of synthetic tests, then apply it to the great 2004 Sumatra-Andaman
earthquake, characterized by the extremely large extent of the ruptured fault. Many
studies have estimated its rupture characteristics from seismological data (e.g., Lomax,

Ni et al., Guilbert et al., Ishii et al., Kriiger and Ohrnberger, Jaffe et al.) and geodetic
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data (e.g., Banerjee et al., Catherine et al., Vigny et al., Hashimoto et al.). Applying our
technique to recordings from only 89 stations of the Global Seismographic Network
(GSN) and bandpass filtering the corresponding surface wave signal around 80- to-120,
50-to-110 and 40-t0o-90 s, we reproduce the findings of earlier studies, including in
particular the northward direction of rupture propagation, its approximate spatial extent

and duration, and the locations of the areas where most energy appears to be released.

Keywords: Earthquake source observations, Surface waves and free oscillations, The-

oretical seismology, Wave propagation
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2.1 Introduction

The problem of reconstructing the slip distribution on a seismic fault is notoriously
non-unique (Mai et al., 2016). Our study is motivated by the idea that non-uniqueness
could be reduced by taking into account a section of the seismogram that is usually
not included in source inversions: the surface waves. The benefits of harvesting such
information, in the context of seismic source inversion, were illustrated in some detail
by Boschi et al. (2018): the fact that surface waves are dispersive emphasizes the
focusing of backpropagated time-reversed signal at the source; their broad frequency
range should help constraining source structure at different depth and/or of different
scale length; the fact that a narrow-band-filtered surface wave can be approximated as
a membrane wave (Tanimoto, 1990; Tromp and Dahlen, 1993; Peter et al., 2007, 2009)

results in simpler and less computationally intensive software.

We exploit the Rayleigh waves to reconstruct the seismic source by time-reversing and
backpropagating (Fink, 1999, 2006; Fink et al., 2003) filtered vertical-component seis-
mograms from a relatively large number of broad-band stations distributed as uniformly
as possible around the globe and along all azimuths from the epicenter. In practice, we
conduct wave-propagation simulations where receivers act as virtual sources, emitting
the real-world signal that they have recorded, but reversed with respect to time. Time-
reversed signals are propagated through a reliable earth model and eventually focus on

the real-world source (the earthquake).

The method that we describe and validate here is an extension to the global scale of
that of Boschi et al. (2018): the flat-earth ray- tracing scheme is replaced with the
one of Boschi and Woodhouse (2006) in order to calculate surface wave ray paths on a
spherical earth and, importantly, allows to account not only for isotropic phase veloc-
ity heterogeneity, but also for laterally varying azimuthal anisotropy of surface waves.
Compared to other declinations of so-called time-reversal and/or backpropagation of

seismic waves, our source-imaging method is restricted to surface wave data, which
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Fig. 2.1 Finishing latitude as a function of the initial azimuth obtained using the golden-
section-search method implemented in this study (colored circles) and the brute-force
method of Boschi and Woodhouse (2006). Our new approach reduces computation time
by about one order of magnitude. Finishing latitude = O corresponds to convergence to
the correct ray path.

can be approximated as membrane waves and modelled both via ray-tracing or numer-
ical simulations. Conversely, backprojection as described, for example, by Ishii et al.
(2005) have systematically been restricted to body wave (typically P-wave) traveltimes,
with the sole exception of a surface wave study by Roten et al. (2012); time-reversal
seismology as implemented by (Larmat et al., 2006, 2008) relies on the more rigorous,
but computationally much more demanding, numerical 3-D modelling of the entire seis-
mic waveform. In the following we describe our method, validate it via application to
global-scale synthetic data, and apply it to a set of broad-band recordings of the 2004
December 26, Sumatra-Andaman Earthquake. Sumatra event is one of the most stud-
ied earthquakes in history, with a well-documented rupture of long duration and large
spatial extent. Our results are compared with those obtained from high-frequency body

wave (Lomax, 2005; Ni et al., 2005), tsunami data (Lay et al., 2005), geodetic data
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Fig. 2.2 (a) Source time function (100 s ricker-wavelet), (b) Green’s function with in-
terstation distance 2000 km and wave speed 4.12 km/s and (c) convolution of (a) and

(b).

(Catherine et al., 2005; Vigny et al., 2005; Hashimoto et al., 2006; Jaffe et al., 2006)
and array analysis (Guilbert et al., 2005; Ishii et al., 2005; Kriiger and Ohrnberger, 2005;
Yao etal., 2011). We find that the robust features of the Sumatran rupture, confirmed by
most of the mentioned studies, are reproduced by our method as well, and we consider

this to be an important confirmation of its validity.

2.2 Theory and Methods

2.2.1 Surface wave modelling via ray tracing

Surface waves propagate along the Earth’s outer surface, and they involve the oscillation
of the earth’s crust and top of the upper mantle. Surface wave are dispersed meaning
that different periods are sensitive to Earth structure at different depths (typically max-
imum at a depth roughly equal to half a wavelength) and their velocity depends on
the mechanical properties of the earth at the depth range of interest. A practical conse-
quence of surface wave dispersion is that their propagation can be studied separately for
a set of narrow-frequency bands (e.g., Ekstrom et al., 1997), or surface wave ‘modes’,

each with its own laterally varying phase velocity and, consequently, propagation path
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Fig. 2.3 Snapshots of time-reversal simulation where 100 s surface waves are modelled
in a heterogeneous, isotropic phase velocity model and backpropagated in the same
model. In this synthetic experiment, stations (inverted triangles) are distributed along a
‘circle’ of radius 4500 km, centered at the source location (yellow circle). Snapshot (d)
corresponds to focusing of the time-reversed wavefield onto the location of the source.
The time t = Os corresponds to the origin time; positive ¢ corresponds to time before
focusing onto the source location.

along the earth surface. Starting with the early study of Tanimoto and Anderson (1985),
surface waves have been known to be azimuthally anisotropic, that is, their velocity de-
pends locally on their direction of propagation. Smith and Dahlen (1973; 1975) show
that a relative perturbation in phase velocity ¢, with respect to a reference value ¢y, can

be written as

M = e0(0, ¢)+e1(0, @) cos(2¢)+e2(0, @) sin(2¢)+e3(0, @) cos(4¢)+e4(6, @) sin(4¢),

Co
(1)
where 6, ¢ denote latitude and longitude, respectively, along the earth’s surface, ( is the

azimuth of propagation, and the four functions €1, &5, etc. are all required to describe
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propagation in the presence of azimuthal anisotropy (g¢(f, ¢) coincides with isotropic
velocity heterogeneity). At each location 6, ¢, an independent set of values for &,
€1, etc. is associated to each surface-wave frequency, i.e., to each surface-wave mode.
These azimuthal terms ¢; are functions of frequency because of surface wave dispersion,

and depend in a known way on the 21 anisotropic elastic parameters of the medium

through which the waves is propagating.
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| — g
-0.3 0.0 0.3

Fig. 2.4 Similar to Fig. 2.3, snapshots of time-reversal simulation where 100 s surface
waves are modelled in a heterogeneous, isotropic phase velocity model and backprop-
agated in the same model. Negative time show non-physical signal that continues to
propagate after focusing. Panel on the right shows an enlarged detail of the source re-
gion from the map in panel (b), that is, the origin time, as indicated by the green lines.

Our method allows for surface-wave azimuthal anisotropy, which we parameterize ac-

cording to the generalized-spherical-harmonic scheme described by Trampert and Wood-
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house (2003) and Boschi and Woodhouse (2006). Boschi and Woodhouse (2006) dis-
cuss the effectiveness of this parameterization for tracing surface-wave ray paths, in
particular in the presence of azimuthal anisotropy, which makes simpler isotropic ve-
locity parameterization schemes inadequate. Surface-wave rays are traced according to

the ray tracing equations given e.g. by Larson et al. (1998),

do  sin(f)(tan(¢) + ¢ Inc)
do ~ 1-— tan(¢)0; Inc

2)

d¢  sin(0)9y In c + tan(¢)dg In ¢ — cos(0)
do 1 —tan(¢)9;Inc ’

3)

The differential eqs. 2 and 3 describe how the latitude and azimuth change as functions
of longitude along the ray path, and they are most effectively integrated in a reference
frame where source and receiver are located on the equator. We solve them following
Boschi and Woodhouse (2006), starting with the values of 6 and ¢ that correspond to
one of the endpoints of the ray, making a guess for the initial azimuth, and integrating
numerically until the other endpoint is reached (in practice, a point along the ray path is
found when the distance from the ray endpoint is smaller than a certain threshold), or an
unreasonably large distance is covered. In the former case, the ray has been successfully
traced, while in the latter, the integration should be repeated, assigning a different value
to the initial azimuth. In mathematical terms, this is an example of applying the “shoot-

ing method” to solve a two-point boundary value problem (e.g., Press et al., 1992).

Because seismic/acoustic time reversal is more effective the more recordings are back-
propagated, our experiment requires many ray paths to be traced; we accordingly opti-
mized the search for the correct initial azimuth, reducing the number of iterations via
the “golden-section search method” (e.g., Press et al., 1992, chap 10), allowing very
fast convergence to the correct initial azimuth and ray path. We compared the new ray
tracing method implemented here against that of Boschi and Woodhouse (2006), using
both to trace rays between a large set of randomly located sources and receivers. The
gain in both computational speed and accuracy is evident from an example shown in

Fig. 2.1, with source and station located at (42.80°N, 16.70°E) and (43.04°N, 12.66°E)
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Fig. 2.5 Snapshots of the time-reversal simulation obtained by using synthetic data
computed in heterogeneous model and backpropagated through homogeneous model.
The times at which the wavefield is shown are same as Fig. 2.4, and, likewise, the image
in panel (d) is a detail of that in panel (b). Panel (e) shows the difference between the
time-reversed wavefield displayed here, and that of Fig. 2.4(b), that is, the error caused
by neglecting heterogeneity in phase velocity. The color scale in panel (e) is different
than the one used in all other panels, because the error is very small.

respectively. In this case, the golden-search method achieves convergence after 8 it-
erations while the “Brute-force approach” of Boschi and Woodhouse (2006) required

36 iterations. A similar improvement is found regardless of source and station locations.

Once the ray path between two points is determined, Rayleigh-wave phase can be cal-

culated as described by Boschi and Woodhouse (2006).
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2.2.2 Surface-wave time reversal

Because of the spatial reciprocity and time invariance of the elastic wave equation, a
time-reversed wavefield focuses on its original source. In a medium that is slightly het-
erogeneous like the earth, focusing is achieved, in practice, if the wavefield is recorded
at (and backpropagated from) a uniformly distributed set of receivers that cover all az-

imuths of propagation (e.g., Fink, 1999, 2006; Fink et al., 2003).

1.0
---- Time reversed signal recorded at source location
---- Time reversed signal recorded at convergence point 247 km away from source location
0.5 .
1
1
] / H
T 1
E 0.0 J Mo e et et ey
o
E
<
705 o
—1.0 ’
—-1000 -500 0 500 1000 1500

Time(s)

Fig. 2.6 Time-reversed and backpropagated displacement at and near the source loca-
tion, resulting from the time-reversal simulation of Figs 2.4 and 2.5. The red dashed
curve is obtained using synthetic data from heterogeneous model and backpropagated
through the same heterogeneous model while the blue dashed curve is obtained using
synthetic data from heterogeneous model and backpropagated through homogeneous
model. At time t = 0 s, peaks are not equally sharp.

In seismology, the time-reversal concept can help to reconstruct the location, geometry
and mechanics of an earthquake. However, seismic data are very sensitive to hetero-
geneities in earth structure, and the distribution of seismic stations is not always uni-
form (in fact, it can be very non-uniform depending on the scale of the problem, and/or
the geographic area of study). The effectiveness of seismic time-reversal is accordingly
limited by station distribution and errors in the velocity models used to simulate wave
(back)propagation. Rietbrock and Scherbaum (1994) made a first attempt at seismic
time reversal but limited to local scale and to the acoustic approximation (compres-
sional waves only). Larmat et al. (2006; 2008) time reversed the entire seismic wave-

form, backpropagating it in a global, heterogeneous earth model via 3-D numerical
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simulation. The computational cost of such endeavor forced them to low-pass filter the

data, studying only the longer wavelength portion of the seismic signal.
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Fig. 2.7 Snapshots of the time-reversal simulation obtained from synthetic data com-
puted in a heterogeneous, anisotropic model and backpropagated through the exact
same model. Snapshots were selected at the same times as in Fig. 2.4. Panel (e) is the
zoomed-in plot representing the difference between time-reversed wavefield obtained
when anisotropy is accounted for and neglected. The color scale in panel (e) is different
than the one used in all other panels as the error is very small.

Many other authors (Ishii et al., 2005; Kriiger and Ohrnberger, 2005; Lay et al., 2005;
Merrifield et al., 2005; Ni et al., 2005; Yao et al., 2011) back-propagated only the ar-
rival time of seismic signal, neglecting waveform information; this is usually referred
to as back-propagation rather than time reversal, and is usually limited to body waves.
Only Roten et al. (2012) have tried to back-propagate the arrival times of surface-wave

modes, but without any advanced modeling of wave propagation, and neglecting the
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information carried by the waveform (amplitude).

Surface-wave back propagation can be implemented via the membrane-wave approach

--- Original signal at source
---- backpropagated signal at source, anisotropy accounted for
---- backpropagated signal at source, anisotropy neglected
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Fig. 2.8 Normalized time-reversed backpropagated displacement at the location of the
source, resulting from the time-reversal simulation of Fig. 2.7. Synthetics were com-
puted in a heterogeneous, anisotropic phase-velocity model and backpropagated in the
same heterogeneous model without (blue dashed curve) and with anisotropy (red dashed
curve). When anisotropy is accounted for, the source signal is reproduced almost per-
fectly; neglecting anisotropy results in a discrepancy of the order of 1 s.

(Peter et al., 2009; Tanimoto, 1990), reducing the 3-D momentum equation to 2-D by
separating the contribution of each mode and modeling each mode separately, which
significantly reduces the computational costs. This simple approach is sufficient to
correctly model the phase of individual surface-wave modes. Thus, if one considers
only the phase, and not the amplitude of surface waves, multiple forms of data analysis
(imaging, back-propagation) are possible using the surface-wave potentials and associ-
ated 2-D scalar equation.

Here, we reduce the problem to two dimensions, similar to Peter et al. (2009), but,
rather than implementing finite-element simulations to model wave propagation, we
trace the rays as in Boschi et al. (2018). The equivalence of the two approaches is
discussed by Boschi et al. (2018).

The theory of surface-wave time reversal can be summarized by the frequency-domain

equation (45) of Boschi et al. (2018), that reads
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Fig. 2.9 Vertical component recordings of Mw 9.3 Sumatra earthquake from 89
IRIS/USGS GSN, filtered in the period band 80-to-120 s.

21w

h*(w) [Gap(xa,xB,w) — Gap(xp, X4, w)] & — [ dX' [h*(w)Gsp (X', x5, w)Gap(X, x4, w)],

Co Js

4
where x4 is an arbitrary observation point, Xp is the location of a source within the
area S bounded by 0S, h(w) is the Fourier transform a signal emitted at Xz, and Gyp
is the 2D acoustic Green’s function (e.g., Boschi and Weemstra, 2015), which Boschi
et al. (2018) show to be proportional to the vertical-component Rayleigh-wave Green’s

function. The left-hand side of eq. (4) can be simplified,

(G5 (x4, Xp,w) — Gap(xa,xp,w)] A" (w) = {—2iIm [Gap(x4,xp,w)]} A" (w),

and it can be shown (e.g. appendix B of Boschi and Weemstra (2015)) that

m<G2D(XA7 XB, (U)) - _Z.Go(xfh XB; w)a

where G,(X4, Xp, w) is a purely imaginary, odd function, whose inverse Fourier trans-

form is:
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Fig. 2.10 Snapshots of surface wave ray tracing time reversal simulation of real earth-
quake (Sumatra earthquake, 26 December 2004, Mw 9.3), in the 80 -to- 120 s period
band using recordings from 89 stations. We define t=0 as earthquake origin time re-
ported by the USGS. Snapshots (a) is taken at time t=1000 s; (b) at t=0 s, and (c) at t=
-1000 s; negative t corresponds to time after focusing in a time-reversal simulation. The
results were calculated in meters where as here and in the following, it is normalized so
that the maximum of its absolute value for all modeled locations and times, is 1.

1 1
Go(xa,xp,1) = §G(XA,XB,2€) — §G(XA,XB, —t).

It follows that the left-hand side of (4) can be further rewritten

—2iIm [Go(x4,Xp,w)] B* (W) = +2i°Go(x4, X5, w)h* (W) = —2G, (x4, X5, w)h* (w).

Substituting into eq. (4), we obtain

B () (G (x4, X5, 0)] ~ 2 / A [ () Gy (% X3, 0) Gap (%, %4, w)]. (5)
Os

Co
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Eq. (4) or (5) can be interpreted, for example, as follows. Look first at the right-hand
side: the Rayleigh wave h(w) emitted at X is recorded as h(w)Gop(X', X, w) at a set of
points x" along a closed curve S on the earth’s surface; it is then time-reversed (hence
the complex-conjugation of (w)Gyp (X', Xp, w)), re-emitted from x’, and recorded at x 4
(hence the convolution — multiplication in the frequency domain — with Gop(X/, X4,
w)). Now, integrating over 0S is equivalent to having all receivers x’ emitting their time-
reversed recordings, whose sum is then received at x4. The result of all this, multiplied
by - i—“:, must coincide with the product of 4*(w) with G,(x4, X, w). h*(w) is the Fourier
transform of A(-t), i.e., the time-reversed version of the signal originally emitted at the
source. Now, by the properties of Fourier transforms, the inverse Fourier transform of
h*(w)G,(X4, Xg, w) coincides with the convolution of Ai(-t) and G,(-¢), that is,

o0
F7H W (w)][Go(x4,Xp,w] = / h(—7)Go(x4,Xp,t + T)dT. (6)

—o0
Since the Green’s function G, is singular at zero distance from the source, we infer
from eqgs. (5) and (6) that the time reversed wave-field calculated according to their
right-hand sides becomes singular for x4 = X5, where in practice we expect to see a
prominent maximum. In real-world applications, station distribution is often far from
perfect, and not all azimuths can be covered with uniform density. This limits the ac-

curacy with which the maximum of the time-reversed wavefield is correctly mapped at

the source location x.

For the sake of illustration, we implement the right-hand side of eq. (6), calculating the
time-domain convolution of G, (obtained by combining eqs. (E15) and (B6) of Boschi
and Weemstra (2015) and shown in Fig. 2.2b) with the source time function (100s
Ricker wavelet, Fig. 2.2a) used throughout this study. We take receiver x4 and source
X to lay at a distance of 2000 km from one another, and constant wave speed c=4.12
km/s. The resulting trace, shown in Fig. 2.2(c), is the time-reversed signal that would
be modeled at x4, in an ideal time-reversal experiment, were stations re-emit from all

azimuths.
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Fig. 2.11 Snapshots of time-reversal simulations using earthquake data recorded by 89
stations, in the 50-to-110s period band. They are selected at the same time as in Fig.
2.10. All symbols are defined as in Fig. 2.10

Fig. 2.2(c) is a simplified illustration of the signal seen in time-reversal experiments:
first, the time-reversed wave field that eventually focuses at the source, and then, after
focusing has occurred, a spurious arrival that is “emitted” by the time-reversed source,
and hits the receiver again. This spurious signal is explained by the fact that the effec-
tiveness of seismic and acoustic time reversal is limited by our inherent lack of knowl-
edge of the source mechanism. Full time reversal of the seismic process would require
that, in the reversed-time simulation, the source is replaced by an energy “sink” which
absorbs the signal, reversing the rupture process (slip along the fault) itself (Fink, 2006):

but such sink cannot be implemented if the slip is unknown.
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Fig. 2.12 Snapshots of time-reversal simulations using earthquake data recorded by 89
stations, in the 40-t0-90 s period band. They are selected at the same time as in Fig.
2.10. All symbols are defined as in Fig. 2.12

2.3 Computational cost

The computational cost of our method is driven by the number of source-receiver pairs
and the choice of spatial separation between grid nodes; or, which is the same, the
number of grid nodes. Simulations are quite demanding in terms of memory and com-
putational runtime if performed on a single CPU. On the other hand, our scheme is easy
to parallelize, as it consists of tracing rays between many source-receiver pairs, and

each ray-tracing exercise is naturally independent of all the others.

In order to reduce the computational time, we run our time-reversal simulations on the

1664-CPUs ADA cluster at INGV, Bologna. We perform the entire time reversal simu-
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Fig. 2.13 Snapshots of time-reversal simulations using earthquake data, in the 80-to-
120s period band using 125 stations. All symbols are defined as in Fig. 2.10.

lation associated with one station on a single CPU and run all one-station time reversals
in parallel, so that, for 89 stations we used 89 CPUs. This way, the typical CPU time
required to run one simulation, associated with one single frequency band, on the clus-
ter is of the order of 10 hr. This coincides with the time required for full time reversal,
as long as we have at least as many available CPUs as time-reversed seismograms (sta-

tions).

2.4 Validation of method by synthetic test

We initially applied our method in a synthetic experiment using a 100 s Ricker wavelet

('second derivative of a Gaussian wavelet with a source central frequency of 0.01 Hz) as
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Fig. 2.14 Snapshots of time-reversal simulations using earthquake data, in the 50-to-
110 s period band using 125 stations. All symbols are defined as in Fig. 2.10.

source time function. The globe is subdivided into an equal-area grid with 1° x 1° spac-
ing at the equator including 9834 grid nodes. Surface wave ray tracing is implemented
as introduced in Section 2.2.1, after performing a least-square fitting via Cholesky fac-
torization (Press et al., 1992) to find the generalized spherical-harmonic coefficients of
the phase-velocity map. For any given virtual source (station) and receiver (grid node),
we obtain travel-time and distance by tracing the ray between them. Then, we time

reverse the recorded signals, and back propagate them with time by implementing eq.

(5).

Synthetic data were first computed by propagating waves through the isotropic 100 s
Rayleigh-wave phase-velocity map of Trampert and Woodhouse (2003). In the first test,

stations were deployed along an equal-epicentral-distance curve (4500 km), equally
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Fig. 2.15 Snapshots of time-reversal simulations using earthquake data, in the 40-to-90
s period band using 125 stations. All symbols are defined as in Fig. 2.10.

spaced from one another. Fig. 2.3(d) shows that the time-reversed wavefield clearly
focuses onto the ‘input’ source location; and, at the moment of focusing, no significant

signal is seen away from the source.

In another test, we used synthetics from 89 selected station locations (I and IU net-
works), distributed as uniformly as possible over the globe. We show in Fig. 2.4 some
snapshots of our time-reversal simulations. The reconstructed signal at the location of
source is shown in Fig. 2.6 and the time-reversed wavefield focuses correctly at the
expected location and origin time of the signal (Fig. 2.4(b)). In this case, however,
the non-uniformity in station distribution results in significant non-zero time-reversed
energy away (but not very far) from the source. Its pattern is determined by the inter-

ference between time-reversed wave fronts emitted by the different stations.
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Fig. 2.16 Proxy E;(t) for seismic energy defined by eq. 7 with t = 600 s, computed
from data band-pass filtered between 80 and 120s (as in Fig. 2.10). E; is normalized
to 1 and plotted only in the area where it is large, coinciding with the source region of
the Sumatra event. The epicenter is denoted by a yellow star. The black contours are
plotted at increments of 0.1.

In order to test how the accuracy of the velocity model is important for the convergence
of the method, we performed another test where we time-reversed and backpropagated
the same synthetics as above, in a model that involved no lateral heterogeneity, that is,
100 s Rayleigh-wave phase velocity is constant and equal to 4 km/s . The time-reversed
wavefield in Fig. 2.5 focuses at the location 247 km away from the correct source lo-
cation. Fig. 5(e) shows the difference between the two cases: with and without the
velocity model, that is, Figs 2.4(b) and 2.5(b). The main peak during the focusing is not
as sharp as when a realistic, heterogeneous phase velocity model is used to backpropa-

gate the synthetics as shown in Fig. 2.6.

A set of synthetic data was next computed based on Trampert and Woodhouse (2003)
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Fig. 2.17 Rupture progression. The distribution of energy radiation at different time
intervals. The rupture starts just west of northern Sumatra and advances in a northward
direction all the way to Andaman Islands.

azimuthally anisotropic map of 100s Rayleigh-wave velocity, neglecting the 4¢ term in
eq. 1, and keeping the 2( and isotropic terms only. Fig. 2.7 shows some snapshots
of our simulation. This new set of synthetics was then time-reversed and back propa-
gated twice: first in the same, anisotropic model used to compute them, and then in the
isotropic model used earlier. The time-reversed wave fields so obtained are very sim-
ilar, and differences in the mapped source area are minor. “Anisotropic” time reversal
of synthetics that contain anisotropy results in an excellent fit of the trace recorded at
the source with the source time function while “isotropic” time reversal of the same
synthetic results in a 1s error in focusing time (Fig. 2.8), but an essentially equivalent
spatial distribution of the time-reversed signal as shown in Fig. 2.7. Thus, in the fol-
lowing, for the sake of simplicity, we only account for isotropic velocity heterogeneity

in all our simulations.
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Fig. 2.18 Integrated energy over 600 s after initiation of the earthquake obtained time-
reversing seismograms bandpass filtered between (a) 40-t0-90 s and (b) 50-to-110 s.

2.5 Application to Earthquake data

We apply our surface wave ray-tracing and time-reversal algorithm to recordings of the
2004 December 26, Sumatra-Andaman Earthquake, Mw = 9.3, 00:58:53. Being one of
the largest and most studied earthquakes of all times, we use it as an ideal test case for
our method because of its large energy release and to compare our results with those

obtained by using other techniques.

First, 89 seismograms were downloaded from the IRIS/USGS Global Seismographic
Network (GSN, Fig. 2.10, black triangle) (USGS, 1988; Scripps Institution of Oceanog-
raphy, 1986), which we selected because of the relative spatial uniformity in station
distribution. Next, we further increased the number of stations from 89 to 125, includ-
ing data from IC (Albuquerque Seismological Laboratory (ASL)/USGS, 1992), MN
(MedNet Project Partner Institutions, 1990) and G (GEOSCOPE, 1982) networks (Fig.
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Fig. 2.19 Cumulative energy radiation obtained by averaging results from time reversal
in all three passbands.

2.13). This way we verified whether our result varies with station coverage.

We removed the instrumental response for each trace, and apply a 80-to-120 s band-
pass filter. Filtered data are shown in Fig. 2.9. We next apply the procedure described
in Section 4. The heterogeneous phase velocity model for Rayleigh waves at 100 s is
taken from Trampert and Woodhouse (2003). We find that the backward propagating
wavefield focuses on the expected source location. We show in Fig. 2.10 snapshots
of time-reversed wavefield. Fig. 2.10(b) shows the maximum focusing at 3.31°N and
95.85°E that corresponds to the USGS estimate of 3.316°N and 95.854°E. We repeat
surface wave ray-tracing and time reversal simulation in the 40-to-90 and 50-to-110 s

bands and show the results in Figs 2.11 and 2.12. Again, phase velocity maps at 60
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and 80 s are taken from Trampert and Woodhouse (2003). The accuracy of source lo-
calization appears to be slightly decreased with a significant reduction in the width of
the passband. Further, we increase the number of stations to 125 and then perform the
time-reversal simulation for all those three bands. The results are consistent with those
of the 89-station simulations as shown in Figs 2.13, 2.14 and 2.15 for 80-to-120, 40-to-
90 and 50-to-110 s respectively, with sharpest focusing at the epicenter achieved in the

respective band.

We next squared the time-reversed trace (80-to-120 s), then integrate it over time to

obtain a proxy for the energy propagating through grid point j at time t,

Ey(t) =~ /0 t aj(t)dt (7)

where a;(7) is the amplitude of the time-reversed signal at grid node j and time .

Because the signal a; is a displacement, it is understood that E; is not strictly energy.
Still, its distribution in time and space should be very closely related to that of energy, at
least at the scale length that is of interest here. We therefore integrate a;(¢) over 600 s
after the initiation of the earthquake (Fig. 2.16) to obtain a rough estimate of the relative
strength of total energy released as a function of location. We show in Fig. 2.17 how
E;(t) varies with ¢ over the grid and observe the migration of rupture from south towards
the north with rupture lasting nearly 600 s after initiation of the earthquake. The plotted
area is limited to the only part of the globe where an important amount of energy accu-
mulates. Time in Fig. 2.17 is measured after initiation of the earthquake. We found the
strongest energy radiation in the southern portion, to the west of the northern Sumatra,
followed by a second important radiation to the north of the Nicobar Island, as depicted

in Fig. 2.17.

Finally, we apply the same procedure of time-reversal in the 40-to-90 s, 50-to-110 s

passbands. The results are shown in Fig. 2.18. We average the energy radiation esti-
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mates obtained from the time reversal simulation at 40-t0-90 s, 50-to-110 s and 80-to-
120 s passbands, and show it in Fig. 2.19. This confirms our earlier result, with large
energy emission in two regions. In summary, our results are in good agreement with
the conclusion drawn by Ishii et al. (2005, fig. 4), Kriiger and Ohrnberger (2005, fig.
3) and Larmat et al. (2006) about the slip distribution and the migration of rupture in an

unilateral direction from south towards the north.

2.6 Summary and Conclusions

We treat narrow-frequency band surface wave signals as membrane waves, which we
model via ray tracing on the sphere similar to Boschi and Woodhouse (2006), thus
reducing the computational weight of numerical simulations. Our surface wave ray-
tracing algorithm is based on the generalized spherical harmonic parametrization, and
the time reversal method is used to reconstruct the surface wavefield in the immediate
vicinity of the source region. As an example, the spatial distribution of energy radiation
from the 2004 Sumatra earthquake is estimated via our method. By comparison with
independent studies based on different data and techniques, we infer that our method
is successful in mapping the source of the earthquake in both space and time, tracing
its direction of rupture propagation and locating areas where most energy is released.
Specifically, our results are in good agreement with existing finite-source models of the
events (Ammon et al., 2005; Banerjee et al., 2005; Ni et al., 2005; Bletery et al., 2016).
In all those models, most energy release occurs to the northwest of the Sumatra Island

and near the Nicobar Island.

This study encourages further application of our method, in particular to the 3-D map-
ping of seismic faults, both in space and time. This will require the calculation of time
reversal at a dense suite of surface wave modes, and their combination, with account
of respective depth sensitivities. It will be the topic of future work. As discussed in

many other studies (e.g., Fink, 2006; Boschi et al., 2018), the time-reversed wavefield
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includes a non-physical contribution, that is, a signal that propagates away from the
source after focusing, cannot be easily removed. For this non-physical effect to disap-
pear, the source process itself should be modelled, introducing a time reversed forcing

term referred to as ‘sink’. This issue will be addressed in future work.
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CHAPTER 3

Imaging of seismic sources by surface-wave time-reversal: very

long-period earthquakes

Apsara Sharma Dhakal', Lapo Boschi'*3, Simone Cesca®
(submitted to Geophys. J. Int.)
1234 ABSTRACT

The study of very long-period events in volcanic settings is of fundamental importance
to better understand the physics of volcanic plumbing systems. We locate long-duration,
very long period events in Mayotte, Comoro Islands, using a source-imaging method
developed recently, and previously validated by application to large earthquakes. Our
approach combines seismic time-reversal with a surface-wave ray tracing algorithm
based on generalized spherical-harmonic parameterization of surface-wave phase ve-
locity, and accounting for azimuthal anisotropy. This new application focuses on dif-
ferent, very low-frequency signals recorded at regional to teleseismic distances, which
have been attributed to the drainage and resonance of a deep magma reservoir. We
first conduct synthetic tests to quantify the resolving power of our method, given the
available data coverage for the events of interest. We then use low-frequency Rayleigh-
wave signals recorded by different stations, reverse them in time and back propagate
them through a surface-wave phase-velocity model. The time-reversed wave field has a
prominent maximum at the spatial location(s) and time(s) where and when the recorded

signal had been generated. From the time- and space-distribution of such maximum,
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Paris, France
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we can make inferences on the nature of the source. Our results are in good agreement
with centroid locations by moment tensor inversion. We show that our methodology
is applicable to volcanic settings, possibly providing new insights into the nature of
very long-period seismic sources related to volcanic activity. A precise location of such

events helps constraining the depth, size and geometry of the seismogenic volume.

Keywords: Very long-period signal, Mayotte Island, Seismic Time-reversal, surface-

wave ray tracing

56



3.1 Introduction

Volcano seismicity produces volcanic signals at frequencies ranging from zero to sev-
eral tens of Hz, which includes volcanic tremors, long period (LP), very long period
(VLP) and volcano-tectonic or high-frequency earthquakes (Chouet, 1996; McNutt,
2005; Wassermann, 2012; Bean et al., 2014; Montesinos et al., 2021). LP events and
volcanic tremors share the same spectral components, they differ in duration. The for-
mer events are short (seconds) whereas the latter can last from few minutes to hours,
days, or even months. The study of VLP events can provide information on the tempo-
ral variation of the physical properties of magma, as well as the geometry of a plumbing

system.

It is a challenging task to locate such events in a volcanic setup, because volcanoes are
very heterogeneous structures, due to their magmatic dynamics and to the accumula-
tion of different materials from successive eruptions. Furthermore, these seismic sig-
nals may be the result of low-cohesion volcaniclastic sediments (Rowley et al., 2021) or
long-lasting resonance or multiple excitations along spatially extended structures. From
the point of view of seismology, this might translate into a lack of recognizable direct P

and/or S phases, unclear onsets, and ringing.

As computational power continues to grow, different approaches have been introduced
to address this issue, including the combination of cross correlation between recording
stations and triangulation (Obara, 2002), relocation (Shelly et al., 2006), full-waveform
inversion (Ohminato et al., 1998; Legrand et al., 2000; Lokmer et al., 2007), amplitude
decay (Battaglia et al., 2003; Battaglia and Aki, 2003; Kumagai et al., 2011; Morioka
et al., 2017; Gaete et al., 2019), polarization-based methods (Del Pezzo and Patané,
1992; Saccorotti et al., 2007; Cesca et al., 2008; Gaete et al., 2019), coherence-analysis
of the characteristic function (Kao and Shan, 2004; Grigoli et al., 2013, 2014; Gaete
et al., 2019), cross-correlation (De Barros et al., 2009; Matoza et al., 2013, 2014) and

particle motion analysis (Metaxian et al., 2002; Almendros et al., 2002). Despite all
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this progress, it seems that more work is still needed to identify a robust, consensual

approach to source inversion in the volcano-seismology context.

So-called acoustic time reversal (Fink, 1999, 2006; Fink et al., 2003), which was origi-
nally applied, e.g., in the contexts of medical imaging, communication and non-destructive
testing, has also been employed to localize sources of mechanical waves (earthquakes),
in laboratory experiments and based on real-world seismology data (Larmat et al., 2006,
2008; Anderson et al., 2008; Griffa et al., 2008; Sharma Dhakal et al., 2023). Some au-
thors were also successful in using this approach to locate volcanic and non-volcanic

tremors (Lokmer et al., 2009; Larmat et al., 2009).

The method used in this study has been described and validated in Sharma Dhakal et al.
(2023); it includes the calculation of surface wave ray paths on a spherical earth ac-
counting for laterally varying azimuthal anisotropy. Our method is restricted to surface-

wave data which are approximated as membrane waves and modeled via ray tracing.

The present study focuses on the volcano-tectonic crisis in the Comoro Islands, which
started in 2018 offshore the island of Mayotte (Cesca et al., 2020; Lemoine et al., 2020).
The volcano-tectonic seismic sequence, driven by a large magma intrusion, was ac-
companied by long duration VLP signals, recorded up to thousand kilometers distance
(Cesca et al., 2020). It is difficult to locate such VLP events due to the lack of clear
signal onsets, and/or seismic phases. We thus investigate the potential of our method to

infer their source location and radiation pattern.

3.2 Study Area

Mayotte is a “territorial collectivity” of France, situated 300 km northwest of Madagas-
car and 450 km off the east African coast. It is a volcanic island, with a land area of

374 km?, and home to 299,348 (2022) population. Volcanic activity is supposed to have
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started around 10-20 Ma (Pelleter et al., 2014; Michon, 2016); recently reported vol-
canic events occurred within a few thousand years in the eastern part of Mayotte (Zinke
et al., 2003). Around 265 km of its coastline consists of cliffs that separate variably
embayed tiny beaches of sand and sandy mud. The area has been affected by a number
of tectonic events, including a NE-SW-trending rifting episode that occurred during the
Permo-Triassic (Scrutton et al., 1981). About 407 VLP signals and 7,000 VT earth-
quakes were recorded in between January 2018 and May 2019 (Cesca et al., 2020). The
largest event ever recorded in this region (5.9 M,,) occurred during this sequence, on

May 15, 2018, (Lemoine et al., 2020; Cesca et al., 2020).

3.3 Synthetic experiment

We conducted a synthetic test to quantify the resolving power of our method. The
test reproduces the real-world data coverage for the events of interest, and relies on
the available, real surface-wave phase-velocity models. We first subdivided the globe
into an equal-area grid, with spacing of 0.5° X 0.5°. Overall, 259,920 grid nodes were
used. A Ricker wavelet with 35 s dominant period was used as a source time func-
tion. Accordingly, Rayleigh wave propagation was modeled based on the isotropic 35
s Rayleigh-wave phase-velocity map of Ekstrom (2011). Synthetic seismograms were

computed at 44 hypothetical station locations, uniformly distributed over the globe.

First, we trace Rayleigh-wave rays, and calculate Rayleigh-wave phase as described in
Boschi and Woodhouse (2006), for each virtual source (station) and receiver (grid node)
(Sharma Dhakal et al., 2023). Next, we time-reverse the computed synthetics and back-
propagate them through the same phase-velocity map used to model them. Snapshots of
the reversed wavefield at few, selected times are shown in Fig. 3.1. Fig. 3.2 shows the
reconstructed signal, as a function of time, at the known location of the source. We find
that the amplitude of the time-reversed, back-propagated field is highest at the known

time and location of the initial source (Fig. 3.1(b)). We also find that, at that location,
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the recorded signal approximately coincides with the known theoretical signal emitted
by the source (Fig. 3.2). All this confirms the reliability of our method, even though

only a relatively small number of non-uniformly distributed stations were employed.

The fact that non-physical signal continues to exist in the time-reversed, back-propagated
wave field (Fig. 3.1c) reflects a known limit of acoustic and seismic time-reversal that
has been discussed previously (e.g., Boschi et al., 2018), i.e., the absence of an energy

“sink” in the time-reversed simulation. This will be addressed in future work.

2 Saaaaa— 4
—0.0002 0.0000 0.0002

Fig. 3.1 Snapshots of the time-reversed simulation at (left to right) 500, 0 and -100s.
Positive and negative time correspond to the time before and after focusing of wave field
in the source location. Respectively (i.e., the time-reversed simulations start at positive
time and ends at negative time). Time t=0 s represents the origin time of the “input”
source — a 35 s Ricker wavelet. Black triangles and the yellow circle represent station
and source locations, respectively.

3.4 Thelarge VLP event of November 11, 2018

A sequence of earthquakes was recorded over a period of one year followed by larger
event of 5.9 magnitude on 15 May 2018 near Mayotte island. Further, a long-lasting
VLP event was detected in November 2018 with dominant period of ~16 s, and other
VLPs were detected over a period of few months (Cesca et al., 2020; Lemoine et al.,

2020). In this study, we apply our method to the 44 vertical component recordings ex-
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Fig. 3.2 Normalized, time-reversed, back propagated displacement (red dashed curve)
modeled at the source location. This signal overlaps very well with the originally emit-
ted signal (blue solid curve).

tracted from 2018 June to 2018 November, in order to locate the VLP events.

First, we took the vertical component of the displacement of seismograms (Fig. 3.3)
from one of the largest VLP events (the one recorded on November 11, 2018, with an
estimated-surface wave magnitude of M 5.1, and which has been linked with the defla-
tion of the main magmatic reservoir reservoir (Cesca et al., 2020; Lemoine et al., 2020))
and pre-process the data as follows. After removing the instrumental response, we elim-
inate any existing gaps in the traces by zero-padding; we, taper the beginning and end
of seismograms to reduce the effect of noise; we resample each trace to match the time
step used in the back-propagation method. Then, each trace is band-pass filtered in
the 20-40s, 20-60s, 20-100s and 20-140s period bands. We trace Rayleigh-wave ray
paths on a heterogeneous phase velocity model from Ekstrom (2011), specifically the
35s, 40s, 60s and 80s, approximately corresponding to the four period bands of interest.
Traces are reversed in time and backpropagated through the same maps. Fig. 3.4(b)
show that the amplitude of the time-reversed, back-propagated wavefield is maximum
at 45.5°E, 12.7°S, which coincides with the location of the VLP event as reported by

Cesca et al.(2020) (i.e., precisely at 45.50°E, 12.75°S).

Fig. 3.4 confirms our expectations, based on earlier applications by Boschi et al.

(2018) and Sharma Dhakal et al. (2023). It shows, first of all, that the time-reversed
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Fig. 3.3 Normalized vertical-component seismograms of 2018 November 11 VLP
event, filtered in the period bands 20-40s.

back-propagated converges to a prominent maximum at the expected original source
location. Also, non-physical signal appears after focusing, as anticipated above and
shown in Fig. 3.1. Fig. 3.5 shows our estimate of the signal as it is emitted by the
source. It has a duration of 1000s, and this is very close to the duration estimated
independently by Cesca et al. (2020) (~20 min).

We repeat our time reversal simulation in the 20-60 s period band, so as to reconstruct
the seismic source. Its location is found to be approximately same as in the previous (20-
40s) simulation, confirming that our results are not strongly dependent on the frequency
band. Moreover, the time-reversed, backpropagated signals calculated at the source
location is also similar with the ones obtained in the 20-40s period band (Fig. 3.5). We
determine a rough estimate of the spatial distribution of released energy by squaring, at
each location, the time-reversed, back-propagated traces for each band and integrating
them over time after initiation of the event to 20s. The results of this exercise are
illustrated in Fig. 3.6, which shows that most energy is released in the vicinity, and
slightly to the east-northeast, of the previously estimated location. We explain the (non-
physical) ringing that characterizes Fig. 3.6 in terms of constructive interference of
time-reversed wave-field, which is almost monochromatic: this is a limitation of our
method, that can be mitigated by combining signals at different periods. This VLP

event has been found to be linked with the deflation of the main magmatic reservoir
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Fig. 3.4 Results of surface wave ray tracing time reversal simulation using real data (11
November 2018, M, 5.1), in the 20-40s period band using recordings from 44 stations.
Here time t = 0 s is VLP initiation time (catalog reported by Cesca et al. (2020)).
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Fig. 3.5 Time-reversed signal recorded at the epicenter of the VLP event (11 November
2018) as reconstructed by time-reversal simulation in 20-40s (red curve) and 20-60s
(blue curve) period bands. Again, time t=0 is defined as the origin time of the event.

(Cesca et al., 2020; Lemoine et al., 2020).

3.5 Smaller VLP events

We apply our method to several other VLP events. To limit the effect of non homogene-
ity in the azimuthal distribution of seismic stations, which could deteriorate the focusing
of the time-reversed wave field, we are forced to discard recordings from more densely
instrumented area: after making such a selection, we are left with 30 seismic stations
only, from several different networks. Using the associated recordings, we locate four

VLP events with estimated surface-wave magnitudes M, 4.7, 5.0, 4.6, 5.0, that oc-
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Fig. 3.6 Integrated energy over 20s after the initiation of November 11, 2018, VLP
event obtained by time-reversal and back-propagation of Rayleigh waves after band-
pass filtering between (a) 20-40s and (b) 20-60s. The yellow star shows the source
location estimated by Cesca et al. (2020) via centroid-moment-tensor inversion.
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Fig. 3.7 Time-reversed signal recorded at epicenter of 16 July 2018 VLP event of M,
5.02 as reconstructed by time-reversal simulation in 20-40s (red curve) and 20-60s (blue
curve) period bands.

curred on 21 September, 31 July, 15 June, and 16 July 2018, respectively. It has been
suggested that all these VLP events were triggered by the failure of the roof of a deep
magma reservoir (Cesca et al., 2020). Our findings are generally in good agreement
with the catalog provided by Cesca et al.(2020). Fig. 3.7 represents the time-reversed
signal obtained at source location for 16 July 2018 VLP event, showing a source dura-
tion of less than 1,000s. Fig. 3.8 shows the energy distribution map for all the events of
interest, with maxima always very close to independently estimated source locations. It
has been suggested that all these VLP events were triggered by the failure of the roof of

a deep magma reservoir (Cesca et al., 2020).
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Fig. 3.8 Integrated energy over 20s after the initiation of a) June 15, b) July 16, c)
July 31 and d) September 21, 2018, VLP events obtained from 20-40s period band
simulation. Yellow stars as in Fig. 3.6.

Finally, we extend our analysis to the VLP event significantly smaller than the ones
discussed above, that occurred on 7 February 2019, with an estimated surface wave
magnitude of M, of 3.4. We are able to use only 16 recordings from this event and thus
perform the time-reversal simulation in the 20-40s band. Figures 3.9 and 3.10 show
that there is no focusing of the time-reversed wave field, and/or the associated energy
release, at the original location of the source. Therefore, the effectiveness of our method
for lower magnitude events seems to be limited by the number of station and their dis-

tribution.
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Fig. 3.9 Results of time-reversal simulation in 20-40s period band using 16 seismic
recordings of 7 February 2019 VLP event (M, 3.4). Here, in panel (b) no convergence
is seen at source location and time that corresponds to origin position and time of the
event.

3.6 Discussion and Conclusions

We time-reversed and back-propagated Rayleigh-wave seismograms, and identified the
time(s) and place(s) of convergence of the time-reversed wave field to constrain the
location, spatial extension, origin time and duration of VLP events within a volcanic
active region near Mayotte Island. We analyzed five VLP events that occurred between
June and November 2018 with a dominant period of ~16 sec and compared our location
estimates with those obtained by centroid moment tensor inversion (Cesca et al., 2020):
we find only small discrepancies (about 20 km on average, a fraction of the wave length

of time-reversed data).

We found that the location uncertainty can be strongly influenced by the network geom-
etry. For example, locally dense deployments (e.g., from network PF) can bias the loca-
tion result. For this reason, in our study, we selected stations distributed homogeneously
with different azimuths and distances, removing e.g., some redundant recordings from
network PF. However, the sharpness of focusing of time-reversed wavefield increases

with an increasing number of stations and better azimuthal coverage. For example, we
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Fig. 3.10 Integrated energy for a smaller VLP event of M, 3.4.

found that the wave field for the 16 July VLP event remains more diffuse, compared to
the one occurred on 11 November VLP, which was recorded by more stations. Overall,
our results indicated that relying on a limited, realistic number of seismic stations, our

method gives a satisfactory time-reversal source location for such events.

An advantage of separating surface-wave frequencies and studying the corresponding
wave fields individually is that, besides location, this also allows the characterization
of the spatial characteristic of a source process with time. Also, the combination of
different imaging fields provides a deeper understanding of the source process and the
volume in which the re-broadcast is propagating. In an attempt to facilitate the visual

identification of the proxy for energy propagation, we analyze the cumulative squared
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time-reversed displacement at each grid point from the time of initiation of the event to
20 s. Figs 3.6(a) and 3.8(b) show estimated energy distribution in both space and time,
based on the 20-40 s band-passed time reversal simulations of the VLP events that oc-
curred on 11 November and 16 July, respectively. Most of the time-reversed energy is
mapped at the source location estimated by Cesca et al. (2020) via centroid moment

tensor inversion (Fig. 3.8).

In the future, we plan to further improve the accuracy of our method, working on several
limitations whose effects are apparent from this study. For instance, the signal of VLP
events is typically dominated by 16 s period, and our simulation could only be carried
out up to 25 s, due to the current unavailability of global phase-velocity models below
25 s. Further our method can be extended to map seismic faults in three dimensions. For
this, we need to time-reverse and back-propagated a very dense suite of surface wave
modes, and then combine them, with account of respective depth sensitivities. Finally,
as explained by Fink (2006) and Boschi et al. (2018), a modelled time-reversed wave
field does not simply disappear after focusing on the location of the original source but
continues to propagate backward in time. For this non-physical signal to disappear,
the source process itself needs to be modelled (backwards in time), introducing a term
referred to as ‘sink’ that should absorb energy radiated during the later stages of the rup-
ture process. This issue will be addressed in future works. Achieving these goals will
contribute to our understanding on the geometry of magma plumbing systems beneath
volcanoes, and to our ability of successfully forecasting eruptive activity, an important

issue in the assessment of volcanic hazards.
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CHAPTER 4

Preliminary application to 2023 )/, 7.8 Turkey earthquake

ABSTRACT

The magnitude M,, 7.8 event, associated with the East Anatolian Fault system, that
occurred on 6 February 2023, is one of the most devastating earthquakes in Turkey af-
ter the 1939 M, 7.9 Erzincan earthquake. We apply surface wave time-reversal to the
vertical-component of seismograms for this event, using recordings from 86 stations of
the Global Seismographic Network (GSN), CH and IV network. In the following, we
show our resulting estimates for the direction of rupture propagation, its spatial extent

and duration.

Keywords: Rupture, Turkey earthquake, Time-reversal, Ray tracing
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4.1 Introduction

4.1.1 Study area

The tectonic characteristics of central southern Turkey and northwestern Syria are con-
trolled by convergence of three major plates: the African Plate, the Arabian Plate and
the Anatolian Plate (McKenzie, 1972; Dewey et al., 1973). The Dead Sea Transform
(DST), a major zone of sinistral strike-slip, accommodates differential motion between
the African and Arabian plates. The northern end of the DST terminates at the East
Anatolian Fault (EAF), which is another major active tectonic structure of the Eastern
Mediterranean region. This fault is mainly characterized by left-lateral strike-slip and
accommodates the overall westward movement of the Anatolian Plate and northward
movement of the Arabian Plate (Dewey et al., 1986; Barka et al., 1997). It is a complex
system that runs from Karliova triple junction in the northeast, terminating at the North
Anatolian Fault zone, and can be sub-divided into 16 different segments based on the
fault step overs, separation or change in the fault strike (Emre et al., 2018). The slip
rate varies along the system, decreasing south-westwards, with a maximum value of 10
millimeters per year near Karliova segment, down to 2.5 millimeters per year on the

Cardak segment (Giivercin et al., 2022).

Several large, damaging earthquake have occurred in the past few hundred years on
the various segments of EAF, including 1893 (M, 7.1, Erkenek), 1971 (M, 606, Kar-
liova) and 2020 (M,, 6.8, Piitiirge) events (Giivercin et al., 2022; Milkereit et al., 2004).
The recent earthquake of magnitude M, 7.8 that occurred on February 6, 2023 is also
associated with the EAF system, and caused massive damage to buildings and infras-
tructures and, more than 57,000 casualties in Turkey and Syria. The earthquake was
located at 37.23°N and 37.019°E, with hypocentral depth of 13.1 km. A strong after-
shock of M, 6.8 occurred, just ten minutes after the mainshock. Approximately nine
hours later, an earthquake of magnitude M, 7.5 occurred near the city of Ekindziil,
Turkey. This earthquake is associated with the northern strand of the EAF. Over two

weeks following the mainshock, around 7451 aftershocks were recorded, 433 of which
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Fig. 4.1 Vertical component recordings of 2023 February 6, M,, 7.8 Turkey earthquake
from 86 stations, filtered in the period band 20-to-55 s.

have magnitude exceeding M, 5.0 (Cetin et al., 2023).

4.2 February 6, 2023 Mw 7.8 Turkey earthquake

We apply our surface wave ray-tracing and time-reversal method to the vertical-component

of recordings of the 2023 February 6, Turkey earthquake, M,, = 7.8, 01:17:35. We took

86 recordings from IRIS/USGS Global Seismographic Network (GSN) (Scripps Institu-

tion of Oceanography, 1986; Albuquerque Seismological Laboratory/USGS, 2014), IV

(Istituto Nazionale di Geofisica e Vulcanologia (INGV), 2005) and CH (Swiss Seismo-

logical Service (SED) At ETH Zurich, 1983) networks that are distributed as uniformly

as possible over the globe.
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Fig. 4.2 Snapshots of the vertical component of the time-reversed wave field at different
times, for 2023 February 26, M, 7.8 Turkey earthquake in the 20-to-55 s period band
using recordings from 86 stations (shown as black triangles). We have chosen t=0 s
to correspond to the earthquake origin time as reported by the USGS. Snapshots (a) is
taken at time t=700s; (b) at t =0 s and (c) at t = -300 s.

We remove the instrumental response for each trace, resample them to match the time
step used in the back-propagation and apply a band-pass filter in the 20-to-55 s period
band (Fig. 4.1). Further, we trace Rayleigh-wave ray paths in a heterogeneous phase
velocity map from Ekstrom (2011), specifically at 35 sec. It is found that the back-
propagated wavefield focuses on the expected source location. Fig. 4.2 shows global
snapshots of the time-reversed wavefield; only the region of interest is ahown in Fig.
4.2(b), at the moment of maximum focusing of the time-reversed wave field. The main

peak occurs at 37.23°N and 37.03°E, which approximately coincides with the epicenter
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of USGS estimate.
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Fig. 4.3 Approximate estimate of seismic energy computed from data bandpass filtered
between 20 and 55 s. Energy is normalized to 1 and plotted only in the area where it is
large. A yellow star denotes the USGS epicenter location.

We next squared the time-reversed trace (20-to-55 s), integrate them over time from the
initiation of earthquake to 140 s, and obtain a rough estimate of relative strength of total
energy released as a function of location (Fig. 4.3). Fig. 4.4 shows energy variation
with time over the grid. We observe unilateral propagation of rupture to the northeast of
the East Anatolian Fault and then continues bilaterally to the northeast and southwest
along the East Anatolian Fault. Our result somehow resembles with the conclusion

drawn recently by Melgar et al. (2023) and Petersen et al. (2023).
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Fig. 4.4 Rupture progression for 2023 February 26 Turkey earthquake. The distribution
of energy radiation at different times interval. The rupture migrates unilaterally towards
the northeast and further propagates bilaterally to northeast and southwest along the
EAF segment. A red star denotes the USGS epicenter location; white lines represent
the surface expressions of the fault (and the coastlines).
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CHAPTER 5

CONCLUSIONS

5.1 Summary of this thesis’ contribution

The main contribution of this thesis is the application of surface-wave time reversal to
three problems in earthquake localization and source reconstruction: the great Suma-
tra earthquake, the 6 February 6 2023 M, 7.8 Turkey earthquake and a sequence of
anomalous events associated with volcanism at Mayotte Island. We model surface-
waves propagation (whether forward or backward in time) via the membrane-wave ap-
proach (Tanimoto, 1990; Peter et al., 2009). This rests on the fundamental result that
the scalar, two-dimensional wave equation can be used to model surface wave propa-
gation in a laterally smooth, lossless half-space, thus reducing the computational costs.
We implement Rayleigh-wave propagation via ray tracing on a spherical earth using
Boschi and Woodhouse’s (2006) algorithm, which, importantly, allows to account not
only for isotropic phase velocity heterogeneity, but also for laterally varying azimuthal
anisotropy of surface-wave phase velocity. The algorithm used here is an improvement
with respect to Boschi and Woodhouse (2006), in that a numerical optimization tech-
nique, the golden section search method, was introduced in the software module that
traces rays. The golden section search is an effective way to more rapidly narrow down
the search range to a smaller interval, until optimiziation is achieved. Convergence to
the correct initial azimuth and ray path is much faster, reducing significantly the com-

putational time.

The main motivation of our work was to incorporate, in order to reconstruct seismic
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sources more accurately than currently possible, a segment of seismogram that is typ-
ically not included in source inversions: the surface waves. This would supplement
the current slip inversion techniques, which primarily rely on seismic observations of
high frequency (~ 1HZ) such as body waves or geodetic observations of almost zero-
frequency, such as GPS and INSAR. However, these methods are unable to take advan-

tage of the extensive information contained in surface-wave frequencies.

The benefit of seismic time reversal over other methods is that it does not require any
prior interpretation of time-series data and gradually trace the time-reversal wave-field
to reconstruct the refocusing region. Thus, a solution exists where the set of waves that
diverge from a source (which may include reflected, refracted, or scattered) and pre-
cisely retrace all of the complex paths and converge at the original source location, as

if time was moving backwards.

The computational expense of our method highly depends on the number of source-
station pairs, as well as the spatial separation between grid nodes. Our method is
straightforward to be parallelized since ray tracing for each station is independent. One
simulation for one station is carried out in one CPU, i.e., for 89 stations, 89 CPUs are
used. The computation time to run whole simulation is ~ 10 hours when a grid spacing
of 1° X 1° is used (Sumatra earthquake) and ~ 26 hours for 0.5° X 0.5° (very long

period events).

We begin with a series of synthetic experiments to test the effectiveness of our time-
reversal method with the station distribution and error in velocity model. When we refer
to synthetic numerical tests, it means that both the forward and backward propagation
are carried out numerically, i.e., with theoretical seismograms rather than real-world

data, are time-reversed and back-propagated.

a) The first test verifies that almost perfect focusing can be achieved at the correct

source location and at the appropriate origin time, if stations are densely distributed at
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uniform azimuthal coverage around the source. This is a confirmation that our theory
is correct and our software error-free. Of course, reducing the density and uniformity
of the stations reduces the accuracy of our method, but we find that our results are sat-

isfactory, and the method can be useful, when applied to “realistic” station distributions.

b) The second test quantifies the importance of the accuracy of the velocity model for
the convergence of our time-reversed wave field. Synthetics computed in a heteroge-
neous model are backpropagated through a homogeneous model. It is found that the
computed time-reversed wave field converges about 250 kilometers away from the ac-
tual source position as depicted in Fig. 2.5(e) (Chapter 2). Also, the main peak at the
time of focusing is not as precise, compared to when the correct phase velocity model
is used for backpropagation. We conclude that results from the time-reversal simula-
tion are significantly affected by the accuracy of the velocity model used for modeling

backpropagation.

¢) A third test is conducted to determine whether taking into account azimuthal anisotropy
should impact our results. The test shows that time-reversed wave fields obtained with
and without anisotropy are very similar: the error in the reconstructed origin time is on

the order of a few seconds.

In summary, the reliability of our method mostly depends on the density and uniformity

of station coverage, and on the reliability of phase velocity models.

After validating our method by synthetic tests, we applied it to 89 recordings (IRIS/USGS
Global Seismographic Network) from the magnitude of M, 9.3 December 26, 2004,
Sumatra-Andaman earthquake. This is an important, further test, since Sumatra is one
of the largest and mostly studied earthquakes of all times, and there exist a large liter-
ature against which we compared our results. We performed time-reversal simulations
in the 40-t0-90, 50-to-120 and 80-to-120 s bands and found that the time-reversal and

backward propagation of the vertical-component seismograms resulted in focusing the
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signal at the location and time of the source i.e., epicenter and origin time of the earth-

quake, as estimated by other authors.

We next mapped the energy distribution in space and time associated with the earth-
quake. We obtained a proxy for the energy propagation and found rupture propagation
to be unidirectional, i.e., from south to north, with the rupture lasting nearly 600 s after
the initiation of the earthquake. Also, we found two areas where most of the energy
appears to be released. The strongest energy radiation occurred to the southwest of
northern Sumatra, followed by a second important radiation to the north of the Nicobar
Island. These estimates are in good agreement with other studies (Ammon et al., 2005;
Ishii et al., 2005; Kriiger and Ohrnberger, 2005; Lay et al., 2005). Also we relocate the
6 February 2023 Turkey earthquake and map the migration of its rupture that is found

to be bilateral along the EAF segment.

Finally, we applied our method to a very different class of events: very low-frequency
signals recorded at regional and teleseismic distances on Mayotte Island, a volcanic is-
land. Again, we conducted synthetic tests to determine the effectiveness of our approach
at this scale and for events of this magnitude, considering the extent of data coverage
available for the VLP events of interest. Locating and characterizing the source of VLP
events is challenging due to the lack of a distinct arrival of P- and S-waves, and because
the onsets of seismic arrival are systematically unclear. For the largest VLP event on
11 November 2019, with an estimated surface-wave magnitude M, of 5.1, we used 44
recordings and conducted time-reversal simulations in four different frequency bands:
20-t0-40, 20-to-60, 20-100 and 20-140 s. By identifying the maximum convergence of
time-reversed wave field, we located the position and time of the event and compared
our results with those obtained through centroid moment tensor inversion (Cesca et al.,
2020). The location is very consistent for all the simulations, indicating that our results
are not strongly dependent on the frequency band. The average location error is found
to be in order of 20 km. Additionally, we estimated the waveform of the signal emitted

by the source, which had a duration of 1000 seconds. We found the time-reversed en-
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ergy of the event to be concentrated very near the source coordinates, as estimated by

centroid moment tensor inversion.

As previously discussed, the location accuracy of our method is dependent on the dis-
tribution and geometry of recording instruments. Due to the scarcity of recordings for
lower-magnitude VLP events at Mayotte, the focusing of the associated time-reversed
wave field is significantly less sharp than for larger VLP events. However, we have
successfully reconstructed the location for four different VLP events with estimated
surface-wave magnitude M, of 4.7, 5.0, 4.6 and 5.0 using only 30 seismic stations.
Again, the locations we have identified are consistent with those in the catalog provided
by Cesca et al. (2020) within the same margin of error. It has been suggested that all
these VLP events were triggered by the failure of the roof of a deep magma reservoir
(Cesca et al., 2020). Events with lower magnitudes are more difficult to observe, and
our method accordingly appears to be less effective. We applied it to a smaller VLP
event. with surface wave magnitude only 3.4, for which only 16 recordings were avail-
able. The result revealed no focusing of the wave-field at the original location of the

source.

5.2 Future contributions

The conclusions of the previous section suggests that better results could be obtained
with small-magnitude event, if one could increase the number of time-reversed/back-
propagated recordings. In the exercise described in chapter 3, recognizable arrivals
were “picked” before time-reversal. But, the focusing of the time-reversed field is a
consequence of constructive interference, and we speculate that, in the time-reversed
field, very noisy seismograms could still contribute to sharpen the focusing. This de-

serves to be explored in future work.

One important limitation of our study is that it is entirely two-dimensional. It should be

86



seen, though, as the first step towards the reconstruction of three-dimensional maps of
seismic slip, both in space and time. This will require conducting time-reversal simula-
tion at a dense range of surface wave modes, accounting for their respective depth sensi-
tivities. Since surface waves of different frequencies have different penetration depths,
i.e., they are sensitive to different depths of subsurfaces; multiple, two-dimensional
time-reversal simulations of surface waves will be conducted at different frequencies.
Then, the results obtained from these multiple time-reversal simulation would be com-
bined to create a three-dimensional map of seismic slips. This way we could explore

the resolving power of our method in vertical direction (i.e., in depth).

Additionally, according to Fink (2006) and Boschi et al. (2018), the time-reversed wave
field does not simply disappear after focusing on the location of the original source, but
continues to travel backward in time. To eliminate this non-physical signal, the source
process itself needs to be modeled backward in time, introducing a term referred to as
a ‘sink’ that absorbs energy radiated during the later stage of the rupture process. This
issue needs to be addressed in future studies. Hence, the implementation of a sink (time-
reversed source) is required to absorb the time-reversed wave precisely at the original
source location and at the exact refocusing time, and without it, the time-reversed wave
field cannot be made zero for times before the initial seismic source was activated. The
idea of using a sink to remove outgoing wave, so that the total field is equal to the in-
coming one, has recently been extended to microwaves and acoustic waves (de Rosny
and Fink, 2002; Pu et al., 2012). It requires a prior knowledge of the incoming signal.
This issue needs to be addressed in future studies. One possible approach would be to
divide the source mapping process into two steps. The first step would involve emitting
the original signal at the exact time of merging (i.e., interruption in time reversal prior to
the focusing) that would suppress the diverging wave thus allowing the reconstruction
of the surface-wave field in the immediate vicinity of the source. Second step would
involve the reconstructed near-field displacement to be treated as data in a classic linear
inverse problem (as demonstrated in Ide (2007)), with slip on the fault as the unknown

variables.
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Finally, once the above issues are addressed, it will be important to implement a way to
evaluate the uncertainties associated with maps of the seismic source provided by our
method. This could be achieved, for example, via a boot-strapping technique (Efron,
1981), conducting separate time-reversal simulations with different subsets of the avail-
able station array, and measuring the discrepancy between the corresponding results:
the smaller the discrepancy, the lower the uncertainty in the results. This has not been
implemented in our current version of the code, which is still in ”beta phase”, but will

be worked out in our future efforts.
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1. Abstract 7. Results: Synthetic Test

The study of long-period events in volcanic settings is of fundamental importance to
better understand the physics of volcanic plumbing systems. We locate long-duration,
long-period events at Mayotte, Comoro Islands, using a source-imaging method re-
cently developed and previously validated by application to large earthquakes. Our
approach combines seismic time-reversal with a surface-wave ray tracing algorithm
based on generalized spherical-harmonic parameterization of surface-wave phase ve-
locity, and accounting for azimuthal anisotropy. This new application focuses on dif-
ferent, low-frequency signals recorded at regional to teleseismic distances, which have
been attributed to the drainage and resonance of a deep magma reservoir.

We first conduct synthetic tests to quantify the resolving power of our method, given
the available data coverage for the events of interest. We then use low-frequency
Rayleigh-wave signals recorded by different stations, reverse them in time and back
propagate them through a surface-wave phase-velocity model. The time-reversed wave
field has a prominent maximum at the spatial location(s) and time(s) where and when
the recorded signal had been generated. From the time- and space-distribution of such
maximum, we can make inferences on the nature of the source. Our results are in
good agreement with centroid locations by moment tensor inversion. We show that
our methodology is applicable to volcanic settings, possibly providing new insights
into the nature of long-period seismic sources related to volcanic activity. A precise
location of such events helps constraining the depth, size and geometry of the seismo-
genic volume.

2. Introduction

Volcano seismicity produces a wide range of volcanic signals that includes volcanic
tremor, long period and very long period as well as volcano tectonic or high-frequency
earthquakes. LP events are short where as volcanic tremor can last to few minutes,
hours or even days. Locating such events using travel time inversion is difficult due
to lack of clear seismic onsets. Different methods have been introduced to relocate
such events that includes relocation method (Shelly et al. 2006), Source Scanning
Algorithm (SSA)(Kao et al. 2005), full-waveform inversion (Legrand et al. 2000),
polarization and amplitude decay method (Gaete et al. 2019) have been implemented
to relocate such events but are limited to only a part of signal i.e., the direct arrival. In
this study, to locate such events, we use a different approach that is restricted to the
surface wave data, which can be approximated as membrane waves and modelled via
ray-tracing.

3. Study Area

Our study focuses on one of the volcanic Comoros archipelago (Mayotte Island) lo-
cated in the northern part of the Mozambique channel, between Northwestern Mada-
gascar and Northeastern Mozambique. It is home to a population of 299,348 (2022)
population. This region is affected by multiple tectonic processes that includes episode
of NE-SW trend rift. Volcanism at Mayotte is supposed to have started at about 10-20
Ma and subsequently migrated to produce other islands. The latest volcanic erruption
documented was at about 4kyr ago.

At the present time, there is a diffuse and moderate seismicity in the archipelago and
few historically felt events. A peak M,, 5.9 earthquake occured on 15 May 2018, the
largest ever recorded in the region. Over a period of one year starting from 10 May
2018, around 32 (VT) earthquakes of magnitude greater than 5 was recorded.

The method includes combination of seismic time reversal approach with the surface
wave ray-tracing algorithm based on a generalized spherical-harmonic parameteriza-
tion of a surface wave phase velocity, accounting for azimuthal anistotropy. It is ap-
plied to surface wave signals that are filtered within a narrow-frequency band and
model its propagation via membrane wave approach which lowers the computational
costs as well as eases the visualization of the propagating wave fields. The method is
breifly described in Dhakal et al. (2022) which is an extension to the global sacle of
that of Boschi et al. (2018) where the flat-earth ray-tracing scheme is replaced with
the one of Boschi & Woodhouse (2006).

5. Workflow
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10. Conclusions
We implemented the concept of surface wave ray tracing and time reversal method
to five seismic VLP signals provided with a good velocity model. Tracing the spatial
time-reversed wave field, we reconstructed the focusing area where maximum am-
plitude correspond to the right time and location of 11 November, 2018 VLP event.
Similarly, we were able to locate four more such events that occured in 15 June, 16
July, 31 July and 21 September 2018. Our results are in good agreement with the
centroid location obtained by using moment tensor inversion.Further using the time-
reversed displacement value, we traced the distribution of energy for such events with
time and found to be unidirectional propagating northeast.
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The study of long-period events in a volcanic setting is of fundamental importance to better understand the physics of volcanic plumbing systems. We locate
such events using a source-imaging method developed by our team, and successfully applied, e.g., to the great Sumatra earthquake (Dhakal et al. 2022). Our
approach combines seismic time reversal with a surface-wave ray tracing algorithm based on generalized spherical-harmonic parameterization of surface-
wave phase velocity, and accounting for azimuthal anisotropy. We present a new application, to recordings of a suite of Mayotte events that Cesca et al. (2020)
have already studied and interpreted in terms of the drainage of a magma reservoir.

We first conduct synthetic tests to quantify the resolving power of our method, given the available data coverage for the events of interest. We then use low-
frequency Rayleigh wave signals recorded by different stations, reverse them in time and back propagate them through a surface-wave phase-velocity model.
The time-reversed wave field has a prominent maximum at the spatial location(s) and time(s) where and when the recorded signal had been generated. From
the time- and space-distribution of such maximum, we can make inferences on the nature of the source. Results so obtained are compared with those
determined by Cesca et al. (2020) via moment tensor inversion and found to be in good agreement. We infer that our methodology is applicable to voleanic
settings, possibly providing new insights into the nature of long-period seismic sources related to volcanic activity. The precise location of such events can
provide better constraints on the depth interpretations and the extent of the seismic source.
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