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Zusammenfassung

In Subduktionszonen, in denen sich eine tektonische Platte unter die andere schiebt, ereignen
sich die groBten Erdbeben der Erde. Diese Zonen zeichnen sich durch eine starke
Erdbebentitigkeit aus und sind fiir 95 % der Energiefreisetzung durch Erdbeben auf der Erde
verantwortlich. Der obere Teil der Subduktionszone (d. h. die Megathrust) erzeugte die groBten
jemals aufgezeichneten Erdbeben wie das Valdivia-Erdbeben von 1960 in Chile, das Sumatra-
Erdbeben von 2004 in Indonesien und das Tohoku-Oki-Erdbeben von 2011 in Japan. Die
Entschliisselung des Verhaltens dieses Teils der Subduktionszone, der die bedeutendsten
Erdbeben und verheerenden Tsunamis hervorruft, ist ein entscheidender Schritt nach vorn in
der Erdbebengeowissenschaft. Die Beobachtung von nur einem Bruchteil eines einzelnen
Megathrust-Erdbebenzyklus und die Offshore-Lage der Quelle dieser Erdbeben sind die
Hauptgriinde fiir das unzureichende Verstindnis. Die unzureichende Offshore-Beobachtung
und die Unvollstindigkeit der interseismischen Daten haben die Erdbebenforscher dazu
veranlasst, analoge und numerische Modellierungsansidtze anzuwenden, um den
Zusammenhang zwischen kurzfristiger elastischer (d. h. koseismischer) und langfristiger
permanenter (d. h. mehrere seismische Zyklen umfassender) Verformung der
Subduktionszonen aufzudecken. Die Aufdeckung dieser Beziehungen ermdglicht es uns, zu
ermitteln, nach welchen lang- und kurzfristigen Signalen Erdbebenforscher suchen sollten, um
die seismische Zyklusgeschichte der Subduktionszone zu entschliisseln.

In dieser Forschungsarbeit untersuche ich ein vereinfachtes analoges Modell einer
Subduktionszone vom Tiefseegraben bis zum Vulkanbogen und etwa 240 km entlang des
Streichens der Subduktionszone unter Verwendung von elastoplastischem granularem Material
und analogem Stick-Slip-Material im Labormaflstab. Die Erstellung allgemeiner
seismotektonischer Modelle ermoglicht es mir, Hunderte von seismischen Megathrust-
Erdbebenzyklen zu erzeugen wund die erdbebenbedingten Oberflichen- und
Querschnittsverformungsmuster mit hoher rdumlicher und zeitlicher Auflosung zu iiberwachen.
Ich versuche zu demonstrieren, welche Oberflichendeformationssignale die Reibung und die
mechanischen Verdnderungen an der Grenzfliche iiber koseismische und frithe postseismische
Phasen und interseismische Intervalle hinweg erzeugen. Dariliber hinaus untersuche ich auf
einer lidngeren Zeitskala (Dutzende bis Hunderte von Erdbebenzyklen), welche
Oberflichendeformationsmuster im Forearc, vom Graben bis zur Kiistenregion, dauerhaft
erhalten werden konnen. Dies liefert den Erdbebengeowissenschaftlern wichtige
Beobachtungen, um die Oberfldchendeformation des Plattenrandes mit den elastoplastischen
Prozessen unter der Oberfliche im flachen Teil der Subduktionsgrenze zu verbinden.

Ich wende eine geoditische Inversionstechnik zur Ableitung des koseismischen Versatzes
entlang der Megathrust auf analoge grabenbrechende und nicht grabenbrechende Megathrust
Erdbeben an, um zu demonstrieren, wie eine begrenzte geoditische Offshore-Abdeckung
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koseismische Versatzmodelle beeinflusst. Die aus analogen Erdbeben abgeleiteten
Versatzmodelle zeigen quantitative und qualitative Verdnderungen in Abhéngigkeit von der
Offshore-Abdeckung: 1) Flacher Versatzkann nicht aufgelost werden, wenn die
Beobachtungsabdeckung des Offshore-Segments <50% ist. 2) Das Versatzsmuster eines
flachen Ereignisses kippt von landwiérts zu grabenwérts vergent, wenn die Offshore-Abdeckung
auf <40% sinkt. 3) Im Falle keiner kiistennahen Abdeckung konvergiert das Versatzmuster flir
beide Ereignistypen zu einem dhnlichen unimodalen Muster. Dariiber hinaus schliee ich auf
eine 5-20%ige Uberschitzung des Versatzes, wenn die Beobachtungen oberhalb der flachen
Versatzzone wihrend grabenbrechenden Ereignissen liegen, gegeniiber einer 5-10%igen
Unterschitzung wéhrend nicht grabenbrechenden Ereignissen, wenn die Beobachtungen
landgebunden sind. Aullerdem kann die fiir grabenbrechende Briiche abgeleitete Momentgrofie
beeinflusst werden.

Dariiber hinaus ahme ich homogene und heterogene Megathrust-Grenzflichen im
Labormalistab nach, um die Dehnungsrelaxation an den beiden elastisch nicht identischen
Platten zu iiberwachen, indem ich analoge Materialien einsetze, die ratenabhédngige
Festigkeiten zeigen. Ich schlage einen sequentiellen elastischen Rebound vor, der dem
koseismischen Scherspannungsabfall in den elastischen Reibungsmodellen folgt: einen
schnellen Rebound der oberen Platte und den verzogerten und kleineren Rebound an der
abtauchenden Platte. Der verzogerte Rebound der abtauchenden Platte, zusammen mit der
schnellen Entspannung der oberen Platte nach einem elastischen Uberschieen, beschleunigt
die Wiederkopplung der Megathrust. Diese Beschleunigung 19st/begiinstigt das Versagen einer
nahe gelegenen Asperity und verstirkt das friihe Riickgleiten im Bruchbereich.

Die langfristige reibungs-elastoplastische Wechselwirkung zwischen der Grenzfldche und dem
dariiber liegenden Keil verursacht variable Oberflaichendehnungssignale. Ich habe zwei
Keilkonfigurationen mit koseismischer Kompression und Dehnung erstellt, um die
mechanische und kinematische Wechselwirkung zwischen dem flachen Keil und der
Grenzflache zu untersuchen. Die Ergebnisse zeigen, dass diese Wechselwirkung den Keil in
verschiedene Segmente aufteilen kann. Ich hebe hervor, dass eine stirker segmentierte obere
Platte eine Subduktions-Megathrust darstellt, die mehr charakteristische und periodische
Ereignisse erzeugt. Dariiber hinaus veranschaulichen die Ergebnisse, dass verschiedene
Keilsegmente  ihren  Zustand von  Kompressions-/Dehnungs- zu  Extensions-
/Kompressionsbereichen wechseln konnen. Dariiber hinaus zeigt die Zeitreihe der Dehnungen
in der Kiistenzone, dass der Dehnungszustand iiber einige seismische Zyklen quasistabil
bleiben kann, bevor er in einen entgegengesetzten Verkiirzuungs-Modus iibergeht. Diese
Beobachtungen sind von entscheidender Bedeutung fiir die Bewertung erdbebenbedingter
morphotektonischer Marker (z. B. Meeresterrassen) und kurzfristiger interseismischer GPS-
Zeitserien an Land (Kiistenregion).
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Summary

Subduction zones, where one tectonic plate slides underneath the other, host the largest
earthquakes on Earth. These zones are characterized by intense earthquake activity and are
responsible for 95 % of all moment releases on Earth. The shallow portion of the subduction
zone interface (i.e., megathrust) generated the largest ever recorded earthquakes, such as the
1960 Valdivia earthquake in Chile, the 2004 Sumatra earthquake in Indonesia, and the 2011
Tohoku-Oki earthquake in Japan on the Earth. Unwrapping the behavior of this portion of the
subduction zone, which generates the most significant earthquakes and devastating tsunamis,
is a vital step forward in earthquake geoscience. Monitoring only a fraction of a single
megathrust earthquake cycle and the offshore location of the source of these earthquakes are
the foremost reasons for the insufficient understanding. The insufficient offshore observation
and the interseismic data incompleteness led earthquake scientists to employ analog and
numerical modeling approaches to unfold the linkage between short-term elastic (i.e.,
coseismic) and long-term permanent (i.e., several seismic cycles) deformation of the subduction
zones. Revealing these relationships allows us to identify which long and short-term signals
earthquake scientists should look for remotely or in the field to unwrap the subduction zone’s
seismic cycle history.

In this research, I investigate a simplified analog model of a subduction zone from trench to the
location of volcanic arc and 240 km along strike using elastoplastic granular material and stick-
slip analog material at a laboratory scale. Establishing generic seismotectonic scale models
enables me to generate hundreds of megathrust seismic cycles and monitor the earthquake-
related surface and cross-sectional deformation pattern at high resolution in both space and
time. I attempt to demonstrate what surface deformation signals the frictional and mechanical
changes on the interface generates over coseismic and early postseismic stages and interseismic
intervals. Additionally, at a more extended time scale (tens to hundreds of earthquake cycles),
I study what surface strain pattern in the forearc from trench to the coastal region can be

permanently preserved. This provides critical observations for earthquake geoscientists to tie
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forearc surface deformation to subsurface elastoplastic processes at the shallow portion of the
subduction interface.

I apply a geodetic slip inversion technique to analog trench-breaking and non-trench-breaking
megathrust earthquakes to demonstrate how limited offshore geodetic coverage affects
coseismic slip models. The slip models derived from analog earthquakes show quantitative and
qualitative changes as a function of offshore coverage: 1) Shallow slip cannot be resolved if the
observation coverage of the offshore segment is <50%. 2) the slip pattern of shallow event flips
from landward to trenchward skewed as offshore coverage reduces to <40%. 3) In the case of
no offshore coverage, the slip pattern for both event types converges to a similar unimodal
pattern. Additionally, I infer 5-20% slip overestimation when the observations are above the
high slipping zone during trench-breaking events versus 5-10% underestimation during non-
trench-breaking events if observations are land-limited. Moreover, the moment magnitude

derived for trench-breaking ruptures might be affected.

Furthermore, I mimic homogenous and heterogeneous megathrust interfaces at the laboratory
scale to monitor the strain relaxation on the two elastically non-identical plates by establishing
analog velocity weakening and strengthening materials. I propose a sequential elastic rebound
that follows the coseismic shear-stress drop in the elastic-frictional models: a fast rebound of
the upper plate and the delayed and smaller rebound on the slab. The delayed rebound of the
slab, along with the rapid relaxation of the upper plate after an elastic overshooting, accelerates
the relocking of the megathrust. This acceleration triggers/antedates the failure of a nearby
asperity and enhances the early backslip in the rupture area.

The long-term frictional-elastoplastic interaction between the interface and its overlying wedge
causes variable surface strain signals. 1 establish two coseismically compressional and
extensional wedge configurations to explore the mechanical and kinematic interaction between
the shallow wedge and the interface. The results demonstrate that this interaction can partition
the wedge into different segments. I highlight that a more segmented upper plate represents a
subduction megathrust that generates more characteristic and periodic events. Moreover, the
results illustrate that different wedge segments may switch their state from
compression/extension to extension/compression domains. Additionally, the strain time series
of the coastal zone reveals that the strain state may remain quasi-stable over a few seismic
cycles before switching to the opposite mode. These observations are key for evaluating
earthquake-related morphotectonic markers (i.e., marine terraces) and short-term interseismic

GPS time-series onshore (coastal region).
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Chapter 1: Introduction

1.1 Thesis objectives and outline

The shallow portion of the subduction zone interface, the so-called “megathrust” (Lay et al.
2012), generated the largest ever recorded earthquakes, such as the 1960 Valdivia earthquake
in Chile (Lorenzo-Martin, Roth, and Wang 2006; Luo et al. 2020), 2004 Sumatra earthquake in
Indonesia (Chlieh et al. 2007; Subarya et al. 2006), and 2011 Tohoku-Oki earthquake in Japan
(Loveless and Meade 2011; Simons et al. 2011) on the Earth. At the same time, many of the
subduction zone host high populations in their coastal regions. Apart from the risk of volcanic
eruptions, the subduction-related hazards put the population at a risky position in three direct
and indirect ways through megathrust earthquakes, tsunami, and upper plate fault earthquakes
(e.g., 1995 Kobe earthquake in Japan and 2010 Pichilemu earthquakes in Chile). This attribute
of the megathrusts, along with their location offshore, raises challenges and has made them

become the most difficult seismically active zone to be studied.

To solve the multifaceted behavior of the subduction zones seismic cycles at different timescale,
a considerable amount of valued seismological (Schurr et al. 2014; Sippl et al. 2018), geodetical
(Bedford et al. 2020; Chlieh et al. 2008; Moreno, Rosenau, and Oncken 2010), geological
(Saillard et al. 2017), analog modeling (Caniven and Dominguez 2021; Corbi et al. 2013; Kosari
et al. 2020; Rosenau, Corbi, and Dominguez 2017a), and numerical studies (Dinther et al. 2013;
Menant et al. 2020; Wang et al. 2018, 2019) as an independent or integrated approach have
been done, and many are still in progress on these highly active tectonic setting. High temporal
and spatial resolution surface displacement observations have been provided for earthquake
scientists thanks to Radar and GPS technology. However, they only contribute to the study of
coseismic/postseismic and a fraction of the interseismic interval of a single seismic cycle
(Avouac 2015). Investigating such data reveals how the coastal region goes under strain and
how vertical deformation patterns look (Figure 1) (Hoffmann et al. 2018; Klein et al. 2017;
Motagh et al. 2010) and slip (coseismic and slow slip) and short-term locking of the interface
have been inferred (Jolivet et al. 2020). However, the remote-sensing data predominantly cover
the onshore part of the upper plate in the subduction zone. The distance from the coastline to
trench varies from tens of kilometers to hundreds of kilometers in different subduction zone as
its average exceeds 100 km (Figure 2). In most cases, these distances are equivalent to the gap

of near-source observations.
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The insufficient offshore observation and the interseismic data incompleteness led earthquake
scientists to employ analog and numerical modeling approaches to unfold the linkage between
short-term elastic (i.e., coseismic) and long-term permanent (i.e., several seismic cycles)
deformation of the subduction zones. Revealing these relationships allows us to identify which
long and short-term signals earthquake scientists should look for remotely or in the field to
unwrap the history of the subduction zone’s seismic cycle; hence, “the past is the key to the

future”.

4

BrTo

Figure 1- 1: Coseismic and early-postseismic surface deformation pattern in the direction of the line
of sight derived from different large earthquakes in the Chilean subduction zone: a) Sentinel-1
unwrapped interferogram of the 2015 Illapel earthquake (Mw 8.3). b) Radarsat?2 unwrapped
interferogram of the Iquique 2014 earthquake (Mw 8.2 (Hoffmann et al. 2018)). ¢) Envisat
unwrapped interferogram of the 2007 Tocopilla earthquake (Mw 7.8) (Motagh et al. 2010).

Since not much direct data are available from the shallow portion of the subduction interface,
which is mainly offshore, exploring forearc reactions in terms of stress build-up and stress drop
may provide a clue as to what is going on at depth. If the assumption is factual that the
megathrust interface and the overlaying wedge (i.e., forearc) are mechanically coupled, any
variation in interface’s friction and mechanical state may be traceable as changes in the

(surface) deformation pattern of the forearc.

In this study, I investigate a generic, simplified analog model of a subduction zone from trench
to the location of volcanic arc and 240 km along strike using elastoplastic granular material and

stick-slip analog material at a laboratory scale. The laboratory analog experiments enable us to
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generate hundreds of megathrust seismic cycles and monitor the earthquake-related surface and
cross-sectional deformation pattern at high resolution in both space and time. Data reduction
(in coverage, density, resolution, dimension) allows us to study the effect of incomplete data,
e.g., limited coverage or different temporal and spatial resolutions. I attempt to demonstrate
that what surface deformation signals the frictional and mechanical changes on the interface
generates over coseismic and early postseismic stages, and interseismic intervals, both
elastically and permanently. This provides key observations for earthquake geoscientists to tie
forearc surface deformation to subsurface elastoplastic processes at the shallow portion of the

subduction interface.

Here I propose a few crucial challenges on the short- and long-term deformation of the
subduction zones and try to address them by designing and running appropriate analog models:
In chapter 2, I study how insufficient near-source observations may affect the inference of
megathrust slip distribution and eventually bias our interpretations. In chapter 3, I show how
the forearc reacts to a full stress-drop on the interface during the early postseismic phase. In
chapter 3, finally, I focus on longer timescales, from tens to hundreds of megathrust earthquake
cycles, and study what surface strain pattern in the forearc from trench to the coastal region can
be preserved. To what extent are the strain states in the different segments of forearc similar?
Furthermore, can the behavior of the offshore segment of the forearc be interpreted via onshore-

limited surface observations?

Longitude
130°0°0"W 30°00"W 20°00°E 010" 170°00°E

Figure 1- 2: Location of the subduction zones and their geometry (Hayes et al. 2018) and the distance
from trench to the coastline (blue bar charts) in different subduction zones (Malatesta et al. 2021).
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Chapters 2-4 of this dissertation are published or under-review research articles. Finally, in the
fifth chapter, the key results of this research and remind steps for further research have been

summarized.

1.2 Plate tectonic concept

Plate tectonics is a unifying concept that discusses the deformation patterns in the crust,
distribution of earthquakes, continental drift, and seafloor spreading. This concept explains the
mechanisms by which the crust and mantle of the Earth have evolved and shows that the
lithosphere (the outermost layer of the Earth), behaves as a relatively rigid substance resting on
a weaker layer in the mantle (i.e., asthenosphere). Additionally, this model proposed that the
lithosphere consists of multiple plates that move with respect to one another while they are

changing in shape and size moderately but constantly.

The plates move against and/or towards each other while moving in different speeds and various
directions defined by their rotation (Euler) poles on the spherical Earth. These plate motions
cause three different types of plate boundaries, including constructive, destructive, and
conservative. Constructive plate boundaries are characterized by diverging plates. This
divergent margin forms a gap along the separation region which is immediately filled by
basaltic melts generated from the uprising mantle asthenosphere and thus generates (constructs)
new crust. The divergent margins are represented by the mid-ocean ridges (i.e., seafloor
mountain belts). Conservative plate boundaries occur where two plates touch each other and
slide past each other. These boundaries are characterized by strike-slip or transform faulting
and are commonly called transform fault plate margins. Destructive plate boundaries are
characterized by converging plates where two plates move towards each other. They can be
either collisional if two continental plates meet or subduction zones where oceanic and
continental (or another oceanic) plates meet. In the latter case, at the meeting point of the two
plates, the denser plate is pulled beneath (subducted), the less dense plate, and eventually goes
down into the depths of the mantle and melts. These margins are known as “subduction zones”.
From a global perspective, the drifting apart of the plates at constructive margins must be
compensated by the opposite movement and destruction of the lithosphere at destructive

boundaries (Frisch, Meschede, and Blakey 2010; Kearey, Klepeis, and Vine 2009).
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Figure 1- 3: Earth seismicity map. The epicenter of the earthquakes with magnitudes equal and
larger than 6 in the period from 1900 to 2021 is overlayed on the world SRTM30 digital elevation

model. Note that majority of the large earthquakes are concentrated in the subduction zZones.

1.3 Earthquakes in subduction zones

Subduction zones are characterized by intense earthquake activity and are responsible for 95 %
of all earthquakes on Earth (Figure 3). One of the features that makes these areas unique is that
subductions host earthquakes with three different depth ranges: (1) shallow earthquakes,
earthquakes with epicenters from near the surface to depths of 70—100 km; (2) intermediate
earthquakes with depths between 70 and 400 km; and (3) deep earthquakes with depths between
350 and 700 km (Figure 4). Maximum stress is accumulated at the plate interface, where the
subducting plate and the overriding plate interact by dragging, pushing, and pulling forces
(Turcotte and Schubert 2002). These forces are induced by coupling of the two plates being
locked at a depth range of 0 to 70 km controlled by pressure-temperature conditions
(Oleskevich, Hyndman, and Wang 1999; Syracuse et al. 2010). Below this depth range, thermal
conditions allow stable sliding through crystal plastic (ductile, viscous) processes of the two

plates, and stress accumulation decreases to a minimum.
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Figure 1- 4: Cross-section of a subduction zone showing the different types of earthquake

mechanisms. The shallow extensional earthquakes occur in the outer-rise in the subducting plate.
The uppermost area of the interface is dominated by shallow megathrust earthquakes caused by
horizontal compression. Dewatering causes intermediate earthquakes to depths of 400 km. Deep
earthquakes are probably created by the mineral phase transition in depths between 350 and 700 km
(Frisch et al. 2010; Green 1994).

The mechanisms of earthquakes in subduction zones may also be different. The bending zone
of the subducting plate, known as outer rise, is characterized by shallow normal faulting
earthquakes caused by horizontal tensional stress in accordance with the formation of
extensional structures (e.g., grabens). The Shallow earthquakes along the subduction zone are
generated by horizontal compression and the friction between the two converging plates. The
largest earthquakes on the Earth (e.g., Japan in 1923, Kamchatka in 1952, Chile in 1960, Alaska
in 1964, Sumatra in 2004, Japan in 2011) occur within this zone and represent thrust
mechanism. In this type of earthquake, which are known as megathrust events, the downgoing
plates subduct with a rate of a few centimeters per year at a shallow angle beneath the overlying
continental crust. The occurrence of large earthquakes in intervals of several decades to
centuries demonstrates that the movement in the zone of friction between the two plates occurs
in an apparent irregular way. Shallow thrust mechanism earthquakes in subduction zones can
cause two types of devastation that can threaten coastal areas through earthquake shaking and
tsunami generation (e.g., Japan 2011 and Sumatra 2004 tsunamis). The internal stress within

the slab (i.e., subduction plate) generates the deepest earthquakes in subduction zones.

7|Page



Chapter 1: Introduction

Intermediate and deep earthquakes are mostly tensional and compressional, respectively, while
these two active zones show a gap of low seismic activity in between. The dense lithosphere of
the ongoing plate sinks into the asthenosphere because of its higher density. This leads to

downward-directed tensional stress within the plate and tension-caused earthquakes.

1.4 Megathrust seismic cycle
The earthquake "cycle" refers to the observation that earthquakes repeatedly (in a time span of

100 years) rupture a segment/segments of a given fault. An earthquake cycle can be
decomposed into different phases, including interseismic, coseismic rupture, and postseismic
phases (Figure). Our understanding of the earthquake cycle progressively grows while it leads
to improving our models as well. Below four main earthquake cycle models have been

summarized:

A p ~100s yr

Shear
stress
Coseismic
rupture

Postseismic

’ Time

Figure I- 5: Simplified overview of different phases of an earthquake cycle (Hicks 2015).

Periodic model: the frictional strength, the stress changes following the earthquake (i.e., stress
drop), and slip on the fault are constant from event to event. It means that the timing of an
earthquake and its magnitude are predictable. Timepredictable model: earthquakes occur when
stress level reaches a threshold, but the amount of stress drop and the magnitude of slip may
vary from one earthquake to another. If the strain rate of the interseismic phase is constant and
that the magnitude of slip from the latest earthquake is known, this model predicts the timing
of the next earthquake. However, the slip magnitude of that next earthquake is not predictable.
Slip-predictable model: Displacement on a fault (slip) during earthquake arrests when the stress
level drops to a critical level, but the stress level and strain accumulation at the time of rupture
may vary between earthquakes. The model suggests that in the case of a constant interseismic
strain accumulation rate, knowledge of the time since the latest earthquake, the magnitude of

slip of the next earthquake is predictable. The clustered-slip model: In this model, also called
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the “Wallace type” model, a cascade of earthquakes may occur in temporal clusters. When a
cluster initiates is unpredictable, but whenever an earthquake does occur, the likelihood of

another earthquake occurring afterward is high (Burbank and Anderson 2011).

Subduction zone megathrust faults host Earth’s largest earthquakes while generated about 90%
of the Earth’s seismic moment in the 20® Century. This is released by devastating seismic
events such as the largest ever recorded earthquakes: The Mw 9.5 Chile event in 1960, the Mw
9.2 Alaska event in 1964, and Tohoku-Oki event in 2011 (Lay et al. 2011; Lay and Bilek 2007,
Pacheco and Sykes 1992) along with multitudes of smaller events that accommodate plate
convergence. Sliding from the trench to the downdip transition to ductile deformation is
accommodated by a combination of rapid earthquakes (small to large earthquakes), slow-slip

events, and quasi-static creep (Figure 6).

200 150 100 50 0
Distance from Trench, km

w
Slow slip/Tremor

Figure 1- 6: A: Near-trench domain where tsunami earthquakes or anelastic deformation and stable
sliding occur; B: Central megathrust domain where large slip occurs with minor short-period seismic
radiation; C: Downdip domain where moderate slip occurs with significant coherent short-period
seismic radiation; D: Transitional domain where slow slip events, low-frequency earthquakes (LFEs),

and seismic tremor can occur (Lay et al. 2012).

The analysis of geodetic data at different timescales from megathrust events led to a generalized
model of the deformation cycle at subduction zones. This model generally corresponds to the
elastic rebound theory (Reid, 1910) and includes three main phases: (1) interseismic strain
accumulation, (2) fast coseismic stress release, and (3) transient postseismic relaxation (Figures
7 and 8) (Wang, Hu, and He 2012a). (1) The interseismic phase, known as the longest phase of

the seismic cycle, is the period between two earthquakes that can last decades to centuries at
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subduction zones. This period is characterized by a steady accumulation of elastic strain caused
by frictional stresses across the locked plate interface. The interface locking pattern is not
distributed uniformly and might vary in time (Aki 1979; Moreno et al. 2011). The current
locking state and a potential slip deficit of the subduction interface can be determined by
analyzing ground deformation data. Recent studies showed that viscoelastic processes of the
asthenosphere could relax a small portion of the interseismic stress build-up by interface
locking, and this process should be considered when assessing slip deficit in relation to the
seismic hazard (Wang et al. 2012a). Assessing future hazard potential posed by large
earthquakes and related tsunami is the primary goal of studying the interseismic phase.
Evaluating interseismic phase includes GPS measurements (Moreno et al. 2010), coastal long-
term and short-term vertical movement (Saillard et al. 2017; Savage 1995), and satellite

geodesy (Chlieh et al. 2004).
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Figure 1- 7: Simplified seismic cycle on a subduction zone. Displacements at depth, indicated by red
arrows (coseismic) and blue arrows (cumulated over the interseismic period). The shallower portion
of the megathrust, highlighted in red, slips only during transient slip events (interplate earthquakes,
afterslip, or slow slip events) and is fully locked during the interseismic period. b: Displacements at
the surface: The red line represents the surface displacement rate relative to the stable overriding
plate. The blue line represents the long-term surface displacement rate. The difference between the
two curves, depicted by the light green line, represents the contribution of transient slip events

(Avouac 2015).

(2) The interseismic phase terminates with the occurrence of a large earthquake, i.e. the

coseismic phase. The shallow seismogenic part of the subduction plate interface is characterized
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by velocity-weakening behavior, which leads to unstable earthquake slips (Marone 1998;
Christopher H. Scholz 1998) (Figures 6 and 7). A fast (seconds to minutes) failure occurs on
the plate coupling due to frictional instability of the fault interface when a stress level reaches
a threshold and releases (mostly) elastic stress (Kanamori 1986). The large magnitude
megathrust events transfer stress and may affect the adjacent patches to the rupture hypocenter
area. This consequently leads to large aftershocks (Perfettini and Avouac 2004; Tilmann et al.

2016).

(3) The postseismic phase directly follows the coseismic phase while lasting months to years.
This phase is mainly time-dependent and decays in a similar way to rheological laws
(Lange et al., 2014). The phase is characterized by transient ground deformation decaying with
time and involving various processes such as afterslip, viscoelastic relaxation, and relocking
(Marone, Scholtz, and Bilham 1991; Wang et al. 2012a). The amount of postseismic
deformation and energy release has been shown to be equal to the coseismic event (Heki,
Miyazaki, and Tsuji 1997). The separation of the recorded postseismic surface deformation
signal into single components requires prior assumptions about individual Spatio-temporal
characteristics of each process. Near-field and relatively short-wavelength postseismic data are
dominated by elastoplastic afterslip and poroelastic processes. Far-field observations show
long-wavelength deformation patterns that are interpreted as induced by viscoelastic mantle

relaxation extending the traditional elastic rebound theory (Kanamori 1973; Wang et al. 2012a).
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Figure 1- 8: Primary processes after a subduction earthquake. 1) Aseismic afterslip around the

rupture zone, (2) viscoelastic relaxation, and (3) relocking (Wang, Hu, and He 2012b).

1.5 Experimental approaches overview
Analog earthquake modeling is one of the approaches to probe the physics of earthquakes,

seismic-cycle dynamics, and seismotectonic evolution and mimic different seismically active
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tectonic settings. They can be generally be categorized into three groups with increasing realism
and applicability (Figure 9) (Rosenau, Corbi, and Dominguez 2017b): 1) Spring-slider model:
In this model, elastic and frictional elements are physically discrete components while it can be
applied conceptually to Nature. Burridge and Knopoft (1967) established the concept of a chain
of coupled spring-slider systems being able to mimic earthquake occurrence and mechanisms
realistically, and their results highly impacted statistical seismology. 2) Fault block models: In
this model, two elastic blocks are in frictional contact. The blocks may have the same or
different elastic properties. Observations from these models can be qualitatively extrapolated
to Nature. 3) Seismotectonic scale models: In this model, a tectonic setting is realistically
simulated on a small scale and with boundary conditions mimicking the natural prototype.
These models can be directly and often quantitatively upscaled to Nature (Rosenau et al.

2017b).

¢ B Elastic/Elastoplastic
| L
Elastic Block ﬁ‘
v/2
Spring Slider Fault Block Model Seismotectonic Scale Model

Figure 1- 9: Different types of experimental analog models: a) spring-slider model (v is velocity, on
is normal load, and u is friction coefficient); b) fault block model; (c) seismotectonic scale model (a—
b is rate—state parameter, 3 is viscosity, g is gravitational acceleration, and V is force (Rosenau et al.

2017b).

1.6 Model Scaling and similarity
The small-scale laboratory models should share geometric, kinematic, and dynamic similarities

with their prototype to be representative of a natural system as all lengths, time, and forces scale
down from the prototype in a consistent way dictated by scaling laws (King Hubbert 1937).
According to Rosenau et al. (2009), I consider different timescales for coseismic and
interseismic deformation phases. They introduced a “dyadic” timescale that recognizes two
dynamically distinct regimes of the seismic cycle: the quasi-static interseismic regime, where
inertial effects are negligible due to the slow deformation rates, and the dynamic coseismic
regime, which is controlled by inertial effects. This allows us to slow down the earthquake

rupture and speed up the loading phase, keeping dynamic similarity in both stages.
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1.6.1 Interseismic phase scaling

In the quasi-static regime of the inter-seismic phase, scaling is identical to the common scaling
of long-term processes to the lab. For long-term tectonic studies involving materials that deform
brittle or viscous material, two dimensionless numbers, the Smoluchowski and Ramberg

numbers, are of interest according to the deformation regime.

The Smoluchowski number is used to establish dynamic similarity in the case of brittle
deformation. This dimensionless number is defined as the ratio between overburden stress and

material strength.

where p is density (kgm ), g gravitational acceleration (ms2), C cohesion (Pa), and I a
characteristic length, the Ramberg number (Ramberg, 1967) is commonly used to ensure

viscous deformation similarity.

pgl
Ra = —
v/
where 1) is viscosity (Pas) and v a characteristic velocity (Ramberg, 1967).

According to Smoluchowski number, cohesion should scale according to the density and length

scale following the scaling law:
Cx= p* Lx.

where the asterisks represent the model / prototype ratios (i.e., Cx = C model/ C prototype, p*
= p model/p prototype, L* = L model/ L prototype). All quantities with the stress unit (e.g.,

strengths) and elastic moduli share the same scaling.

Table 1: Dimensionless numbers used in analog earthquake models (Rosenau et al. 2017b).

Regime Number Equation Meaning

Quasi-static ~ Smoluchowski  Sm = pgl/C Gravitational-stress—brittle-strength relation
Ramberg Ra= pgll(nvfl)  Gravitational-stress—viscous-strength relation
Stokes St= AP/(nv/l)  Pressure—viscosity relation

Dynamic Reynolds Re = pvily Inertia—viscosity relation
Froude Fr=vl(gh¥ Inertia—gravity relation
Cauchy Ca= pvz/B Inertia—elasticity

13|Page



Chapter 1: Introduction

1.6.2 Coseismic phase scaling

For a short-term time (i.e., coseismic and postseismic stages), Froude scaling is used to reach

dynamic similarity (Rosenau et al., 2009):
Fr = v/ \ gl = inertia /gravitation
while the timescale of the model should be the square root of the length scale:
Tx =+ L*

Note that all accelerations are the same in the model as in the prototype. The Cauchy number
can be used for reaching the stress scale in the dynamic regime (Rosenau, Lohrmann, and

Oncken 2009b):
Ca=pVv?*/B = inertia/elasticity
where B is an elastic modulus.

The model parameters without a dimension should be preserved Poisson’s ratio v, the friction
coefficient, the friction rate and state parameters. An exception to this general scale in-
dependence of dimensionless parameters is the moment magnitude Mw that is related to the

seismic moment (unit Nm) but defined as being dimensionless:
Mw = 2/3 log 10 (Mo) - 10.7

Here I scale up analog earthquake moment magnitude non-linearly by applying the scale factor

of seismic moment MO*:
Mprototype W = Mmodel w— 2 /310gMo*

Typically, magnitudes of analog earthquakes are in the range of —6 to —7, which correspond to

earthquakes of Mw =8-9 in Nature.
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Table 2: Typical scales, scaling relations, and factors in seismotectonic scale models (Rosenau et al.

2019).
Model Parameters and Scaling Relations
Parameters
Dimension Dimensionless
Quantity {M,L,T} Unit Model Nature number Scaling factor
Model geometry Length Seismic 1D L [m] 1 cm 3 km 3310 °
and kinematics slip Recurrence Trec L [m] 100 pm 30 m 3310 °
time Rupture T T [s] 4 s 1000 a Ra= pl’g/ (TlVg 1~3‘10:;0
duration v T [s] <0.1 s <1 min  Fr=v'(g) “ 1810,
Convergence v L/T [m/s] 50 pm/s 60 mm/a 26:10°
velocity Rupture g L/T [m/s] 5 m/s 3 km/s  Ca=pv'?/E 1.8:10
velocity L/T>  [m/s’] 981  m/s° 981  m/s 1
Coseismic acceleration a’ L /T2 Im/ 52] 0.6 m /s2 0.6 m /s2 1
Material properties Friction coefficient® m 0.7 0.7 1
Friction rate parameter a-b +/—0.02 +/—0.02 1
Cohesion CE M/LT®>  [Pa] 10 100 MPa 1.110°°
Young's modulus n M/LT®  [Pa] 100 100 GPa 1.110°°
Viscosity p M/LT  [Pas] 2+10* 10% Pas 1410 '
Density e} M/ [kg/m®] 900  kg/m® 2800  kg/m® 3310
Forces Gravitation I ML/T? [N] 121077
Inertia T ML/T? [N] 1210 Y7
Strength & energy Strength® At M/LT? [Pa] 500 Pa 500 MPa I = plg/t 1.110°°
Stress drop Mo M/LT*  [Pa 100 Pa 100 MPa 111078
Seismic moment ML*/T> [Nm] 1 Nm 310 Nm 4010 %

Note. M = Mass; L = Length; T= Time.

“Interseismic.

bat seismogenic depth.

1.7 The Rate-and-State Framework

In a simple picture, the shear stress 7 along a planar surface is directly proportional to the normal stress

oN acting upon it. With the linear friction coefficient u:

7=u oN

Although a Coulomb friction model is assumed for brittle failure with a constant coefficient of friction, for

systems that switch from stationary (interseismic) to unstable mode (coseismic), two different static and

dynamic frictions have been established (Rabinowicz 1951, 1956). The static friction (ps) holds the two

sides of a fault immobile, called the static friction, and that friction becomes dynamic (ua4) as the two sides

of the fault grind past one another while evolving throughout an earthquake.
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Figure 1- 10: Schematic diagram defining the terms in the rate—state friction law (C. H. Scholz 1998).

The behavior of frictional is commonly defined in the framework of rate-and-state friction
(RSF) (Scholz 2018). The framework describes relations between the coefficient of friction (p),
rate of deformation (V), and “state” (0):

V,0) =u" +al (V)+bl (V*e)
uv,0) =" +aln (=) +bin(

where p* is the coefficient of friction measured at sliding velocity V*. The parameters a and b
represent the frictional properties of the material. The parameter (a — b) represents the velocity-
dependence of p at steady-state, with positive values (i.e. a > b) resulting in velocity-
strengthening and negative values resulting in velocity-weakening behavior (seismogenic zone)
(Figures 10 and 11). The characteristic slip distance Dc controls the slip distance over which
the evolution towards the new steady-state takes place. The evolution of the state parameter 6
is formulated either by the “ageing law” (Dieterich 1979) or “slip law” (Ruina 1983):
d_@ =1- V_9
dt Dc
do ve (ve
a5 (50)
The data from slide-hold—slide experiments demonstrate the effects of time and velocity on
friction. The steady-state sliding follows by a quasi-static holding for a hold time (t), followed
by a resumption of slip at the same slip velocity as before. An increase of friction (Aps) is clear
concurrent with initiation of sliding and followed by a decay to the previous value before
sliding. The static friction (ls) increases with hold time. The data from the velocity stepping
test shows that the slip velocity is abruptly increased by order of magnitude. The dynamic

friction (pa) depends on sliding velocity.
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Figure 1- 11: Experimental results from slide-hold-slide tests (Marone 1998). (A): The strength of
the fault zone increases with increasing hold time. (B): Typical curve of a slide-hold-slide test showing
reloading peaks after 100 s and 10 s. (C): The velocity weakening behavior of fault gouges and rock
surfaces. (D): Evolution of friction during a velocity stepping test (Rudolf 2019).

1.8 Analog materials and experimental setup
The experimental setup is modified from the 3-D setup used in Rosenau et al. (2019). The

subduction forearc model wedge is set up in a glass-sided box (1,000 mm across strike, 800
mm along strike, and 300mmdeep) with a dipping, elastic basal conveyor belt and a rigid
backwall. The analog subduction zone models consist of an elastic-frictional plastic
(elastoplastic) continental lithosphere made of granular material composed of mixtures of rice,
salt, rubber powder. Frictional properties of granular experimental materials, such as
cohesion (C), internal friction coefficient (u), friction rate parameter (a-b) have been measured
using a Schulze ring shear tester. I performed velocity stepping tests at variable normal load
and variable shear rate. The elasticity of experimental materials has been measured using a
uniaxial compression tester. The material tests and the experiments have been run at constant

temperature (23°C) and dry room climate (30—40% humidity).

Zones of velocity weakening controlled stick-slip (“seismic” behavior) are realized by
emplacing compartments of either rice (“main slip patches”) or fine salt grain (“matrix”), which
generate quasi-periodic large and small slip instabilities, respectively, mimicking megathrust

earthquakes of different size and frequency. Large stick-slip instabilities in the main slip
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patch(es) (MSP) are almost complete and recur at low frequency (~0.2 Hz), while those in the
matrix are partial. Slip surfaces developed in the rice and salt show a remarkably regular stick-
slip pattern resulting in a sawtooth-like time-stress curve while increasing the normal load
causes a longer recurrence interval and a larger stress drop. The main “coseismic” deformation
mechanism is particle boundary sliding. A wedge made of an elastoplastic sand- rubber mixture
(50 vol.% quartz sand G12: 50 vol.% EPDM-rubber) to yield desired elastic effects and sieved
into the setup representing a 240 km long forearc segment from the trench to the volcanic arc.
The wedge responds elastically to these basal slip events similar to crustal rebound during

natural subduction megathrust earthquakes.

1.8.1 Laboratory geodesy
To capture horizontal micrometer-scale surface displacements associated with analog

earthquakes at microsecond scale periods, I monitor the model surface with different digital
cameras depending on the required spatial and temporal resolution. Spatial and temporal
resolutions usually represent a negative correlation, as a high spatial resolution can be achieved
with a lower temporal resolution. Digital image correlation (Adam et al. 2005) has been applied
via the DAVIS 8 and10 software (LaVision GmbH, Goéttingen/DE). Data are processed to yield
observational data similar to those from an ideal dense and full coverage (on and offshore)
geodetic network, that is, velocities (or incremental displacements) at locations on the model
surface. I use an analog geodetic slip inversion technique to invert surface displacements for
model megathrust slip and backslip distribution over earthquake cycles. The cameras properties

used for monitoring the experiments are summarized as:

Table 3: List of cameras that are used for the experiment monitoring.

CAMERA MODEL  SPATIAL RESOLUTION  MAX. FRAMERATE BIT DEPTH [BIT]
[PX] [HZ]
IMAGER PROX 11M | 4008x2672 5 16
PHANTOM VEO- 2560%1600 1400 10
640L
IMAGER MX4M 2048x2048 37-185 8-12

1.8.2 Inversion Procedure
I use the analog geodetic slip inversion technique (Chapter 2), which estimates slip distribution

from surface displacement observations in a customized fashion tailored to analog earthquakes.
All three components of the static coseismic surface displacement vectors derived from DIC
are used as input data for the inversion procedure. For the inversion, the full model megathrust

interface, including seismogenic and aseismic areas, is discretized by evenly sized dislocations.
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I tackle the inverse problem using damped bound-constrained least squares (DBCLS), and the
problem is designed and solved based on convex optimization (Boyd and Vandenberghe 2004).
To tie coseismic slip in individual fault patches to the observed surface displacement vectors at
individual surface points, Green's functions for rectangular dislocations in an elastic half-space
(Okada 1985) are computed and applied, and the dip-slip vector is solved for each patch. The
Green's functions change from each analog earthquake to another to account for subtle
geometric changes of the model wedge (mainly trench position) over multiple seismic cycles. I
use a Laplacian regularization to stabilize the inverse problem and produce a more physically

feasible slip inversion model (Kositsky and Avouac 2010).
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5.1.1 Conclusions

The key messages of my PhD thesis are summed up in the following list:

Slip inversion models of analog earthquakes show quantitative and qualitative changes
as a function of offshore geodetic coverage: For trench-breaking (A-B-type) events,
changes in the slip estimations become significant when the observations cover less than
70% of the offshore distance to the trench and a significant seismic moment
underestimation (~Mw=0.5), unlike for B-C type event, is suggested as coverage is
reduced to <70 %.

Inverted slip for trench-breaking and non-trench-breaking events converges to a similar
pattern when there is no offshore geodetic coverage. I infer 5-20% slip overestimation
when the observations are above the high slipping zone during trench-breaking events
versus 5-10% underestimation during non-trench-breaking events if observations are
land-limited.

A sequential elastic rebound follows the coseismic shear-stress drop in the elastic-
frictional models: a fast rebound of the upper plate and the delayed and smaller rebound
on the slab.

A combination of the delayed rebound of the slab and the rapid relaxation of the upper
plate after an elastic overshooting may accelerate the relocking of the megathrust. This
acceleration triggers/antedates the failure of a nearby asperity and enhances the early

backslip in the rupture area.

In the shallow portion of the subduction zone, frictional properties of the interface and
mechanical characteristics of the forearc determine the surface deformation signal over
seismic cycles. The interaction between the shallow wedge and the interface can
partition the wedge into different segments. These segments may react analogously or
oppositely over the different intervals of the seismic cycle. We highlight that a more
segmented upper plate represents megathrust subduction that generates more
characteristic and periodic events. Moreover, different wedge segments may switch

their strain state from compression/extension to extension/compression domains.

The strain time series reveal that the strain state may switch the mode after remaining

quasi-stable over a few seismic cycles in the coastal zone. I show that the mechanical
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state of the plate interface beneath the coastal region, may vary over time and influence
the coastal region strain state. Because the strain rate here is significantly lower than in
the offshore segment, this may eventually lead to different observed vertical motions on

the coast.

5.1.2 Outlook

In this research, establishing the analog seismotectonic model enabled us to tackle a few
seismotectonic problems of the shallow portion of the subduction zone at different time
scales independently and jointly. For the short-term scale seismotectonic challenges
(i.e., coseismic and postseismic intervals), the viscoelastic material could be involved
in the system. This may help to enhance our understanding of how viscoelastic
relaxation may slow down the elastic rebound of the upper plate and slab in the early
stage of postseismic interval and stress transfer.

Currently, the analog velocity-weakening material in our laboratory can only mimic
large and small fast earthquakes. Under the assumption that slow slip events are
governed by rate-and-state-dependent friction, appropriate analog material could be
tested and employed to mimic slow-slip events (SSEs). At the short-term scale, adding
this material to the subduction megathrust interface may help us reveal the effect of the
slow slip events on stress drop on the interface and, consequently, megathrust event
triggering. At the long-term scale, the role of SSEs as a possible mechanism involved
in the long-term uplift of the coastal region might be uncovered.

One of the key open questions in the earthquake geoscientists community is the
interaction between upper plate faults and megathrust earthquakes as how one may
trigger the other. As shown in this research, the discontinuities (i.e., upper plate faults)
in the elastoplastic wedge can perturb the stress state in the upper plate. Hence,
designing different configurations of analog seismotectonic experiments and
monitoring the stress transfer via a high-resolution monitoring system may shed light
on this interaction.

Although I have demonstrated how the strain pattern in the upper plate can be segmented
in the trench-normal direction, trench-parallel strain pattern alteration is still under
investigation. I am currently designing the trench-parallel heterogeneous interface
configuration (velocity-weakening segment/creeping segment/velocity-weakening

segment) in the HelTec analog laboratory at GFZ-Potsdam. The aim is to unwrap the
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incremental and cumulative strain pattern over a single (coseismic and interseismic) and
many seismic cycles. This may help geodesists and geologists to interpret the trench-

parallel inconsisty and alteration in horizontal and vertical surface velocities and uplift

patterns along the coastal region.
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