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Summary

Subduction zones, such as the Hellenic Arc, are seismically active and highly earthquake-
prone regions, capable of generating destructive tsunamis. For seismic and tsunami hazard
assessment, it is crucial to better understand and characterize these earthquakes. Due to
their location, subduction zones are usually inaccessible for direct observations. Physics-
based dynamic rupture (DR) models use scaled friction constitutive relations derived from
laboratory experiments to capture the variability of earthquake rupture in both space and
time. DR models can also account for the structural complexity of subduction zones. In
this thesis, I utilize high-performance computing and access to supercomputers, which are
essential for running these highly complex simulations.

In the �rst study of this thesis, I use a 2D geodynamic model that simulates long-
term subduction and seismic cycles to initialize 3D DR models, which vary in hypocentral
location, Poisson’s ratio, and fracture energy. The resulting sea�oor perturbation is then
used to source tsunami models. This linkage between spatial and temporal scales is a means
of imposing model initial conditions for inaccessible regions, thereby ensuring physical
consistency. I show that increasing Poisson’s ratio and tripling fracture energy lead to
signi�cantly higher tsunami amplitudes, potentially generating a �tsunami earthquake�.

The second part of this dissertation presents an alternative method for constraining
DR initial conditions in subduction zones. I present ten 3D DR simulations exploring
scenarios with di�erent hypocentral positions and increasing complexity, ranging from a
uniform stress environment to along-arc variations in shear stress, and multiple asperities of
varying critical slip-weakening distances. These models produce di�erent levels of shallow
slip that penetrate the slip-strengthening region of the fault, creating small bands of near-
trench uplift. Incorporating o�-fault plasticity doubles the vertical co-seismic sea�oor
uplift, and increasing initial shear stress complexities tend to limit rupture propagation.

In the third study, I use the static sea�oor perturbation of �ve DR models from the
previous research to analyze how hypocentral location and o�-fault plasticity in�uence
tsunami propagation, amplitude, and arrival times. O�-fault plasticity may have been
crucial in generating historical tsunami earthquakes, because it ampli�es wave amplitudes.
I extend one scenario into a fully-coupled large-scale 3D earthquake-tsunami simulation.
This simulation captures earthquake rupture, the propagation, superimposition, and con-
version of elastic and acoustic waves, as well as dispersion and the initial phase of tsunami
generation. The high amplitudes of the seismo-acoustic waves can be recorded at synthetic
tide gauge stations and could serve as an early warning for tsunami hazards.
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Chapter 1

Introduction

The Earth’s lithosphere consists of the Earth’s crust and the uppermost rigid mantle (e.g.,
White, 1988). It is divided into continental and oceanic plates that move relative to
each other because of gravity-driven mantle convection and slab-pull of subducting plates
(Davies and Richards, 1992; Conrad and Lithgow-Bertelloni, 2002; Ia�aldano and Bunge,
2009; Stadler et al., 2010). The movement of the plates creates divergent, convergent, and
transform plate boundaries, which, because of their movement and interplate interaction,
cause earthquakes. The most notable divergent plate boundaries include the oceanic ridge
of Iceland (Sigmundsson, 2006) and the �Afar triple junction� (Ebinger et al., 2010). Trans-
form plate boundaries (Stoddard, 1992) are areas where the plates slide parallel to each
other, causing dislocations. If two plates converge, a subduction zone forms where the heav-
ier plate bends down and subducts beneath the other plate (underthrusting). 55,000km
of all Earth’s convergent plate margins form subduction zones (Lallemand and Lallemand,
1999; Stern, 2002).

The plate’s subduction rate varies between 2 cm�12 cm per year (Kopp, 2013) and
is determined by the downward movement of the subducting plate (megathrust) and the
convergence rate between the lower and upper plate (Doglioni et al., 2007; Ficini et al.,
2020). Due to the rapid relative movement of plates and the brittle behavior of litho-
spheric rocks, plate collision causes cycles of interplate locking. This results in stress
buildup and sudden release of frictional energy during earthquake ruptures, which occurs
from the seismic breaking of fragile lithospheric rocks (e.g., Lockner and Beeler, 2002). As
a result, more than 90% of the total seismic energy released worldwide happens at large
shallow subduction interfaces (e.g., Pacheco and Sykes, 1992). The most signi�cant and
destructive seismic events on Earth, such as the 1960 MW 9.5 Valdivia Chile earthquake,
the 2004 MW 9.0 Sumatra-Andaman, the 2010 MW 8.8 Maule, and the 2011 MW 9.0 T	ohoku-
Oki earthquakes, among others, occurred in subduction zone regions and were recorded
by global seismic networks, GPS, or InSAR (Interferometric Synthetic Aperture Radar)
data (e.g., Cifuentes and Silver, 1989; Delouis et al., 2010; Shearer and Bürgmann, 2010;
Contreras-Reyes and Carrizo, 2011; Simons et al., 2011). Overall, more than 80 % of earth-
quakes with MW � 8.0 are associated with interplate dip-slip events in subduction zones.
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Often, these megathrust earthquakes are followed by massive tsunami waves and pose an
increasing threat to civilization as the population in coastal regions grows (Stern, 2002;
Kopp, 2013; Bilek and Lay, 2018).

The rupture characteristics of megathrust earthquakes strongly depend on the com-
position and material properties of both converging plates, the plate interface and mar-
gin geometry, temperature pro�le, stress accumulation, and other factors, and are highly
unique (e.g., Richardson et al., 1979; Ohnaka, 2004; Park, 2013; Tarasov, 2014; Zheng
and Chen, 2016; Klinger et al., 2018). Therefore, it is crucial to map subduction zones
as detailed as possible and to gain a better understanding of what in�uences the rupture
process, what causes strong ground accelerations, and what produces tsunamis associated
with earthquakes. The following sections present current knowledge about subduction zone
structures and the scienti�c methods used to study seismic and tsunami hazards in coastal
areas.

1.1 General structure of subduction zones
The Slab 2.0 interactive geographic map (Hayes et al., 2018) is a model of the three-
dimensional geometries of all seismically active subducting slabs worldwide. The model
is based on seismic data from global, local, and regional scales, including receiver func-
tions, relocation studies, and seismic tomography, providing a comprehensive overview
of the shapes and extents of the megathrust in both lateral and vertical directions. In
some convergent margins, the subducting plate extends to depths greater than the 660 km
discontinuity (Stern, 2002).

However, not only is the shape of the subducting interface important for understanding
where, why, and how earthquakes occur at convergent margins, but the composition of
the convergent plates also in�uences the structure of each subduction zone in a unique
manner (Zheng and Chen, 2016). Oceanic crust is mainly made up of dense ma�c rocks
like basalt and gabbro, which are covered by sediments on the sea�oor. Continental crust,
however, mainly consists of lighter and less dense felsic rocks, such as gneiss or granite,
which are often overlain by sedimentary rocks. The oceanic slab dehydrates during sub-
duction at the slab-mantle interface at depths between 75 and 300 km and temperatures
of 600�800 � C, leading to the process known as dehydration embrittlement of rocks (e.g.,
Green and Houston, 1995; Peacock, 2001; Wang et al., 2017). This process creates partial
melts made of crustal elements that rise and form volcanic arcs. The temperature pro�le of
the subducting slab determines the depth where seismic activity and rupture propagation
occur (Stern, 2002; Jia et al., 2020; Liu et al., 2021; van Zelst et al., 2023) (Sec. 1.2).

The overall characteristic pro�le of a subduction zone can be described as follows (Kopp,
2013):

The outer rise forms a ridge next to the oceanic trench on the side of the subducting
plate. Adjacent to it lies the trench itself, followed by the frontal accretionary prism, the
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outer wedge, and the inner wedge, where the material of the incoming continental plate
accumulates and forms a forearc high.

The accretionary frontal prism consists of ocean sediments and upper plate material
that accumulate during plate convergence (Moore and Silver, 1987; Maravelis et al., 2015).
Its lateral size varies and can reach up to 30 km (Von Huene et al., 2009). The frontal prism
experiences periods of erosion leading to scar formation, followed by a healing phase where
the basement topography is subducted deeper and the pre-collisional structure is rebuild
(Brizzi et al., 2021). These processes directly a�ect the subduction rate and the stresses on
the megathrust. The sediment thickness indirectly decreases plate friction by increasing
the weight on the interplate shear zone and rising pore �uid pressure (Von Huene et al.,
2009).

The frontal prism transitions into the outer wedge. A seismic velocity increase char-
acterizes this transition. O� the central Chilean coast, for instance, velocities shift from
approximately 3.2 km/s to about 4.2 km/s (e.g., Kopp et al., 2002). This velocity change
toward the outer wedge results from an increase in material strength and rigidity (e.g.,
Gailler et al., 2007; Contreras-Reyes et al., 2008), which can be mapped using seismic
refraction methods.

A contrast in the strain rate de�nes the inner wedge. It is the strongest segment of the
subduction zone and acts as a mechanical barrier (Byrne et al., 1993). The inner wedge
can be of either continental or oceanic origin and is composed of igneous or metamorphic
material. A depression in the inner wedge forms the several-kilometer-thick forearc basin,
which is �lled with sediments derived from the arc (e.g., Fisher, 1979; McNeill et al., 2000;
Schlüter et al., 2002; Chapp et al., 2008). The mechanics of the forearc basin are still
debated, but may include interseismic subsidence or erosional processes (e.g., Wells et al.,
2003; Fuller et al., 2006).

For the study and prevention of seismic hazards caused by megathrust earthquakes near
coastal regions, it is crucial to analyze the dynamics of the so-called �subduction channel"
(e.g., Cloos and Shreve, 1988). This area presents the space between two colliding plates,
the interface where the subducting oceanic slab meets the overlying oceanic or continental
mantle (Zheng et al., 2013). The thickness of the subduction channel varies from approx-
imately 0.5 to 1.5 kilometers for accretionary and erosive margins and depends on the
incoming plate structure (Wallace et al., 2003; Sage et al., 2006). This interface forms a
large shear zone that can be detected with seismic methods and features a low-velocity zone
in seismic data (e.g., Calahorrano B. et al., 2008). The physical properties, such as rigidity,
compaction, and frictional behavior, along the subduction channel change with increasing
depth due to rising temperature and pressure. The shape of the plates’ interface depends
on factors like the thickness of incoming sediments, decomposition of the mantle wedge,
�uid intrusions, and the subduction of geometric features, such as seamounts (McIntosh
et al., 2007; Ranero et al., 2008), making it highly complex.
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1.1.1 Subduction zone types

Subduction zones can be classi�ed into two main types: the Chilean and the Mariana
types.

The Chilean type features a young and light weight subducting plate, which causes
low-angle (� 30 � ) subduction at high rates (Zheng et al., 2013). Young lithospheres tend
to be more buoyant, leading to stronger coupling and larger earthquakes (Stern, 2002;
Zheng and Chen, 2016). This explains why nearly all of the Earth’s largest MW � 7.6
earthquakes occur in Chilean-type subduction zones (e.g., Cloos and Shreve, 1988). In
ocean-continental subduction zones, this e�ect is ampli�ed due to the greater strength of
the continental crust compared to oceanic lithosphere, combined with the wet, cold forearc
environment (e.g., McCa�rey, 1997b).

Mariana-type subduction zones, on the other hand, are characterized by older sub-
ducting lithosphere that gradually bends downward at steeper angles of� 40 � (Cloos and
Shreve, 1988), resulting in lower coupling and generally smaller magnitude earthquakes
(Stern, 2002). As depth increases, the angle of the subducting plate also becomes steeper
(Zheng and Chen, 2016). A narrow trench covers Mariana-type subduction zones, whereas
Chilean-type subduction zones are overlain by thick sediment layers (Cloos and Shreve,
1988).

1.2 Occurrence of megathrust earthquakes

The occurrence of great megathrust earthquakes is related to the accumulation of elastic
strain during the interseismic phase (Kopp et al., 2002; Fialko, 2006). As two plates move
toward each other, stress builds up at the locked portions of the plates’ interface, and
elastic potential energy is stored in the rocks (Reid, 1929). Strong plate locking in large
areas, followed by high strain accumulation, is favored in areas with smooth and homo-
geneous plate interfaces (e.g., Ru� and Kanamori, 1983; Scholl et al., 2015; Olsen et al.,
2020). Additionally, the orientation of maximum compressive stress plays an important
role in the generating large megathrust events. The stress state at seismogenic depths can-
not be measured directly (Hardebeck, 2015) but may be inferred from density variations
(Whittaker et al., 1992).

If the accumulated stresses and strains overcome the fault’s frictional strength during
the co-seismic phase, stored potential energy is released. This leads to elastic and plas-
tic deformation of the rocks, rupture propagates spontaneously along the megathrust, and
pore-�uid pressure in the frontal prism increases (Kopp, 2013). This process can be studied
through dynamic rupture (DR) models, which simulate the propagation of rupture along
a prede�ned fault interface (Sec. 2.1).

The upper and lower boundaries of this seismogenic depth are de�ned by the transition
from frictionally stable to frictionally unstable sliding (Sakaguchi et al., 2011).For most
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subduction zones, the seismogenic zone exist at depths between 10�15 km and 35�45 km
(Lay et al., 2012). The up-dip limit is de�ned by the transition from the outer wedge to
the frontal prism and can be associated with to material weakness (Krabbenhoeft et al.,
2010; Wells et al., 2003; Song and Simons, 2003). Material deforms continuously, and no
high strain can be accumulated.

At depths of � 45 km, the temperature reaches about 350� C, and pressure rises. The
subducted lithospheric rocks lose their frictional properties, and thermally activated stable-
sliding of the crustal rocks begins (Oleskevich et al., 1999). If such high temperatures are
not reached at that depth, the intersection of the subducting slab and the Moho (Bostock,
2013) marks the downdip seismogenic limit.

The world stress map (Heidbach et al., 2018) provides an overview of the global dis-
tribution of tectonic stresses. It includes �rst-order plate-scale stress �elds that arise from
plate forces, second-order regional stress �elds, and third-order stress �elds that can only
be obtained for high data density.

1.2.1 Sediment control of earthquake size

Numerous recent scienti�c studies have examined how sediments in�uence subduction
megathrust earthquakes (Heuret et al., 2012; Brizzi et al., 2020; Olsen et al., 2020; Brizzi
et al., 2021). Thick sediments slow down the subduction process because they cause a
wider accretionary wedge and thickening of the overriding plate. This results in larger
shear stresses and slab buoyancy, which again leads to shallower plate subduction. This
decrease in dip (Sec. 1.1.1) broadens the seismogenic zone and promotes the occurrence of
giant (M W � 8.5) subduction earthquakes, as the potential area for rupture propagation
increases. Additionally, the subducted sediments smooth the plate interface (Contreras-
Reyes and Carrizo, 2011; Wang and Bilek, 2014) and control the frictional properties of
the subducted material (Ru�, 1989; Brizzi et al., 2020). This, in turn, directly a�ects
the seismogenic behavior of the megathrust (Wang and Bilek, 2014; Brizzi et al., 2020).
Furthermore, subducted sediments contain �uids that decrease the e�ective normal stress
on the plate interface, thereby weakening the megathrust.

The subduction of a thick sediment layer also favors the formation of splay faults, which
are smaller reverse faults that connect the shallow megathrust with the ocean �oor (Park
et al., 2002; Sibuet et al., 2007; Collot et al., 2008; Brizzi et al., 2020). These faults can
increase uplift caused by an earthquake because of their high fault angle and can trig-
ger large tsunami amplitudes. In many subduction zone regions, splay faults have already
been identi�ed as the main factor controlling maximum tsunami amplitudes (Melnick et al.,
2012).
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1.3 Seismogenic coupling of subduction zones
The seismic coupling coe�cient� s (McCa�rey, 1997a) describes how much slip on the sub-
duction plate interface is accommodated as earthquake rupture (Bird et al., 2002; Frohlich
and Wetzel, 2007). It is the ratio between the relative tectonic plate velocities_M T

0 and the
slip rate (Pacheco et al., 1993), which can be classi�ed by the observed seismic moment
rate release _M s

0 :

� s =
_M s

0
_M T

0
: (1.1)

De�ning the correct seismic coupling coe�cient is di�cult because the largest earthquakes,
which happen rarely, release most of the moment rates. Therefore, there are signi�cant
uncertainties in seismic coupling. If oceanic lithosphere subducts beneath continental litho-
sphere, the seismic coupling is relatively high (� 0.7) at shallow depths. In contrast,
oceanic-oceanic collision have much lower coupling, estimated not to exceed� 0.4. At
depths beyond 100 km, the seismic coupling coe�cient decreases (to less than 0.2) due to
rising temperatures and pressures. Generally, variations in the frictional behavior of rocks
at the plate interface cause changes in the coupling coe�cient (Pacheco and Sykes, 1992).
However, a clear correlation between the seismic coupling coe�cient and the width of the
seismogenic zone has yet to be identi�ed (Stern, 2002).

1.3.1 Slip de�cit and asperities

The slip distribution of megathrust earthquakes primarily depends on the spatial distribu-
tion of strain buildup and the slip de�cit on the plate interface that develops during the
locking period (Herman et al., 2018) (Sec.1.2). The seismicity distribution of megathrust
events is highly heterogeneous in both space and time (Bilek, 2010). Typically, regions
with little or no spatiotemporal seismic activity, known as seismic gaps (McNally, 1983),
are used to estimate the locations of future megathrusts earthquakes. Recurrence times
of past events in the locked area are used to predict where and when earthquakes may
happen (Kagan and Jackson, 1991; McCann et al., 1979). Some earthquakes, such as the
2011 Maule event o�shore of Chile, �t these assumptions (Moreno et al., 2010; Vigny et al.,
2011). However, rupture propagation might extend to much larger areas than the seismic
gap (Lay et al., 2011; Lorito et al., 2011), and the co-seismic slip might be unevenly dis-
tributed (Kennett et al., 2011; Moreno et al., 2012). Areas with high slip can be right next
to areas with low or no slip (Kanamori, 1994; Bürgmann et al., 2005).

To better understand how rupture propagates along a fault interface, it is important to
study earthquakes that do not �t the seismic gap, such as the 2011 Tohoku Oki earthquake
(e.g., Heki, 2011; Loveless and Meade, 2011; Ulrich and Aochi, 2015). Here, earthquake
nucleation was in�uenced by structural heterogeneities on the plate interface (Zhao et al.,
2011) and a slip de�cit up-dip of the seismogenic zone.

Herman et al. (2018) investigate in 3D �nite element models how locked regions may
limit the rupture propagation process. They distinguish between multi- and single-asperity
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ruptures. For a single-asperity rupture, the maximum slip is accumulated within one as-
perity, and the asperity geometry restricts shallow slip. For multi-asperity ruptures, high
slip may also occur up-dip of the asperities. Outside the main slip de�cit asperity, they ex-
hibit high pseudo-coupling, which results in additional slip accumulation in areas believed
to have a low interseismic slip de�cit on the shallow fault. Even in single asperities, these
pseudo-coupled regions are crucial, as di�erent patches can overlap and in�uence rupture
propagation and, consequently, earthquake size.

Besides heterogeneous slip de�cit distributions, geometric or anatomical features on
the subducting plate may also act as asperities or barriers to rupture propagation (e.g.,
Tanioka et al., 1997; Bilek et al., 2003; von Huene et al., 2012). Di�erent subduction zones
often have unique geometries. However, a study by Sparkes et al. (2010) found a con-
nection between topographic heights over 1 km and segmentation of rupture propagation
along the South American trench system. Topographic heights in the subducting plate
often result from subducted seamounts or oceanic plateaus, which create high-strain con-
tact zones (e.g., Cloos, 1992). When the height of a seamount exceeds the thickness of the
dØcollement zone, there is direct contact between the seamount and the overriding plate,
which limits the lateral propagation of rupture (Singh et al., 2011). Additionally, sub-
ducted topographic heights may hinder elastic strain buildup during subduction, thereby
preventing rupture propagation and slip accumulation during the coseismic phase (Kopp
et al., 2006; Mochizuki et al., 2008).

1.4 Hazard caused by megathrust earthquakes
The population in coastal areas continues to increase. For global trading partners, suitable
harbor locations are crucial. Harbor cities grow and become vital for international com-
mercial networks. In terms of tourism, coastal areas are also attractive, as they often serve
as preferred international vacation spots. Therefore, it is in everyone’s interest to protect
coastal regions and to invest in research and study of seismic and tsunami dangers for areas
that could be impacted by subduction megathrust earthquakes and related events tsunamis.

Earthquake hazard maps (e.g., Shedlock et al., 2000) show which areas are likely or
unlikely to be a�ected by a potential earthquake. These maps often rely on historical
earthquake catalogs for a speci�c area or geological assumptions to identify seismically
active regions (Mulargia, 2019) and its potential e�ects on the surrounding area. They de-
scribe the average occurrence rate for speci�c events, predicting an exceedance probability
of certain peak ground motion and acceleration values, which are weighted and combined
for di�erent sources (Volpe et al., 2019).Past events help determine the area of shaking and
ground deformation based on distance from the epicenter.

There are two types of strategies for creating such hazard maps: the probabilistic ap-
proach and the deterministic approach (Stein et al., 2012). In the deterministic seismic
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hazard assessment approach (DSHA), the most signi�cant event for a speci�c area is iden-
ti�ed, and the shaking associated with the maximum magnitude is estimated. In contrast,
probabilistic seismic hazard assessment (PSHA, e.g., Marzocchi et al. (2015)), considers
all possible earthquakes and magnitudes that could cause signi�cant ground shaking in a
particular area. It assigns a probability to each shaking intensity, based on uncertainty
factors related to location and time (Cornell, 1968; Hanks and Cornell, 1994).

Probabilistic tsunami hazard assessment (PTHA) uses this information to inform tsunami
models, creating simulations for each scenario (e.g., Davies et al., 2018; Volpe et al., 2019;
Lorito et al., 2021; Abbate et al., 2025). Tsunami hazard maps are produced to show the
probability of speci�c wave heights along coastal regions.

Government decisions regarding civil protection are often based on these seismic and
tsunami hazard maps. Nevertheless, these hazard maps depend on many assumptions,
since earthquake hazard is not a physically measurable unit (Stein et al., 2012). The past
has shown, however, that earthquakes can also happen in areas where hazard maps did not
predict major destructive earthquakes, for example, during the 2010 Haiti earthquake (ten
Brink et al., 2020). Additionally, the seismic history is often too short to make reliable
predictions for future (megathrust) events that cause destructive tsunamis.

1.4.1 Tsunami earthquakes
Tsunami earthquakes were �rst de�ned by Kanamori (1972) and describe earthquakes that
cause tsunami amplitudes much larger than expected based on the earthquakes’ surface-
wave magnitude MS. These earthquakes have larger moment magnitudes MW than other
events with the same MS. While MS measures the energy released by surface waves over
a short period of 1�20 s, MW determines the energy release over a longer duration. The
di�erence between MS-MW highlights the slow rupture propagation of these earthquakes,
which is typical of �tsunami earthquakes" (Kanamori and Kikuchi, 1993).

Tsunami earthquakes typically nucleate at very shallow depths, where the frontal prism
meets the outer wedge (Sec. 1.1), and propagate up-dip to the surface, leading to large
displacements of the water column (Kanamori and Kikuchi, 1993; Ammon et al., 2006;
Bilek and Engdahl, 2007; Lay et al., 2012). Generally, the size of the earthquake is one of
the most important factors in�uencing the generation of tsunami earthquakes (Polet and
Kanamori, 2000).

Kanamori and Kikuchi (1993) further classify tsunami earthquakes into two di�erent
types: the ones that occur in regions with large amounts of accretionary sediments overly-
ing the trench, or those that happen in subduction zones where the deposits are completely
subducted. In the �rst case, the displacement, slipping, and collapse of accretionary sedi-
ments during the earthquake cause exceptionally large tsunami amplitudes. In the second
case, the plate interface is weak because it is �lled with subducted soft sediments, while sed-
iments in the accretionary prism are either absent or very thin. In this case, the earthquake
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rupture propagates up-dip until it reaches the surface, causing signi�cant displacements of
the water column (e.g., Ide et al., 2011). At shallow depths, the rupture passes through
the low-velocity region composed of soft, low-rigidity material that reduces the rupture ve-
locity (Polet and Kanamori, 2000). This type of tsunami earthquake is therefore referred
to as a �slow tsunami earthquake".

1.5 Research gap
To improve the quanti�cation of seismic and tsunami hazards in megathrust regions, it is
crucial to understand what in�uences earthquake recurrence and magnitude. Often, highly
complex rupture processes are poorly understood because many subduction zones are sub-
merged in deep water and are di�cult to access for direct measurements. If accessible,
direct observations are restricted to the uppermost part of the subduction zone (Chester
et al., 2012; Brizzi et al., 2020) due to the physical constraints of borehole depths. How-
ever, most megathrust earthquakes and faulting processes occur at greater depths. They
are governed by the stress and strength conditions of the fault zone (Hardebeck, 2015) that
accumulate during the interseismic phase (Sec. 1.2). To better understand these processes,
marine geophysical techniques are employed to accurately image the complex structures
of the subduction zone and produce high-resolution local bathymetry maps (Jones et al.,
2008). Additionally, dense seismic land and o�shore networks, satellite data, and GPS net-
works shed light on rupture processes and help characterize smaller-scale source properties
(e.g., Smith and Sandwell, 1997; Ishii et al., 2005).

Despite recent advances in earthquake monitoring and geophysical seagoing measure-
ments, it remains poorly understood where large MW � 8 subduction zone earthquakes
are likely to happen (Kopp, 2013), what factors in�uence earthquake nucleation or rupture
arrest, and how the rupture propagates along the megathrust interface.

The rarity of great earthquakes presents an additional challenge for probabilistic seismic
and tsunami hazard assessment. Hazard maps often depend on poorly constrained param-
eters and limited understanding of the rupture process itself (Stein et al., 2012). These
discretionary assumptions alone do not demonstrate the likelihood of future earthquakes.
Since the devastating Tohoku-Oki (e.g., Lłvholt et al., 2012; Kozdon and Dunham, 2013;
Goda, 2015; Galvez et al., 2016) and Sumatra (e.g., Bletery et al., 2016; Ulrich et al.,
2021) earthquakes, it is evident that many assumptions and hypotheses that guided the
understanding of occurrence rates (Ru� and Kanamori, 1980; Kanamori, 2006), possible
earthquake magnitudes, and damage are only partially accurate. The entire earthquake
process itself must be much more complex than previously believed.

Therefore, more observations and numerical models that examine rupture evolution,
propagation, extent, recurrence intervals, and potential locations of MW � 8.0 earthquakes,
which could generate strong ground motions and source tsunamis, are necessary to accu-
rately assess the overall seismic and tsunami hazard impact (Wirth et al., 2022). This



10 1. Introduction

highlights the need to compare and connect di�erent geological data and to bridge models
across disciplines and timescales (e.g., Madden et al., 2020; Wirp et al., 2021) both on- and
o�shore. This connection may help enhance the overall understanding of subduction zone
mechanics, megathrust earthquakes, and the processes of tsunami generation and propa-
gation, thereby aiding in tsunami early warning.

1.6 Dynamic rupture modeling of subduction zones
New earthquakes often change our understanding of the depth-related processes (Lay et al.,
2012) behind how rupture initiates and propagate, the estimation of where earthquakes
could happen, and the hazard intensity in speci�c areas. Dynamic rupture is highly unique
and can propagate as pulse-like (e.g., Gabriel et al., 2012; Meier et al., 2016) or crack-like
(e.g., Yomogida, 1988) rupture, depending on the slip duration at each fault point. For
pulse-like ruptures, the slip duration is shorter than the overall rupture duration, whereas
for crack-like ruptures, it is similar. The rupture on the fault interface can be slow or
fast and can propagate at subshear or supershear speeds (Andrews, 1976b; Dunham, 2007;
Kaneko and Shearer, 2014; Socquet et al., 2019; Wang and Zhang, 2025).

The types of rupture depend on the geological characteristics of the upper and lower
plates, such as stress state, fault strength, pore pressure, o�-fault damage zones (Templeton
and Rice, 2008; Gabriel et al., 2013; Dal Zilio and Gerya, 2022), and fault roughness (e.g.,
Dunham et al., 2011b; Shi and Day, 2013; Tau�qurrahman et al., 2022). Bi-material e�ects
(e.g., Ampuero and Ben-Zion, 2008), heterogeneities in stress and strength (Ripperger,
2007; Langer et al., 2013), thermal pressurization (Andrews, 2002; Bizzarri and Cocco,
2006; Schmitt et al., 2015), �ash heating and frictional melting (Rice, 2006, 2017), as well
as low velocity zones (Harris and Day, 1997; Huang and Ampuero, 2011; Thakur et al.,
2020) and geometrical variations of the fault may in�uence the rupture evolution and can
directly be included as initial condition in numerical DR simulations.

Given the inaccessibility of subducting megathrusts, numerical earthquake simulations
help enhance our understanding of faulting mechanisms. DR models (e.g., Madariaga
et al., 1998; de la Puente et al., 2009; Ramos et al., 2022) utilize physical equations to
replicate the rupture propagation process and the interaction of the rupture front with the
surrounding Earth and radiated seismic waves, or to simulate possible future earthquake
scenarios for a speci�c area of interest. The numerical models deepen our understanding
of what governs subduction zone mechanics at convergent margins and what controls the
location and size of the rupture.

Especially for probabilistic seismic and tsunami hazard assessment (Knighton and
Bastidas, 2015; Selva et al., 2016; Grezio et al., 2017; Park et al., 2017), more data and
observations are needed to reduce risks. Dynamic rupture modeling can complement these
common hazard studies, as understanding the entire rupture process is essential for estimat-
ing the probabilities of ground motion exceeding certain levels. A combination of seismic
and geodetic monitoring, along with modern numerical modeling techniques is crucial for
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advancing the understanding of megathrust subduction and tsunami-generic earthquakes
(e.g., Wirth et al., 2022) and to reduce risks that are associated with convergent margins.

This dissertation focuses on the dynamics of large (MW � 7.5) subduction zone earth-
quakes and their associated tsunamis. I use the dynamic rupture modeling software Seis-
Sol (Upho� et al., 2024) (Sec. 2.1) to simulate rupture on prede�ned megathrusts. I
present various options for constraining the initial conditions of these DR models. I fur-
ther use the resulting sea�oor uplift and subsidence to model the related tsunami genera-
tion, propagation, and inundation with the hydrostatic shallow-water solvers sam(oa)2-�ash
(https://gitlab.lrz.de/samoa/samoa ) and GeoClaw (Berger et al., 2011) (Sec. 2.2).
Additionally, I use fully-coupled models that include both earthquake rupture and tsunami
generation and propagation (Sec . 2.4). I analyze the results and highlight implications
for understanding earthquake dynamics and tsunami generation in general, as well as for
seismic and tsunami hazards in the Hellenic Arc region.

1.7 Thesis outline

Each study in this thesis examines the dynamics of subduction zones and aims to connect
models and scales to better understand the interaction between long-term subduction, dy-
namic earthquake rupture, and the generation and propagation of tsunamis.

Chapter 3 connects all the previous points using a long-term geodynamic subduction
and seismic cycling model to source dynamic rupture, which is then linked to tsunami sim-
ulations analyzing the impact of hypocentral location, Poisson’s ratio, and fracture energy
on co-seismic sea�oor uplift and tsunami amplitudes.

Chapter 4 explores how increasing the complexity of ten potential earthquake rupture
scenarios on the Hellenic Arc megathrust, located in Greece, in�uences rupture behavior,
moment magnitude, and co-seismic sea�oor uplift, thereby reconstructing historic tsunami-
generic events.

The study in Chapter 5 models tsunamis in the Hellenic Arc region, using �ve DR
scenarios from Chapter 4 to examine how epicenter location and o�-fault plasticity in�u-
ence maximum tsunami amplitudes and to identify regions with high tsunami impact. One
scenario is also expanded into a large-scale, fully-coupled 3D earthquake-tsunami model to
capture the complexities of the early tsunami generation phase.

Chapter 6 gives a �nal outlook by summarizing the key results of this thesis and dis-
cussing ideas for future research.

https://gitlab.lrz.de/samoa/samoa
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1.7.1 Publications
Chapter 3 has been published in a slightly altered form in Frontiers in Earth Sciences as:

� Wirp S A, Gabriel A-A, Schmeller M, H. Madden E, van Zelst I, Krenz L, van Dinther
Y and Rannabauer L (2021). 3D Linked Subduction, Dynamic Rupture, Tsunami,
and Inundation Modeling: Dynamic E�ects of Supershear and Tsunami Earthquakes,
Hypocenter Location, and Shallow Fault Slip. Front. Earth Sci. 9:626844.https:
//doi.org/10.3389/feart.2021.626844

Chapter 4 has been published by the Journal of Geophysical Research: Solid Earth in
a slightly altered form with minor revision as:
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Chapter 2

Methods

2.1 Earthquake dynamic rupture modeling with SeisSol
All physics-based dynamic rupture earthquake models of this thesis are simulated using the
open-source software SeisSol (Upho� et al. (2022); de la Puente et al. (2009); Pelties et al.
(2012, 2014),https:/seissol.org ). SeisSol simulates frictional failure across prescribed
fault surfaces, capturing the detailed evolution and propagation of slip. At the same time,
it simulates the seismic waves radiated by the rupture front, solving the high-order accurate
3D seismic wave propagation in space and time. It accounts for (visco-)plastic Drucker-
Prager o�-fault plastic deformation (Andrews, 2005; Wollherr et al., 2018) and models the
resulting ground motion of the earthquake.

The software is highly optimized for current petascale supercomputers (Breuer et al.,
2014; Heinecke et al., 2014; Rettenberger et al., 2016; Upho� and Bader, 2020; Dorozhin-
skii and Bader, 2021). It includes the parallel implementation of the discontinuous Galerkin
(DG) scheme with an e�cient Arbitrary high-order DERivative (ADER) local time-stepping
algorithm (Dumbser and Käser, 2006; Käser and Dumbser, 2006; Breuer et al., 2016; Up-
ho� et al., 2017; Wolf et al., 2020). It uses a simulation domain discretized by unstructured
tetrahedral grids with static mesh adaptivity (Dumbser and Käser, 2006; Käser and Dumb-
ser, 2006) which is suited to model complex slab geometries as used in the following studies
of Chapters 3, 4, and 5. The software’s accuracy is veri�ed against a wide range of com-
munity benchmarks (Harris et al., 2011, 2018).

Dynamic rupture modeling has been used to study essential aspects of earthquake
physics (e.g., Gabriel et al., 2012; Shi and Day, 2013), to evaluate earthquake hazard
(e.g., Hok et al., 2011; Aochi and Ulrich, 2015; Wirp et al., 2024), or to analyze previous
earthquakes (e.g., Ma and Beroza, 2008; Kozdon and Dunham, 2013; Tau�qurrahman et al.,
2023).

Commonly, the static failure on the fault is de�ned as:

j� sj = c � � s� 0
n ; (2.1)

with � s being the on-fault shear traction,c the on-fault cohesion,� s de�ning the static
friction coe�cient, and � 0

n the e�ective normal traction. When the on-fault shear stress

https:/seissol.org
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exceeds the fault’s static strength (right-hand side of Eq. 2.1), the fault weakens, rupture
initiates, and seismic waves are emitted.

All earthquake models of this dissertation are simulated using the constitutive law of
linear slip weakening friction (e.g., Ida, 1972; Andrews, 1976a) describing the fault rheology
as follows:

f (s) =
�

� s � � s � � d
D c

� s; s � Dc ;
� d; s > D c

: (2.2)

The fault weakening is described as a simpli�ed linear decrease of the friction coe�cient
from its static value � s to the dynamic friction coe�cient � d over the characteristic slip-
weakening distance Dc. As the slip s exceeds Dc, the friction remains at its dynamic
coe�cient.

More complex friction laws, such as rate-and-state friction, were derived from labo-
ratory experiments (Dieterich, 1979; Ruina, 1983). They account for a time-dependent
friction evolution and secondary e�ects, such as fault reactivation (e.g., Gabriel et al.,
2012), but are not used in this thesis.

Dynamic rupture simulations require a set of initial conditions. These are crucial as-
sumptions about fault geometry, initial stress state, and rock properties that directly a�ect
the simulation results. Especially in subduction zones, obtaining accurate values for fric-
tional strength, fault loading stresses, fault geometry, and subsurface material properties
can be challenging due to limited accessibility. The following Chapters 3 and 4 illustrate
di�erent methods for constraining initial conditions for subduction zones. One approach in-
volves geodynamic long-term subduction and seismic cycling models (van Zelst et al., 2019;
Madden et al., 2020; Wirp et al., 2021; van Zelst et al., 2022) since they provide physi-
cally self-consistent values that �t subduction and deformation over geological timescales.
Another approach is to constrain the tectonic background stresses and fault strength on
the subduction scale using a regional stress tensor approach (Ulrich et al., 2022) and
the Mohr-Coulomb theory of frictional failure combined with seismo-tectonic observations
(Wirp et al., 2024).

2.2 Tsunami modeling with sam(oa) 2 and GeoClaw
In this thesis, I use the tsunami modeling softwares sam(oa)2-�ash ( https://gitlab.lrz.
de/samoa/samoa, Meister et al. (2016)) (Chapter 3) and GeoClaw (Clawpack Development
Team (2023), Berger et al. (2011); LeVeque and George (2008); LeVeque et al. (2011))
(Chapter 5). Both codes utilize the two-dimensional depth-averaged hydrostatic non-linear
Shallow Water Equations (SWE, LeVeque et al. (2011)) and incorporate adaptive mesh
re�nement (e.g., Meister et al., 2016), enabling the re�nement of the wavefront for small-
scale inundation modeling at the coast. The SWE imply that vertical scales (water depth)
can be ignored compared to horizontal scales (tsunami wavelength). For tsunami modeling
of subduction zone earthquakes, this approximation is su�cient. Both tsunami software
programs can use either the static sea�oor displacement or the full spatio-temporal sea�oor

https://gitlab.lrz.de/samoa/samoa
https://gitlab.lrz.de/samoa/samoa
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perturbation from a DR earthquake simulation to source the tsunami. Sam(oa)2-�ash has
been validated against various benchmarks (Synolakis et al., 2008), and the GeoClaw code
was approved by the US National Tsunami Hazard Mitigation Program (Gonzalez et al.,
2011).

2.3 Work�ow for one-way linking between models of dif-
ferent scales

Linking geophysical models is a helpful way to constrain suitable initial conditions and
ensure physical consistency between the models (Madden et al., 2020; Wirp et al., 2021).
Long-term geodynamic models can inform smaller-scale dynamic rupture models, and the
results of these rupture models can then provide initial conditions for tsunami simulations.
In the following, I will describe the one-way linking work�ow from large-scale geodynamics
to short-term dynamic rupture and tsunami modeling.

2.3.1 Linking geodynamic models to dynamic rupture
2D seismo-thermo-mechanical geodynamic (SC) models simulate large-scale long-term sub-
duction zone processes along with smaller timescale frictional slip events. The evolution
of the subduction zone is modeled over millions of years, accounting for complex rheology
and temperature variations. The SC model combines these large-scale processes with seis-
mic cycling over a period of 5 years (e.g., Van Dinther et al., 2014; Dal Zilio and Gerya,
2022; van Zelst et al., 2022). It provides information about megathrust geometry, material
properties, and the stresses and strength that develop during the interseismic phase. This
data can be extracted from the SC model at the timestep just before a megathrust event
and used as physically consistent initial conditions for dynamic rupture modeling SeisSol.

The SC models include several seismic events for each simulation. Necessary for cou-
pling the geodynamic model to SeisSol is choosing the right linking timestep. For that,
every timestep (5 years) of the SC model needs to be printed. Typically, 5000 years of mod-
eling time (1,000 timesteps) and earthquake cycling are used, as it provides approximately
70 megathrust events that rupture the entire fault and are su�cient to choose from. Each
timestep is plotted, and the strain rate is analyzed (Madden et al., 2020; Wirp et al., 2021).
Depending on the purpose of the investigation, a speci�c model with or without splay-fault
evolution and with particular rupture propagation characteristics is selected. It is essential
to choose the coupling timestep just before a slip event occurs, meaning obtaining initial
conditions for a fault that is close to but not yet at failure.

For this speci�c timestep, all information (material properties, fault geometry, stresses,
and strength) is extracted from the SC model. Fig. 2.1 a,b,c show the static and dynamic
friction coe�cients, the critical slip-weakening distance Dc, and the on-fault cohesion at
this timestep. The on-fault conditions would cause instantaneous failure in SeisSol, such
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that a failure analysis of the stresses on the fault is essential. In Fig. 2.1 d, fault strength
and shear traction are shown. Wherever the initial shear traction (� s, blue) exceeds the
static fault strength (red), failure occurs (green). In this example, failure would occur in-
stantaneously at the upper part of the fault near the trench (� 5�10 km depth, sediments),
at � 250 km distance from the trench which corresponds to an intermediate depth of� 30�
45 km (nucleation region in the SC model), and at individual points at a greater depth of
approximately 70�80 km at roughly � 340 km distance from the trench. At these on-fault
locations, the material properties must be adjusted to prevent multiple points of failure in
the dynamic rupture simulation.

static friction: �Ps

dynamic friction: �Pd

strength: c �í ^Øs^'̈
n

shear traction: �Ws
failure

Figure 2.1: Failure analysis of material properties exported from the SC model:
a) Static (red) and dynamic (blue) friction coe�cient ( � s and � d) displayed with depth. b)
Critical slip weakening distanceDc, and c) on-fault cohesion plotted with depth. d) Fault
strength (red), shear traction (blue), and failure (green) with distance from the trench.
Failure occurs when the shear traction exceeds the fault strength.

Figure 2.1a shows the on-fault static and dynamic friction coe�cients (� d and � s) that
can be directly imported as initial conditions in the DR model. Most of the values follow
predominantly traces indicating a logical on-fault distribution of� s and � d with increasing
distance from the trench. Additionally, there are �outliers� of both values at distances
where we observe instantaneous failure. For distances of approximately 240-280 km, these
values can be corrected and adjusted to align with the main distribution. For the shallow
sediments (distance from trench� 100 km), the cohesion is instead changed to 5 MPa,
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which is the value that equals the material right below the sediments. This prevents fail-
ure on the shallow fault section. Failures at approximately 330�350 km distance from the
trench are addressed similarly by setting a very high cohesion of 15 MPa and adjusting
the � s values. The outcome is a fault that does not undergo instantaneous failure, and all
corrected material properties can be imported into SeisSol.

The dynamic rupture simulations in SeisSol are usually conducted in a 3-dimensional
domain. Therefore, all output from the SC model must be extended into the third dimen-
sion. The SC model is two-dimensional and does not include information about along-strike
stress, strength, or material properties variations. For simplicity, all on-fault variables can
be kept constant and copied to the third dimension (Wirp et al., 2021). If a more complex
model is preferred, advanced research on along-strike heterogeneities in subduction zones
and speci�c regions must be conducted, and corresponding assumptions and adaptations
of the modeling parameters need to be made (Ulrich et al., 2022; Wirp et al., 2024).

2.3.2 Linking dynamic rupture simulations to tsunami models
The di�culty in linking DR models to tsunami models is similar to the SC-DR connec-
tion: bridging the di�erent spatial and temporal scales of the models. For DR modeling in
SeisSol, having high on-fault resolution is especially crucial to capture the rupture process
accurately. Away from the fault, the computational mesh and thus the resolution can be
reduced to save computational costs. Additionally, it may be su�cient to plot timesteps of
1 s or more to analyze rupture propagation and simulation results. For tsunami modeling,
it is crucial to accurately resolve the sea�oor (free surface) perturbation in both space and
time to capture the desired wavelength and frequency accurately. Madden et al. (2020)
�nd that a free surface perturbation sampling rate of 1 Hz is su�cient because it ade-
quately resolves the tsunami waves. For an average water depth of 2 km, the maximum
wave propagation speed is approximately 140 m/s.

While SeisSol uses a tetrahedral mesh to accurately depict complex fault structures
and geometries, including mesh coarsening away from areas of interest, the tsunami codes
sam(oa)2-�ash and GEOClaw (Sec. 2.2) utilize a uniform Cartesian grid mesh. Therefore,
the free surface perturbation of SeisSol must be bilinearly interpolated using a nearest-
neighbor approach (Madden et al., 2020; Wirp et al., 2021) to produce a logically regular
(e.g. rectangular) latitude-longitude grid on a sphere that is readable by the codes.

The sea�oor deformation caused by a dynamic rupture event is usually represented
as a 3-dimensional vector in SeisSol, which includes vertical and horizontal displacement
components in all directions (� x, � y, and � z). The tsunami model, in contrast, utilizes
a 2D initial sea�oor disturbance to generate the tsunami, including only the horizontal
east-west (� x) and north-south (� y) components. Since the water column is expected
to be constant in both codes, the static or time-dependent sea�oor movement is directly
translated into an initial water displacement. The following papers (e.g., Madden et al.,
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a) b) c) d)

Figure 2.2: Filtering process for one-way linking of the dynamic rupture to
shallow-water tsunami modeling. The �gure is adapted from Wirp et al. (2021). a)
Un�ltered sea�oor displacement at 149 s simulation time. b) Wavenumber representation
of the displacement �eld. The red line represents the smooth �lter kernel that is applied
to the data. c) Filtered signal after applying the Fourier �lter. d) Di�erence between the
un�ltered (a) and �ltered (c) wave�eld.

2020; Wirp et al., 2021, 2025) adopt the method by (Tanioka and Satake, 1996) to in-
tegrate vertical bathymetry perturbations into the tsunami models. The time-dependent
bathymetry uplift or subsidence (Madden et al., 2020), denoted as� b, can be described
as:

� b= � z � � x
�b
�x

� � y
�b
�y

: (2.3)

Here, the bathymetry increasing in upward direction isb= b(x; y).

The SeisSol free surface output not only includes the primary tsunami source but also
the seismic wave�eld. The primary sea�oor perturbation stays constant after the rupture
propagation, as SeisSol does not model post-seismic relaxation. However, once rupture
propagation stops, trapped seismic waves may continue to propagate between the fault
interface and the free surface. These waves in�uence tsunami generation, but the far-�eld
solution remains unchanged (Saito et al., 2019). In the shallow-water tsunami model,
seismic waves may generate spurious gravity waves or artifacts that could complicate the
simulation results. To distinguish the frequency-wavenumber coe�cients of the main per-
turbation from those of the seismic waves, a space-time Fourier �lter can be employed
(Madden et al., 2020; Wirp et al., 2021). The fast-propagating seismic waves (� 2500 m/s)
and short wavelengths are damped, while the overall uplift remains una�ected (Fig. 2.2).

Usually, the aim of simulating tsunamis is not only to capture the tsunami generation
and propagation process, but in particular to model inundation or runup at the coast.
If the DR model is kept very simple as in (Wirp et al., 2021), an arti�cial coast might
be included in the tsunami model to illustrate possible runup and inundation. The more
complex the coastal bathymetry, the more complex the expected wave height (Wirp et al.,
2025) on the coast.
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2.4 Fully-coupled dynamic rupture-tsunami simulations
Fully-coupled dynamic rupture-tsunami simulations simultaneously model earthquake rup-
ture propagation along with the resulting tsunami and seismic wave propagation in elastic
and acoustic media, capturing the complete physics of tsunami generation (Lotto and Dun-
ham, 2015; Lotto et al., 2018; Wilson and Ma, 2021; Ma, 2022). On top of the bathymetry
of the 3-dimensional DR modeling domain (elastic), it contains a water layer (acoustic)
of variable depth. The interface between both media is implemented in SeisSol through
an exact solution of the Riemann problem (Wilcox et al., 2010) for acoustic and elastic
properties, assuming the acoustic wave equation to be a special case of the elastic wave
equation (Krenz et al., 2021). Therefore, a fully-coupled model can simulate the interac-
tion of 3D elastic, acoustic, and tsunami waves. Unlike the one-way linking from DR to
tsunami models, it captures the entire tsunami generation and propagation process. The
model includes a modi�ed surface boundary condition on the equilibrium ocean surface
that accounts for gravitational e�ects, such as dispersion, during the tsunami generation
phase (Krenz et al., 2021). A disadvantage of the fully-coupled models is the high compu-
tational cost, which increases signi�cantly when including the water layer because it must
be discretized at a �ne scale to capture these processes. Especially for large areas, such
as subduction zones (e.g., Hellenic Arc region, Chapter 5), the simulations become costly,
making access to supercomputers essential.

2.4.1 Meshing work�ow
The meshing work�ow typically causes the most issues when running fully-coupled dynamic
rupture tsunami simulations in SeisSol. The main problem here is the intersection between
the plane water layer surface and the topobathymetry.

To generate high-quality, unstructured tetrahedral meshes for the DR scenarios in this
thesis, I utilize SimModeler (Simmetrix,http://www.simmetrix.com/index.php ), which
is well-suited for approximating complex 3D model geometries, like subducting megath-
rusts, and facilitating rapid model generation. The work�ow for mesh generation in SeisSol
is detailed athttps://seissol.readthedocs.io/en/latest/simmodelerCAD-workflow.
html . For a fully-coupled model, this work�ow has to be adapted accordingly. Here, a wa-
ter layer must be additionally created with Gmsh (https://gmsh.info/ ) and intersected
with the topography before proceeding with the standard meshing work�ow. The mesh
surfaces generated for the water layer and topography must possess comparable mesh sizes
to facilitate seamless intersection without complications. Otherwise, the software may be
unable to accurately intersect and combine them. Furthermore, the mesh space between
two nodes should be minimized to adequately resolve the topography and intersecting
regions. Conversely, employing a �ner mesh on individual model components can substan-
tially decrease the responsiveness of the SimModeler graphical user interface (GUI).

Challenges at the intersection of topography and water layer are especially common
in small features near the water layer, such as sharp coastal regions, small islands, and
topography that lies slightly above or below sea level. During the intersection process, these

http://www.simmetrix.com/index.php
https://seissol.readthedocs.io/en/latest/simmodelerCAD-workflow.html
https://seissol.readthedocs.io/en/latest/simmodelerCAD-workflow.html
https://gmsh.info/
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Figure 2.3: Meshing process: Snapshots of the meshing process in the SimModeler
GUI (http://www.simmetrix.com/index.php ). a) Intersection of the water layer with
the topobathymetry for the Hellenic Arc region. b) and d) Zoom into the region where
the intersection causes an error. c) Successful union of the water layer and topography,
showing the small mesh space of both regions and the megathrust below. e) Meshing
face that requires manual correction. For a) and d), the water layer is colored yellow, the
topobathymetry grey.

http://www.simmetrix.com/index.php
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features cannot be combined in the GUI if they are too small, due to the limited 2D mesh
size of each surface. To prevent these issues, I perform a preprocessing step that smooths
the topography around 0 km depth before applying the intersection (Chapter 5, Wirp et al.
(2025)). This will decrease the accuracy and resolution, but may help when intersecting
complex features. Nonetheless, an extensive and complex region like the Hellenic Arc
(Fig. 2.3 a,b) contains many of these small-scale features: tiny islands and shallow areas,
making it challenging to intersect the water layer with the topography. Figure 2.3 c shows
a successful intersection for this region. If the intersection succeeds, the water layer may
still not be meshable. In some small-scale elevations and islands (Fig. 2.3 d), the sea�oor
topobathymetry is too close and/or parallel to the sea surface. That is why, even with
very small mesh sizes of a few hundred meters, errors can still occur. The latest versions
of SimModeler (from version 11 on) address this problem by providing the exact location
where the union fails, allowing it to be �xed manually (Fig. 2.3 e). SimModeler will now
be able to mesh the water layer with a 1 km resolution. The shallower the sea�oor depth,
the smaller the mesh spacing has to be inside the water layer volume, which increases the
�nal mesh size and computational costs.
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Chapter 3

3D linked subduction, dynamic rupture,
tsunami and inundation modeling:
dynamic e�ects of supershear and
tsunami earthquakes, hypocenter
location and shallow fault slip

Abstract

Physics-based dynamic rupture models capture the variability of earthquake slip in space
and time and can account for the structural complexity inherent to subduction zones.
Here we link tsunami generation, propagation, and coastal inundation with 3D earthquake
dynamic rupture (DR) models initialized using a 2D seismo-thermo-mechanical geody-
namic (SC) model simulating both subduction dynamics and seismic cycles. We analyze
a total of 15 subduction-initialized 3D dynamic rupture-tsunami scenarios in which the
tsunami source arises from the time-dependent co-seismic sea�oor displacements with �at
bathymetry and inundation on a linearly sloping beach. We �rst vary the location of the
hypocenter to generate 12 distinct unilateral and bilateral propagating earthquake scenar-
ios. Large-scale fault topography leads to localized up- or downdip propagating supers-
hear rupture depending on hypocentral depth. Albeit dynamic earthquakes di�er (rupture
speed, peak slip-rate, fault slip, bimaterial e�ects), the e�ects of hypocentral depth (25 to
40 km) on tsunami dynamics are negligible. Lateral hypocenter variations lead to small
e�ects such as delayed wave arrival of up to 100 s and di�erences in tsunami amplitude
of up to 0.4 m at the coast. We next analyse inundation on a coastline with complex
topo-bathymetry which increases tsunami wave amplitudes up to� 1.5 m compared to
a linearly sloping beach. Motivated by structural heterogeneity in subduction zones, we
analyse a scenario with increased Poisson’s ratio of� = 0 :3 which results in close to dou-
ble the amount of shallow fault slip,� 1.5 m higher vertical sea�oor displacement, and a
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di�erence of up to � 1.5 m in coastal tsunami amplitudes. Lastly, we model a dynamic
rupture �tsunami earthquake� (Kanamori, 1972) with low rupture velocity and peak slip
rates and twice as high tsunami potential energy. We triple fracture energy which again
doubles the amount of shallow fault slip, but also causes a 2 m higher vertical sea�oor
uplift and the highest coastal tsunami amplitude (� 7.5 m) and inundation area compared
to all other scenarios. Our mechanically consistent analysis for a generic megathrust set-
ting can provide building blocks towards using physics-based dynamic rupture modeling
in Probabilistic Tsunami Hazard Analysis.



3.1 Introduction 27

3.1 Introduction
Earthquake sources are governed by highly non-linear multi-physics and multi-scale pro-
cesses leading to large variability in dynamic and kinematic properties such as rupture
speed, slip rate, energy radiation and slip distribution (e.g. Oglesby et al., 2000; Kaneko
et al., 2008; Gabriel et al., 2012; Bao et al., 2019; Ulrich et al., 2019a; Gabriel et al., 2020).
Such variability may impact the generation, propagation, and inundation of earthquake-
generated tsunami or secondary tsunami generation mechanisms such as triggered land-
slides (e.g., Sepœlveda et al., 2020). For example, unexpectedly large slip at shallow depths
may generate large tsunami (Lay et al., 2011; Romano et al., 2014; Lorito et al., 2016).

To model earthquake-generated tsunami, sources can be approximated from earthquake
generated uplift (Behrens and Dias, 2015, and references therein). Analytical solutions
(e.g., Okada, 1985) describe sea�oor displacements sourced by uniform rectangular dislo-
cations within a homogeneous elastic half space. Models of tsunami generated by large
earthquakes can routinely and quickly use kinematic �nite fault models constrained by
inversion of seismic, geodetic and other geophysical data (Geist and Yoshioka, 1996; Ji
et al., 2002; Babeyko et al., 2010; Maeda et al., 2013; Allgeyer and Cummins, 2014; Mai
and Thingbaijam, 2014; Bletery et al., 2016; Jamelot et al., 2019), but are challenged by
the inherent non-uniqueness of kinematic source models (Mai et al., 2016).

Probabilistic Tsunami Hazard Analysis (PTHA) requires the computation of thousands
or millions of tsunami scenarios for each speci�c area of interest (GonzÆlez et al., 2009;
Geist and Oglesby, 2014; Horspool et al., 2014; Geist and Lynett, 2014; Lorito et al., 2015;
Selva et al., 2016; Grezio et al., 2017; Mori et al., 2018; Sepulveda et al., 2019; Glimsdal
et al., 2019). Stochastic source models (McCloskey et al., 2008; Davies and Gri�n, 2019)
statistically vary slip distributions (Andrews, 1980) and are speci�cally suited for PTHA in
combination with e�cient tsunami solvers (e.g., Berger et al., 2011; Nakano et al., 2020).
For instance, Goda et al. (2014) highlights strong sensitivities of tsunami height to slip
distribution and variations in fault geometry in stochastic random-�eld slip models for the
2011 Tohoku-Oki earthquake and tsunami. Recently, Scala et al. (2019) use stochastic slip
distributions for PTHA in the Mediterranean area.

3D Dynamic earthquake rupture modeling can provide mechanically viable tsunami
source descriptions on complex faults or fault systems on the scale of megathrust events
(Galvez et al., 2014; Murphy et al., 2016; Upho� et al., 2017; Murphy et al., 2018; Ma and
Nie, 2019; Saito et al., 2019; Ulrich et al., 2022). Such simulations can exploit modern
numerical methods and high-performance computing (HPC) to shed light on the dynamics
and severity of earthquake behaviour and potentially complement PTHA. For example, in
dynamic rupture models shallow slip ampli�cation can spontaneously emerge due to up-dip
rupture facilitated by along-depth bi-material e�ects (Rubin and Ampuero, 2007; Ma and
Beroza, 2008; Scala et al., 2017) and free-surface re�ected waves within the accretionary
wedge (Nielsen, 1998; Lotto et al., 2017a; van Zelst et al., 2019). Dynamic rupture earth-
quake models can yield stochastic slip distributions, too, under the assumption of stochas-
tic loading stresses (Geist and Oglesby, 2014). Such physics-based models can be directly
linked to tsunami models by using the time-independent or time-dependent sea�oor dis-
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placements (and potentially velocities) as the tsunami source (Kozdon and Dunham, 2013;
Ryan et al., 2015; Lotto et al., 2017b; Saito et al., 2019; Madden et al., 2020). For instance,
time-dependent 3D displacements from observational constrained dynamic rupture scenar-
ios of the 2018 Palu, Sulawesi earthquake and the 2004 Sumatra-Andaman earthquake are
linked to a hydrostatic shallow water tsunami model by Ulrich et al. (2019b). Bathymetry
induced ampli�cation of horizontal displacements are thereby accounted for by following
Tanioka and Satake (1996).

Observational and numerical studies show that megathrust geometry and hypocenter
location in�uence earthquake rupture characteristics. Ye et al. (2016) state that megathrust
earthquakes across faults that are longer horizontally than they are deep vertically (with
an aspect ratio of 3 or larger) tend to exhibit primarily unilateral behavior. Also, events
with an asymmetric hypocenter location on the fault favor rupture propagation along
strike to its far end (Harris et al., 1991; McGuire et al., 2002; Hirano, 2019). Weng and
Ampuero (2019) show the energetics of elongated ruptures is radically di�erent from that
of conventional circular crack models. Bilek and Lay (2018) �nd that the complexity of
slip as well as bi- or unilateral rupture preferences of large earthquakes highly depend on
the depth location of the hypocenter.

Subduction zones worldwide are associated with tectonic, frictional and structural het-
erogeneity along depth and along-arc impacting megathrust earthquake and tsunami dy-
namics (Kirkpatrick et al., 2020, e.g.,). Kanamori and Brodsky (2004) show that fracture
energy varies between subduction zone earthquakes. A special case are so called tsunami
earthquakes (Kanamori, 1972) that may require a large amount of fracture energy, low
rupture velocity and low radiation e�ciency. Structural heterogeneity in subduction zones
includes variations in Poisson’s ratio (Vp=Vs) (e.g., Liu and Zhao, 2014; Niu et al., 2020)),
while dynamic rupture and seismic wave propagation models often adopt an idealized
Poisson’s ratio of� = 0.25 governing seismic wave propagation (e.g. Kozdon and Dunham,
2013).

The initial conditions of dynamic rupture simulations that control earthquake rupture
nucleation, propagation and arrest include fault loading stresses, frictional strength, fault
geometry, and subsurface material properties (e.g. Kame et al., 2003; Gabriel et al., 2013;
Galis et al., 2015; Bai and Ampuero, 2017). These initial conditions may be observationally
and empirically informed (e.g. Aochi and Fukuyama, 2002; Aagaard et al., 2004; Murphy
et al., 2018; Ulrich et al., 2022) but remain di�cult to constrain. Particularly in subduction
zones where observational data are sparse, space and time scales vary over many orders of
magnitude and both geometric and rheological megathrust complexities are likely to con-
trol rupture characteristics. Recently, initial conditions for 2D and 3D megathrust dynamic
rupture earthquake models have been informed from 2D geodynamic long term subduction
and seismic cycle models (van Zelst et al., 2019; Madden et al., 2020; van Zelst et al.,
2022). This approach provides self-consistent initial fault loading stresses and frictional
strength, fault geometry and material properties on and surrounding the megathrust, as
well as consistency with crustal, lithospheric and mantle deformation and deformation in
the subduction channel over geological time scales. Such subduction-initialized heteroge-
neous dynamic rupture models lead to complex earthquakes with multiple rupture styles
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(Gabriel et al., 2012), shallow slip accumulation and fault reactivation.

We apply the 2D geodynamical subduction and seismic cycle (SC) model from van Zelst
et al. (2019) to inform realistic 3D dynamic rupture (DR) megathrust earthquake models
within a complex, self-consistent subduction setup along with their consequent tsunami,
following the subduction to tsunami run-up linking approach described in Madden et al.
(2020). In this study we introduce a number of important di�erences to previous work.
2D linking including approximations to match SC and DR fracture energy during slip
events leads to di�erences in slip magnitude between the SC and DR modeling and large
magnitudes and high rupture speed in dynamic rupture scenarios (van Zelst et al., 2019).
In contrast, we here constrain fracture energy independently from the long-term model. In
Madden et al. (2020), a di�erent long-term geodynamic and seismic cycle simulation was
used, speci�cally, assuming di�erent shear moduli. We here change the geometrical 3D
extrapolation of the 2D fault geometry compared to the large blind dynamic earthquake
scenario ofMW 9.0 of Madden et al. (2020), to be consistent with empirical earthquake
source scaling relations forMW 8.5 megathrust events (Strasser et al., 2010).

We use complex 3D dynamic rupture modeling to �rst study trade-o�s and e�ects
of along-strike unilateral versus bilateral rupture and variations in hypocentral depth in
subduction zone earthquakes (McGuire et al., 2002). By varying the hypocentral location
along arc and along depth, we generate 12 distinct unilateral and bilateral earthquakes with
depth-variable slip distribution, rupture direction, bimaterial and geometrical e�ects in the
dynamic slip evolution. We analyse the consequent time-dependent variations in sea�oor
uplift a�ecting tsunami propagation and inundation patterns. We de�ne as reference model
a bilateral, deeply nucleating earthquake. To this reference model we add a complex and
more realistic coastline in the tsunami simulation and study the e�ects on tsunami arrival
time and wave height at the coast.

The linkage from long-term geodynamic to co-seismic dynamic rupture modeling re-
quires assumptions with respect to the incompressibility and visco-elasto-plastic, plane-
strain conditions of the subduction model versus the compressible, elastic conditions of the
earthquake model. In two additional scenarios we analyse variations in the energy balance
of the subduction-initialized dynamic rupture scenarios. We increase fracture energy in the
reference model by changing the frictional critical slip distance within the dynamic rupture
model and adapting nucleating energy accordingly. The increase in fracture energy leads
to large uplift, low radiation e�ciency and low rupture velocities, characterising a tsunami
earthquake (Kanamori, 1972). Lastly, we analyze the e�ect of a higher Poisson’s ratio
throughout the dynamic rupture reference model and the e�ect on tsunami genesis and
inundation.

This leads to a total of 15 subduction-initialized 3D dynamic rupture-tsunami scenarios:
12 dynamic rupture models with varying hypocenters. For one �reference model� (model
3B) of these 12 we vary fracture energy or Poisson’s ratio, or coastline bathymetry.
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Figure 3.1: Left: adapted from Madden et al., 2020 (a) sketch and dimensions of the
one-way linked 2D geodynamic subduction model, (b) the 3D dynamic rupture earthquake
model, (c) the dynamic rupture sea�oor displacement and (d) the 2D tsunami model,
modi�ed from Madden et al. (2020). The 3D unstructured tetrahedral mesh of the dynamic
rupture model (b) is shown in grey.Right: Snapshot of slip rate across the 3D subducting
interface (greenish colors) and the seismic wave�eld recorded at the free surface in terms
of absolute velocity (warm colors). This snapshot is extracted from model 3B after 40 s
simulation time.
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3.2 Methods
Here, we summarize the computational methods used for simulating subduction-initialized
dynamic earthquake rupture linked to tsunami generation, propagation and inundation
(Fig. 3.1). For an in-depth description of the virtual laboratory for modeling tsunami
sources arising from 3D co-seismic sea�oor displacements generated by dynamic earthquake
rupture models, we refer to Madden et al. (2020). We compute 3D dynamic earthquake
rupture and seismic wave propagation with SeisSol (https:/seissol.org ). Tsunami prop-
agation and inundation uses sam(oa)2-�ash, which is part of the open source software
sam(oa)2 (https://gitlab.lrz.de/samoa/samoa ). Both codes use highly optimized and
parallel implementations of discontinuous Galerkin (DG) schemes. All simulations were
performed on SuperMUC-NG at the Leibniz Supercomputing Centre Garching, Germany.

To link input and output data in massively parallel simulations, we use ASAGI (pAr-
allel Server for Adaptive GeoInformation), an open source library with a simple inter-
face to access Cartesian material and geographic datasets (Rettenberger et al. (2016),
www.github.com/TUM-I5/ASAGI). ASAGI translates a snapshot of the 2D subduction
model into 3D initial conditions for the earthquake model and bathymetry data and sea�oor
displacements from the earthquake model into initial conditions for the tsunami model.
ASAGI organises Cartesian data sets for dynamically adaptive simulations by automati-
cally migrating the corresponding data tiles across compute nodes as required for e�cient
access.

3.2.1 3D earthquake dynamic rupture modeling with SeisSol
Physics-based 3D earthquake modeling captures how faults yield, slide and interact (e.g.
Ulrich et al., 2019a; Palgunadi et al., 2020) and can provide mechanically viable tsunami-
source descriptions (Ryan et al., 2015; Ma and Nie, 2019; Ulrich et al., 2019b, 2022). We
use SeisSol (de la Puente et al., 2009; Pelties et al., 2012, 2014) to solve simultaneously
for frictional failure across prescribed fault surfaces and high-order accurate seismic wave
propagation in space and time (illustrated in Fig. 3.1, right). SeisSol uses a discontinu-
ous Galerkin (DG) scheme with Arbitrary high-order DERivative (ADER) time stepping
on unstructured tetrahedral grids with static mesh adaptivity (Dumbser and Käser, 2006;
Käser and Dumbser, 2006) . It is thereby particularly suited for modeling complex ge-
ometries such as those in the vicinity of subducting slabs. SeisSol is optimized for current
petascale supercomputers (Breuer et al., 2014; Heinecke et al., 2014; Rettenberger et al.,
2016; Upho� and Bader, 2020; Dorozhinskii and Bader, 2021) and uses an e�cient local
time-stepping algorithm (Breuer et al., 2016; Upho� et al., 2017; Wolf et al., 2020). Its
accuracy is veri�ed against a wide range of community benchmarks (Harris et al., 2011,
2018), including dipping and branching faults with heterogeneous o�-fault material and
initial on-fault stresses (Pelties et al., 2014; Wollherr et al., 2018; Gabriel et al., 2020). We
note that on-fault initial conditions such as frictional parameters or initial fault stresses
are assigned with sub-elemental resolution (at each DG Gaussian integration point). How-
ever, within each o�-fault element, all material properties are constant. We create a 3D
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complex structural model in GoCad (Holding, 2018) and discretize it with the meshing
software Simmodeler by Simmetrix (Simmetrix Inc., 2017).

Within SeisSol, frictional failure is treated as an internal boundary condition for which
the numerical solution of the elastodynamic wave equation is modi�ed. In the dynamic
rupture scenarios of our study, fault strength, i.e. its yielding and subsequent frictional
weakening, is governed by the widely adopted linear slip weakening (LSW) friction law
(Ida, 1972). Over a critical slip weakening distanceDc the e�ective friction coe�cient �
decreases linearly from static� s until reaching dynamic � d. We note that this is di�erent
to the rate-weakening friction used in the long-term geodynamic SC model. The process
zone width is the inherent length scale de�ning the minimum resolution required on-fault,
and is de�ned as the area behind the rupture tip in which shear stress decreases from its
static to its dynamic value (Day et al., 2005).

3.2.2 Subduction seismic cycle modeling for earthquake initial
conditions

Figure 3.2 depicts the inferred 3D initial conditions from the subduction seismic cycle model
for all dynamic rupture scenarios. These include highly heterogeneous initial shear stress
and strength as well as fault geometry and material structure that together govern earth-
quake nucleation, propagation and arrest. The underlying 2D seismo-thermo-mechanical
geodynamic seismic cycle (SC) model simulates subduction dynamics over millions of years
and earthquake cycles over several hundreds of years (e.g., Van Dinther et al., 2013, 2014)
(Fig. 3.2, a). The long-term phase of the simulation builds up stress as well as self-
consistent strength and fault geometries across the subduction interface and fore-arc. The
geodynamic SC model includes 70 megathrust events that rupture almost the entire fault
and nucleate near the downdip seismogenic zone limit. The same representative event as
in van Zelst et al. (2019) is here chosen and linked to the newly designed dynamic rupture
model applying the techniques described in Madden et al. (2020). We note, that at the
chosen SC time step, the dominant deformation mechanism in the seismogenic zone is elas-
tic behavior, which is consistent with the deformation mechanism in the dynamic rupture
model. All material properties, stresses and fault geometries are exported from the SC
model at that timestep. Material density and fault strength can be adapted to be used in
the DR model. Cohesion varies between 2.5 MPa and 20 MPa and increases with deeper
lithologies. At nucleation depth, cohesion is set to 5 MPa. The curved, blind megathrust
interface evolves during this slip event and is characterized by large-scale fault roughness
including characteristic topographic highs (�bumps�) in terms of a distinct change in local
gradients of the curved non-planar interface related to sediment intrusion on geodynamic
time scales (zoom-in box of Fig. 3.2, a).

In contrast to van Zelst et al. (2019) and Madden et al. (2020), the critical slip weaken-
ing distanceDc is here not inferred from the geodynamic SC model directly but is assigned
to be a constant value (Dc=0.1 m for 13 out of 14 dynamic rupture models) along the
entire fault. Increasing the critical slip weakening distanceDc, over which e�ective fric-
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Figure 3.2: Subduction model initial conditions for the dynamic rupture earthquake simu-
lations. a) Snapshot of stresses evolving during the 2D long-term geodynamic subduction
and seismic cycle simulation at the time-step right before a slip event occurs (adapted
from (van Zelst et al., 2019)). The stresses are expanded to the third dimension assuming
plane strain conditions.b) On-fault shear stress and fault strength in the SC model at the
coupling time-step. The fault yields and failure occurs when both align.c) Pre-processed
(see text) initial shear stress in the three-dimensional dynamic rupture model at timestep
t=0 s in the DR model. The black squares indicate nucleation locations that are used
for model families 1�4. The hypocenter of the reference model 3B is marked.d) Fault
geometry in 2D and dip angle of the fault. Regions of increasing dip are highlighted in
blue and indicate local topographic highs (1 and 2) in the fault plane.
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