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Abstract The Mediterranean Hellenic Arc subduction zone (HASZ) has generated several MW ≥ 8
earthquakes and tsunamis. Seismic‐probabilistic tsunami hazard assessment typically utilizes uniform or
stochastic earthquake models, which may not represent dynamic rupture and tsunami generation complexity.
We present an ensemble of ten 3D dynamic rupture earthquake scenarios for the HASZ, utilizing a realistic slab
geometry. Our simplest models use uniform along‐arc pre‐stresses or a single circular initial stress asperity. We
then introduce progressively more complex models varying initial shear stress along‐arc, multiple asperities
based on scale‐dependent critical slip weakening distance, and a most complex model blending all
aforementioned heterogeneities. Thereby, regional initial conditions are constrained without relying on detailed
geodetic locking models. Varying epicentral locations in the simplest, homogeneous model leads to different
rupture speeds and moment magnitudes. We observe dynamic fault slip penetrating the shallow slip‐
strengthening region and affecting seafloor uplift. Off‐fault plastic deformation can double vertical seafloor
uplift. A single‐asperity model generates a MW ∼ 8 scenario resembling the 1303 Crete earthquake. Using
along‐strike varying initial stresses results in MW ∼ 8.0–8.5 dynamic rupture scenarios with diverse slip rates
and uplift patterns. The model with the most heterogeneous initial conditions yields a MW ∼ 7.5 scenario.
Dynamic rupture complexity in prestress and fracture energy tends to lower earthquake magnitude but enhances
tsunamigenic displacements. Our results offer insights into the dynamics of potential large Hellenic Arc
megathrust earthquakes and may inform future physics‐based joint seismic and tsunami hazard assessments.

Plain Language Summary The Mediterranean region around Greece and Crete is a hotspot for
earthquakes and tsunamis. Here, the tectonic plates of Africa and Europe collide. History shows that this region
has experienced damaging earthquakes. These earthquakes can cause tsunamis, sea waves that may lead to
widespread destruction along coastlines. Our study aims to understand better how future earthquakes can be
modeled. We use computer models to simulate different earthquake scenarios. Initially, we use simple
conditions in our models, showing that if an earthquake propagated across the entire region, it could reach a
moment magnitude of 9. When we move the earthquake's location within our model, the size and impact of the
resulting earthquake change; some locations lead to larger seafloor displacements, which may cause more
dangerous tsunamis. When introducing more complicated loading and fault strength conditions, the resulting
earthquakes become smaller, consistent with historical observations. We also simulate how the fault‐
surrounding rocks can deform during an earthquake. Such deformations can increase the uplift of the seafloor,
increasing the potential for tsunamis. Our work shows that computer modeling can be a powerful tool for
understanding earthquakes and tsunamis and better prepare for future events.

1. Introduction
The Hellenic Arc is the most seismically active structure of the Mediterranean Sea (Ganas & Parsons, 2009;
Vannucci et al., 2004). It is formed by the subduction of the African plate beneath the Aegean microplate and
extends from Lefkada (western Peloponnese) in the west to east of Rhodes Island (Papazachos et al., 2000;
Papazachos & Nolet, 1997; Piromallo & Morelli, 2003).

The northward movement of the African plate at 5 mm/yr (Ganas & Parsons, 2009; Vernant et al., 2014) and the
fast southwest movement of the Aegean plate at 30.5 mm/yr (Reilinger et al., 2006) lead to relatively high
convergence rates. Across the Hellenic Arc, GNSS inferred velocities are the fastest detected in the entire
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Mediterranean Sea (Kahle et al., 2000; McClusky et al., 2000). However, convergence is slower than in seis-
mically very active subduction zones such as in Chile, Alaska, and Java (Bourgois et al., 1996; DeMets
et al., 1990, 1994; Elliott & Freymueller, 2020; McCaffrey, 1997; Tregoning et al., 1994) challenging obser-
vations of complete seismic cycles.

The slab rollback of the Hellenic Arc subduction forms the megathrust into an oval shape (Bohnhoff et al., 2005;
Jolivet et al., 2013). Based on stress inversion using observed earthquake faulting mechanisms, Kkallas
et al. (2021) identify five seismotectonic domains (Figure 1). First, the outer Hellenic Arc, characterized by low‐
angle NW‐SE thrust‐faulting interface events with typical focal depths between 30 and 40 km, is formed by NE‐
SW compression. Second, the sedimentary arc, including the islands (e.g., Peloponnese, Crete, and Karpathos),
which is dominated by north‐south oriented normal faults and earthquakes shallower than 30 km depth. Third, the
Volcanic arc formed due to extension in the N‐S direction, including normal faults that follow the observed
volcanic arc strike. Furthermore, the southeastern Aegean region exhibits a combination of subduction‐related
faulting and southwest‐northeast trending arc‐parallel strike‐slip faulting (Nyst & Thatcher, 2004), forming the
Strabo and Pliny trenches and hosting seismicity with focal depths reaching up to 60 km. In the eastern section of
the Hellenic Arc, there is a transition from subduction to different tectonic styles, characterized by a progressive
rake rotation from a reverse to a strike‐slip dominant mechanism as the convergence becomes more oblique.
Finally, deeper (50–160 km) in‐slab events are observed along strike‐slip faults off the subducted slab and often
include a notable thrust component.

When portions of a megathrust are considered to be significantly “coupled”, they can accumulate pronounced
long‐term slip deficits, which may be released in earthquakes. Which portions of the Hellenic Arc are seismically
coupled is debated. While Ganas and Parsons (2009) argue that the Hellenic Arc is frictionally fully locked, other
authors infer that because of the high convergence rate and relatively low seismicity, a large part of the regional
plate convergence must be accommodated aseismically (Becker & Meier, 2010; Jackson & Mckenzie, 1988;
Shaw & Jackson, 2010; Vernant et al., 2014), or determine along‐strike variations in coupling (Laigle
et al., 2004). Becker and Meier (2010) assume periods of seismic locking followed by intermediate moment
magnitude events and aseismic slip. Vernant et al. (2014) develop a block model of the Aegean to explore the
degree of seismic coupling of the megathrust interface and restrict the seismogenic and fully coupled portion of
the Hellenic Arc to 15–45 km depth. They conclude that the absence of crustal shortening and the slip deficit rate
of the Hellenic Arc are related to poorly consolidated and saturated sediments and characterize the upper 15 km as
aseismic. Shaw and Jackson (2010) state that the plate interface never reaches the surface, and the plate motion
discharges in sediment thickening and folding, forming an 8–10 km accretionary prism of thick seafloor sedi-
ments that are seismically decoupled from the oceanic crust.

Off‐shore areas such as the Hellenic Arc subduction zone are difficult to study due to limited accessibility,
specifically for satellite‐based geodetic techniques. Additionally, a lack of quantitative data spanning complete
seismic cycles of the Hellenic Arc significantly increases the uncertainty regarding the occurrence rate of large
earthquakes. Even for recent events that are relatively well‐recorded, the detailed rupture process often remains
challenging to unravel (e.g., Chousianitis & Konca, 2021; Kiratzi et al., 2022; Ren et al., 2022). The conditions
that may enhance or impede future large subduction zone earthquakes in the Hellenic Arc are poorly understood.
Important aspects may be, among others, present‐day near‐trench and depth‐extension of the seismic locking,
frictional properties, regional stress state, and sediment strength (Du et al., 2021; Jeandet Ribes et al., 2023; Lay
et al., 2012; Sallarès & Ranero, 2019; Ulrich et al., 2022; Wilson & Ma, 2021). Specifically, the potential near‐
surface rupture processes that may control large, vertical seafloor displacements and tsunami hazards are chal-
lenging to assess.

Geodetic coupling can help to inform the initial stress conditions of dynamic rupture models (Gu et al., 2023; Hok
et al., 2011; Noda et al., 2021; Ramos & Huang, 2019; Yang et al., 2019). The product of slip rate deficit (inferred
from seismic coupling studies) and assessed strain accumulation times allows inferring slip deficit distribution
and associated static stress change (Ramos & Huang, 2019). Lindsey et al. (2021) show that frictionally unlocked
regions above the locked portion of the megathrust can yet exhibit a slip rate deficit of over 80% of the plate
convergence rate, which is stress‐shadowed by the deeper locked megathrust. However, detailed geodetic con-
straints are yet unavailable for the Hellenic Arc region.

Dynamic earthquake rupture simulations (e.g., Harris et al., 2018) combine the frictional failure of rocks and
seismic wave propagation in a non‐linear and multi‐physics manner to produce physics‐based forecasts and
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provide insight into the poorly understood fundamental processes of earthquake faulting. As input, dynamic
rupture simulations require, among other parameters, fault geometry, on‐fault prestresses, and frictional fault
strength descriptions Ramos et al. (2022). This input is generally challenging to constrain observationally,
especially in off‐shore subduction regions, like the Aegean Sea, with sparse near‐trench observations (Ulrich
et al., 2022).

We present an ensemble of 10 3D dynamic rupture scenarios of megathrust earthquakes across the Hellenic Arc,
including realistic slab geometry, topography, and off‐fault plastic deformation, to help address the lack of
quantitative observations of historical large earthquakes and a heterogeneous plate coupling model. Our models
help better understand how large ruptures may start, propagate, and arrest and which seafloor deformation might
result. We develop four large counterfactual scenarios (Woo, 2018) and models that resemble historic tsuna-
migenic events. Our findings may offer constraints for dynamically plausible slip distributions, tsunami

Figure 1. Tectonic constraints for 3D dynamic rupture scenarios in the Hellenic Arc area: (a) Hellenic Arc megathrust geometry (Basili et al., 2013) and modeled domain
extent. Depth is colored from shallow (white) to deep (purple). The red stars mark the hypocenters of the historical MW ∼ 8 AD 365 and 1303 Crete earthquakes that
generated destructive tsunamis. (b) Zoomed‐in view of (a) focusing on the northern trench as the main tectonic feature including plate boundaries and motions of the
African and Eurasian Plates, and subduction zone domains. The main plate boundaries (Bird, 2003) are marked with black lines. Subduction zones are also labeled with
black triangles, pointing toward subduction. Red arrows indicate the Aegean (30.5 mm/yr (Reilinger et al., 2006)) and the African (5 mm/yr (Ganas & Parsons, 2009;
Vernant et al., 2014)) plate motions resulting in a convergence rate of ∼35 mm/yr. A gray line frames the outer Hellenic Arc, a blue line frames the Sedimentary Arc, and
the Volcanic Arc is framed by a red line (Kkallas et al., 2021). In‐slab events lay below the transition from Sedimentary to Volcanic Arc. (c) 3D views of the modeled
Hellenic arc megathrust. (d) Modeled absolute particle velocity [m/s] across the Earth's surface with topo‐bathymetry in the reference scenario at simulation time 100 s.
High‐amplitude surface waves extend from Greece and Turkey until the coast of Lybia and Egypt, suggesting that the ground shaking from a margin‐wide megathrust event
on the Hellenic Arc could directly affect large parts of the eastern Mediterranean.
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generation mechanisms, and surface deformation, informing future physics‐based probabilistic seismic hazard
analysis (PSHA), seismic‐probabilistic tsunami hazard assessment (S‐PTHA), and joint evaluation of seismic and
tsunami hazards in subduction zones.

We explore various approaches for realizing 3D dynamic rupture scenarios on the shallowly dipping Hellenic Arc
subduction interface. Assuming homogeneous along‐arc stresses and varying hypocenter locations result in
counterfactual margin‐wide rupture scenarios (models HE, HM, and HW). Dynamic rupture scenarios can
penetrate velocity‐strengthening fault regions and drastically vary in their amount of shallow slip, depending on
the hypocenter location. We also assess the effects of off‐fault deformation (model HEP) on seafloor displace-
ment. We then analyze an asperity model (HEA) that may resemble the 1303 Crete earthquake, constrained by
subduction earthquake scaling relations (Strasser et al., 2010). Next, we explore heterogeneous initial stress
conditions constrained by stress inversions (Kkallas et al., 2021) (models HES and HMS) with epicenters located
in the east and center of the Hellenic Arc megathrust. When we incorporate prestress variations, the dynamic
rupture extent is limited. We explore how increasing initial stress complexity affects rupture propagation, shallow
slip, and seafloor displacement. We then implement fractally distributed frictional asperities (model DCA), with
size‐dependent critical slip‐weakening distance (Dc), following Ide and Aochi (2005) and Gallovič and Valen-
tová (2023). Finally, we investigate a model incorporating segmented fault loading and multi‐scale asperities
(model DCAS). We compare results to existing uplift data in the Hellenic region and discuss implications on
tsunami hazards for all dynamic rupture models.

1.1. Historic Tsunamigenic Earthquakes: The AD 365 and 1303 Events

Historically, the Aegean region hosted at least two MW ≥ 8 events, both of which generated regional tsunamis: the
AD 365 Crete event, located offshore west of Crete, and the 1303 Crete event, located offshore further east
between Crete and Karpathos.

The AD 365 earthquake likely occurred due to thrust faulting beneath Crete (Shaw et al., 2008). The exact
location and whether or not it was located on the Hellenic Arc subduction interface itself or on a branching splay
fault remains unclear (Papazachos & Nolet, 1997; Bohnhoff et al., 2001; Stiros & Drakos, 2006; Shaw
et al., 2008; N. Ambraseys, 2009). Due to the earthquake and the associated tsunami, thousands of people were
killed (Kelly, 2004; S. C. Stiros, 2020). Archeological observations confirm seismic destruction in Crete
(DiVita, 1979, 1995; Markoulaki, 1987). This earthquake may have produced up to ∼9 m coseismic uplift
(Flemming, 1978; Pirazzoli et al., 1982, 1992; Stiros & Drakos, 2006; Shaw et al., 2008). Sedimentology,
radiocarbon data, field observations, and seamarks around the shore of Crete evidence a tsunami (Scheffers &
Scheffers, 2007; Shaw et al., 2008; Spratt, 1865).

Several studies attempted to reproduce the tsunami generated by the historical AD 365 Crete event using different
static or kinematic earthquake models (S. Tinti et al., 2005; Papadimitriou & Karakostas, 2008; Shaw et al., 2008;
England et al., 2015) with fault lengths ranging from 100 km to more than 200 km, dipping at 20–45°. The
earthquake may have occurred on a splay fault branching the main megathrust (Shaw et al., 2008; Shaw &
Jackson, 2010; S. C. Stiros, 2010; Saltogianni et al., 2020) or on an antithetic normal fault (Ott et al., 2021), which
can explain the high amount of uplift observed on Crete. Papadimitriou and Karakostas (2008) model the AD 365
earthquake on a thrust fault parallel to the megathrust. With a maximum slip of 25 m, a moment magnitude of
MW8.4, and a seafloor uplift of up to ∼ 9 m near southwest Crete, they can fit observations of co‐seismically
uplifted coastal material from Pirazzoli et al. (1996). England et al. (2015) use the rupture models of Shaw
et al. (2008) and Papadimitriou and Karakostas (2008) as sources for a tsunami simulation. While the source of
Shaw et al. (2008) produces a smaller tsunami with wave heights of up to ∼7 m, the model from Papadimitriou
and Karakostas (2008) generates wave heights of ∼10 m, which fit observations better.

The 1303 Eastern Crete event is among the best‐documented historical events in the Mediterranean Area (Yolsal
et al., 2007). It probably occurred on a thrust fault (Yolsal‐Çevikbilen & Taymaz, 2012), which might be the
Hellenic Arc itself or a smaller fault parallel to the megathrust. The earthquake caused a tsunami that affected a
large area and was recorded in Crete, Peloponnese, Rhodes, Cyprus, Antalya in south‐west Turkey, Acre in Israel,
the Adriatic Sea, and the Alexandria‐Nile delta in Egypt (N. N. Ambraseys, 1962; N. N. Ambraseys, 1994; N.
Ambraseys, 2009; Antonopoulos, 1980; Guidoboni & Comastri, 1997; Guidoboni et al., 2005; Altinok &
Ersoy, 2000; Soloviev et al., 2000; Yolsal et al., 2007).
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1.2. Seismic‐Tsunami Hazard Assessment in the Hellenic Arc Region

Both historic, devastating, tsunamigenic MW ≥ 8 events and more recent, smaller earthquakes in the Hellenic Arc
region have motivated local and regional earthquake‐tsunami hazard studies (S. Tinti et al., 2005; Lorito
et al., 2008; Papoulia et al., 2010; Lorito et al., 2015; Tonini et al., 2011; Grezio et al., 2012; Sørensen et al., 2012;
Selva et al., 2016; Davies et al., 2018; Volpe et al., 2019; Scala et al., 2020; Basili et al., 2021; Selva et al., 2021).
S. Tinti et al. (2005) simulated tsunamis initiated by sources related to the AD 365 and 1303 Crete earthquakes,
which they assumed to be running parallel to the Hellenic megathrust. Lorito et al. (2008) determined the ge-
ometry, kinematics, and size of generally feasible maximum moment magnitude events in the Hellenic Arc region
and simulated the related tsunamis. They find that these events produce tsunami waves of up to 5 m in height.
Sørensen et al. (2012) developed the first S‐PTHA model in the Mediterranean area. They find that the tsunami
hazard in the eastern Mediterranean is governed by earthquakes along the Hellenic arc and estimate a near 100%
probability of tsunami waves exceeding 1 m in the next 30 years. Recent studies (Basili et al., 2021; Scala
et al., 2020; Selva et al., 2016) focus on a formal aleatory and epistemic uncertainty quantification in S‐PTHA,
while including more detailed information on the fault structure and account for the effects on the hazard model of
potential shallow slip amplification.

3D dynamic rupture models, simulating spontaneously evolving rupture propagation along the megathrust ge-
ometry, have not been explored for the Hellenic arc. Yet, physically consistent earthquake scenarios from 3D
dynamic rupture modeling and associated time‐dependent surface displacements could complement stochastic
earthquake source models typically used in S‐PTHA. Stochastic earthquake slip models in combination with
efficient tsunami solvers are convenient for S‐PTHA (e.g., Davies et al., 2018; McCloskey et al., 2008; Scala
et al., 2020), as they are computationally cheap, and therefore allow exploring the expected natural ‐ assumed
aleatory ‐ variability of earthquake slip distributions to a great extent. Alternatively, plausible source models may
be obtained from kinematic source models of past earthquakes based on seismic inversion data (Lorito
et al., 2008; Scala et al., 2020; Song & Somerville, 2010). However, questions regarding their use to constrain
potential future events remain; specifically, it remains debated whether information based on past earthquakes is
sufficient to constrain the source characteristics of future events. Kinematic source models can be designed to
match empirical earthquake scaling laws and to produce a range of magnitudes to aid hazard assessment (e.g.,
Marafi et al., 2019), but are not necessarily compatible with the physical laws of earthquake faulting (e.g., E. Tinti
et al., 2021). Static source models, however, neglect the tsunami‐earthquake interaction during the co‐seismic
seafloor uplift and tsunami generation process. A tsunami can evolve and propagate during its generation
phase, especially for long‐duration, large, and/or slow earthquakes. This effect is only captured when sourcing the
tsunami model using the complete time‐dependent co‐seismic uplift phase (Abrahams et al., 2023; Madden
et al., 2020; Wirp et al., 2021).

3D physics‐based earthquake modeling may contribute to a better understanding of earthquake and tsunami
source effects, benefiting S‐PTHA studies. In particular, it can help to decipher the effects of off‐fault damage and
heterogeneous on‐fault material properties on near‐surface slip amplifications and associated seafloor uplift to-
ward a complete understanding of tsunami generation and hazard assessment (Behrens et al., 2021). Dynamic
rupture simulations model how earthquakes nucleate, propagate, and arrest in a mechanically self‐consistent
manner. Due to computational advances, 3D dynamic rupture simulations on the scale of subduction zones are
now feasible (Galvez et al., 2016; Hok et al., 2011; Krenz et al., 2021; Ramos & Huang, 2019; Uphoff
et al., 2017).

Recent studies (Galvez et al., 2016; Murphy et al., 2016, 2018; Uphoff et al., 2017; Ma & Nie, 2019; Ramos &
Huang, 2019; Saito et al., 2019; van Zelst et al., 2022; B. Li et al., 2023) show that physics‐based dynamic rupture
models of complex fault systems and megathrusts offer feasible source descriptions for tsunami modeling. These
models can provide a time‐dependent tsunami source by linking the seafloor displacements and velocities to the
tsunami model (Amlani et al., 2022; Kutschera et al., 2024; Lotto, Dunham, et al., 2017; Madden et al., 2020;
Ryan et al., 2015; Ulrich et al., 2022; Ulrich, Vater, et al., 2019). In this way, the effects of reflected waves at the
free‐surface in the accretionary wedge (Lotto, Nava, & Dunham, 2017; Nielsen, 1998; van Zelst et al., 2019),
spontaneously evolving shallow slip amplification (Ma & Beroza, 2008; Rubin & Ampuero, 2007; Scala
et al., 2017) caused by bi‐material effects or updip rupture propagation, and the impact of off‐fault plastic yielding
on seismic ground motions (Roten et al., 2014, 2017; Xu et al., 2015) and seafloor displacements (Ma & Hir-
akawa, 2013; Ma & Nie, 2019; Ulrich et al., 2022; Wilson & Ma, 2021) can be taken into account.
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2. Reference 3D Dynamic Rupture Model Setup
We here describe the reference dynamic rupture modeling parameters and model setup forming the base of all 10
scenarios. We use the open‐source software package SeisSol (https://seissol.org) (e.g., de la Puente et al., 2009;
Pelties et al., 2012, 2014) on high‐performance computing infrastructure. Our SeisSol simulations simultaneously
solve for seismic wave propagation, frictional failure on prescribed fault interfaces, and (visco‐) plastic Drucker‐
Prager off‐fault plastic deformation (Andrews, 2005; Wollherr et al., 2018). SeisSol is based on an Arbitrary high‐
order accurate DERivative Discontinuous Galerkin method (ADER‐DG) (Dumbser & Käser, 2006; Käser &
Dumbser, 2006)). It uses unstructured tetrahedral meshes enabling models incorporating geometrical complex-
ities (e.g., Ulrich, Gabriel, et al., 2019; Wolf et al., 2020; B. Li et al., 2023; Taufiqurrahman et al., 2023), such as
the shallowly dipping megathrust interface geometry of the Hellenic Arc. In all models, frictional failure and fault
slip are governed by a linear slip weakening friction law (Ida, 1972). We adopt the isotropic version of the 1D
velocity model PREM (Preliminary Reference Earth Model) (Bormann, 2009; Dziewonski & Anderson, 1981).

2.1. Geometric Model, Mesh, and Resolution

We build a geometric model of the eastern Mediterranean region, including the Hellenic subduction zone, the
Greece and Turkey coastlines, and parts of northern Africa, as well as Italy (Figure 1), incorporating topography
and bathymetry (GEBCO Compilation Group, 2019) at 15 arc s or ∼380 m resolution. We use the Hellenic Arc
subduction interface geometry from the European Database of Seismogenic Faults (EDSF, Basili et al. (2013)) at
∼0.2° resolution, which is inferred from seismicity distributions, receiver functions, seismic imaging, velocity‐
gravity models, GPS velocities, geological observations, and topographic analyses. The same fault model was
used in recent tsunami hazard studies (Scala et al., 2020; Selva et al., 2016). The modeled slab is 800 km wide,
600 km long, and reaches 90 km depth. Our model domain spans ∼4,400 by ∼2,800 by ∼500 km.

We use an adaptive unstructured tetrahedral mesh, refined toward the fault and the free surface. Our resulting
mesh consists of 38.89 million elements. The smallest elements are used to discretize the megathrust fault
interface and have a 650 m edge length. We use high‐order accuracy in space and time using polynomial basis
functions of order p = 5. Thus, each triangular element face, which is assigned a dynamic rupture internal
boundary condition, is discretized by ( p + 2)

2 Gauss points. This allows adequately resolving the minimum
process zone width at the rupture tip, which we measure as ∼1,500 m following Wollherr et al. (2018). We
calculate the resolution of the seismic wavefield characterized by the maximum frequency resolved according to

f ≈ Vs/Δx/elements per wavelength (1)

with Δx defining the local element size, Vs the s‐wave speed, and the minimum required elements per
wavelength = 2 for order 6 accuracy in space and time (Käser et al., 2008; Pelties et al., 2014). This mesh
resolution allows us to resolve the seismic wavefield up to 2.7 Hz close to the slab. Resolution gradually decreases
with static coarsening of the mesh away from the slab interface. However, owing to the relative proximity of the
slab to the free‐surface, we still achieve a resolution of 1.75 Hz at the free surface above the slab (Figure A1).

2.2. Ambient Prestress and Relative Fault Strength

In all our models, we constrain the tectonic background prestress state and megathrust strength at the subduction
scale using a regional stress tensor approach (Ulrich et al., 2022) and seismo‐tectonic observations, the Mohr‐
Coulomb theory of frictional failure, and assumptions on depth‐dependent pore fluid pressure. We fully
constrain a Cartesian prestress tensor representing a regional ambient loading by constraining the orientation of
the maximum compressive principal stress σ1 (3 angles), the stress shape ratio Φ (Equation 2), the maximum
relative prestress ratio R0 (Equation 3), and the effective vertical stress gradient.

We follow Angelier (1990) and Lund and Townend (2007) to define the stress shape ratio, balancing the principal
stress magnitudes, σi, as

Φ =
σ2 − σ3

σ1 − σ3
, (2)
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Constraining Φ from stress inversions (Kkallas et al., 2021) is challenging. In the following, we assume Φ = 0.4,
which is consistent with stress inversion results of interplate events around Crete (Bohnhoff et al., 2005).

Closeness to the onset of frictional failure can be quantified by the relative prestress ratio R (e.g., Aochi &
Madariaga, 2003) defined as:

R =
Δτ
Δτb

=
τ − μdσ′n

c + (μs − μd)σn
. (3)

R relates the potential stress‐drop Δτ to the frictional breakdown strength‐drop Δτb. c is the frictional cohesion,
and μd and μs are the dynamic and static friction coefficients, respectively. The strength parameter S is directly
related to R, as S = 1

R − 1. We define R0 ≥R as the maximum possible value of R. R = R0 for faults optimally
orientated toward the regional stress tensor. R0 = R = 1 would characterize a critically prestressed optimally
oriented fault. For all models, we define their relative fault strength with respect to the frictional strength drop. We
use R0 = 0.7 (S = 0.43), implying that fault stress drop can reach a maximum of 70% of the breakdown strength
drop. This is large enough to propagate earthquake rupture on a significant portion of the megathrust but small
enough to ensure realistic rupture characteristics such as rupture speed and stress drop.

Many megathrusts are characterized by non‐Andersonian prestress conditions, particularly in regions with com-
plex tectonics (Hardebeck, 2015). The crust in the Mediterranean Sea is comparably old and cold (Bocchini
et al., 2020; Granot, 2016; Müller et al., 2008; Speranza et al., 2012) potentially implying a low‐stress environment.
We constrain the stress shape ratio from stress inversion results of Bohnhoff et al. (2005). In all our models, we
assume a non‐Andersonian prestress state, where none of the principal stresses is purely vertically oriented
(Figure 2). In the reference prestress model, used in scenarios HE, HM, HW, HEP, and DCA (as defined in Figure 2
and Sections 1 and 3), the maximum compressive stress, σ1, is assumed shallowly plunging, σ2 is horizontal, and σ3,
normal to the σ1 − σ2 plane, is steeply plunging. Through static analysis and trial‐and‐error dynamic rupture
simulation, we selected this pre‐stress condition to optimally pre‐stress the slab in the hypocentral region of the
reference prestress model setup.

The components of the stress tensor are defined as follows:

σ′zz(z) = ρgz − Pf (z) (4)

σ′xx(x,y,z) = Ω(bxx (σ′zz(z) + Pf (z)) − Pf (z)) + (1 + Ω)σ′zz(z), (5)

σ′yy(x,y,z) = Ω(byy (σ′zz + Pf (z)) − Pf (z)) + (1 + Ω)σ′zz(z), (6)

σ′xy(x,y,z) = Ω(bxy (σ′zz(z) + Pf (z)) − Pf (z)), (7)

σ′xz(x,y,z) = Ω(bxz (σ′zz(z) + Pf (z)) − Pf (z)), (8)

σ′yz(x,y,z) = Ω(byz (σ′zz(z) + Pf (z)) − Pf (z)), (9)

where (bij) is a normalized tensor constrained by the orientation of σ1, and by ϕ and R0, and where Ω is a depth‐
dependent analytical function used to taper deviatoric stresses at the brittle‐ductile transition below 50 km as:

Ω = max(0,min(1,1 + (z + 50,000 m)/150,000 m). (10)

We perform a slip tendency analysis for dynamic rupture simulations following Palgunadi et al. (2020), for which
no dynamic rupture simulations are required. We vary the three angles constraining the orientation of σ1 and
compute the variable on‐fault prestress and the closeness to failure, which are both modulated by the complex slab
geometry. We find that a prestress, optimally oriented for a fault of azimuth 280° and dip 20° for pure thrust (rake
90°) faulting (i.e., σ1 plunging 10° trenchwards) results in a close to critical prestress on the modeled megathrust
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around the hypocenter depth when assuming μs = 0.6. We apply these variables to all 10 dynamic rupture sce-
narios (Table 1 and Figure 2).

Finally, we assume a high pore‐fluid pressure of 97% of the lithostatic load, which results in low effective normal
stress σ′n, and realistic slip amplitudes, in line with dynamic rupture simulations of the 2004 Sumatra‐Andaman
earthquake (Madden et al., 2022).

Figure 2. Ratio of initial shear stress (τ) to effective normal stress (σ′n) illustrating closeness to failure prior dynamic rupture
onset. In our linear slip‐weakening friction framework, frictional failure occurs when τ

σ′n
= 0.6 = μs. We here show τ

σ′n
for:

(a) the reference model setup with Eastern (HE), Central (HM), and Western (HW) hypocenters, and the model allowing for off‐
fault plasticity (HEP). In all of these models, the fault is close to optimally prestressed, which can lead to margin‐wide
earthquake scenarios of MW ∼ 9.0. The bottom‐right inset illustrates the plunge of the maximum (σ1, black, 10°) and minimum
(σ3, red) principal stresses; (b) the rotated stress model (HER), characterized by a slightly shallower σ1 plunge (5°). Here, the
shallower fault portion is less optimally prestressed, which prevents shallow rupture, resulting in a dynamic rupture scenario of
MW ∼ 8.9; (c) the single‐asperity model (HEA) for a dynamic rupture earthquake scenario resembling the 1303 Crete
earthquake, described in Section 3.2; (d) the segmented prestress model (HES, DCAS) informed by the regional stress inversion
of Kkallas et al. (2021) described in Section 3.3. (e) the Dc‐asperity model (DCA), characterized by a slightly steeper σ1 plunge
(15°). Here, the deeper fault portion is less optimally prestressed.
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2.3. Depth‐Dependent Fault Friction and Rupture Nucleation

All fault‐friction parameters are summarized in Table 1. We account for variations in frictional behavior with depth
by using a depth‐dependent μd and constant μs = 0.6 leading to a depth‐dependent frictional strength drop and
realistic static frictional strength (Byerlee & Summers, 1976; E. Tinti et al., 2021). We follow (Scala et al., 2020;
Shaw & Jackson, 2010; Vernant et al., 2014) and consider the seismogenic zone to range from ∼15 km depth to
∼40–50 km depth. Deformation of the uppermost 15 km is assumed to be dominantly aseismic aligned with the
HASZ's relatively high convergence rate and low seismicity. We incorporate these constraints in our dynamic
rupture models by assuming a slip‐strengthening frictional behavior in the uppermost 15 km (μs = 0.6 and
μd = 1.2, Figure 3). Slip‐strengthening is a linear‐slip weakening friction proxy (e.g., Ramos et al., 2021) for
shallow velocity‐strengthening behavior characterizing aseismic behavior (Scala et al., 2020; Shaw & Jack-
son, 2010; Vernant et al., 2014). Between 15 and 40 km depth, we use a lower μd = 0.3, resulting in linear slip‐
weakening behavior. Between 40 and 50 km depth, we linearly increase μd from 0.3 to 1.2 resulting in slip‐
strengthening frictional behavior at depths deeper than 43.3 km. We assume constant μd = 1.2 below 50 km depth.

We smoothly initiate all dynamic rupture scenarios within a spherical region surrounding the respectively
assumed hypocenter location (Figure 2) by locally reducing the effective friction coefficient from its static to its
dynamic value over 0.5 s at smoothly varying speeds with a maximum speed of 2,660 m/s, following Harris
et al. (2018).

2.4. Off‐Fault Plasticity

In model HEP, we analyze the effects of weak off‐slab sediments co‐seismically deforming. To this end, we
consider a non‐associative (visco‐) plastic Drucker‐Prager rheology (Andrews, 2005; Wollherr et al., 2018). The
Hellenic Arc is characterized by relatively weak and unconsolidated sediments in the upper 15 km (Bohnhoff
et al., 2001; Casten & Snopek, 2006; Jongsma, 1977; Le Pichon & Angelier, 1981; Pichon & Angelier, 1979;
Shaw & Jackson, 2010; Taymaz et al., 1990).

The bulk material's friction coefficient ν is set to 0.6 and the bulk cohesion C(z) varies with depth (Figure 3a):

C(z) = C0 + C1(z)σ′zz. (11)

Table 1
Dynamic Rupture Parameters Common to All Ten Models

Parameter Value

Static friction coefficient (μs) 0.6

Dynamic friction coefficient (μd) depth‐dependent, 1.2–0.3

Critical slip distance (Dc) [m] 1.0

Maximum relative prestress ratio (R0) 0.7

Pore fluid pressure ratio (γ) 0.97

Stress shape ratio (Φ) 0.4

Dip of optimally oriented fault segments in reference prestress model [°] 20

Plunge of σ1 in reference prestress model [°] 10

Plunge of σ1 in model HER [°] 5

Plunge of σ1 in models HES and DCAS [°] 3–29

σ2 in Reference prestress model horizontal in along‐strike direction

Plunge of σ3 in Reference prestress model [°] −80

Seismogenic depth [km] ∼15–43.3a

Note. The names of the models are defined in Figure 2 and in Sections 1 and 3. asee Figure 3.
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C0 = 0.3 MPa is a constant term that controls the amplitude and location of the off‐fault yielding at shallow depth,
while C1(z) is a depth‐dependent term defining rock hardening, σ′zz is the effective lithostatic stress. We use a
viscoelastic relaxation time of Tv = 0.03 s. The off‐fault plastic strain (Ma, 2008a) is quantified as

η(t) = ∫

t

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

ϵ̇p
i,j ϵ̇

p
i,j.

√

(12)

A fully elastic rheology is considered in all other 9 models besides HEP.

3. Increasingly Complex Initial Conditions
In the following, we describe dynamic rupture model setups, which successively increase complexity based on the
reference prestress and fault strength parameterization to account for smaller‐scale megathrust heterogeneity.

All prestress initial conditions in our models are based on available seismic observations and a few trial‐and‐error
dynamic rupture simulations. We use stress inversion results to generate our regionally varying initial stress setup.
This enables constraining realistic initial conditions for dynamic rupture simulations without relying on geodetic
locking models, which have been successfully used to initialize dynamic rupture scenarios (Chan et al., 2023;
Ramos & Huang, 2019; Yang et al., 2019) but are difficult to obtain for offshore regions.

However, this reference prestress state remains relatively homogeneous. Various additional ingredients may be
invoked to capture additional smaller scale heterogeneities, including prescribed stress asperities and barriers
(Miyatake, 1992; Shibazaki & Matsu'ura, 1992; Dalguer et al., 2008; Cocco et al., 2016) (computationally
challenging) fault roughness (Bartolomeo et al., 2010; Taufiqurrahman et al., 2022), or velocity‐strengthening
regions (Kaneko et al., 2010).

In this study, we explore the role of large stress asperities, along‐strike segmented prestress, multi‐scale frictional
strength asperities.

Figure 3. (a) Depth‐dependent plastic cohesion and bulk friction for model HEP with off‐fault plasticity. (b) Depth‐
dependence of friction coefficients in all models. We assume a constant static friction coefficient μs, while the dynamic
friction coefficient μd varies with depth. Slip‐strengthening (μd > μs) is assumed in the upper 15 km and at depths lower than
43.3 km, and slip‐weakening (μd < μs) is assumed within the seismogenic zone. (c) Multiscale asperity models, with scale‐
dependent critical slip‐weakening distance (Dc), following Ide and Aochi (2005) and described in Section 3.4.
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3.1. Reference Laterally Homogeneous Prestress and Friction Parameters

Our reference model setup (HE) is based on a laterally homogeneous prestress setup with σ1 dipping at 10°
(Figures 2a and Table 1). All other parameters are set as described in Section 2. The model's rheology is purely
elastic. In this reference model setup, we vary the epicentral location along the Hellenic Arc to investigate the
influence of epicentral location on shallow slip, keeping the initial conditions constant and homogeneous. In the
next step, we add off‐fault plastic yielding to the reference model, maintaining the same homogeneous initial on‐
fault stress conditions.

3.2. Single‐Asperity Prestress Model (HEA)

Our single‐asperity model (HEA) earthquake scenario resembles the 1303 Crete tsunamigenic earthquake. We
limit the potential rupture size by reducing the initial loading outside a circular predefined region, a prestress
asperity. A laterally homogeneous stress setup is applied within this asperity, with a constant prestress ratio of
R0 = 0.7. Outside, the shear stress is smoothly tapered over 35 km away from the asperity by linearly decreasing
the shear stress until it reaches a value that equals the lithostatic stress.

Aiming to dynamically model a MW ∼ 8 earthquake, we choose an asperity size of radius 180 km based on the
subduction‐specific earthquake scaling relationship of Strasser et al. (2010), and consistent with earlier studies of
the 1303 event (e.g., S. Tinti et al., 2005) (Figure 2c). We use σ1 plunging 5° (an optimally prestressed fault would
be oriented with a strike of 290° and dipping at 25°). We consider four possible epicenter locations, constrained
from Papazachos et al. (1999); Papadopoulos et al. (2012); Yolsal‐Çevikbilen and Taymaz (2012); Necmioğlu
and Özel (2014), respectively, and three different prestress settings, based on Papadopoulos et al. (2012); Yolsal‐
Çevikbilen and Taymaz (2012); Necmioğlu and Özel (2014) by changing Shmax accordingly. The laterally ho-
mogeneous stress is defined as in a), but we vary the orientation of principal stresses.

Of these 12 epicenter‐prestress combinations, only three lead to spontaneous dynamic rupture propagation: (a) the
epicenter and stress setup by Necmioğlu and Özel (2014); (b) the epicenter location proposed by Papadopoulos
et al. (2012) in combination with the stress orientations inferred by Necmioğlu and Özel (2014); and (c) the
epicenter location from Necmioğlu and Özel (2014) together with the initial stress setup from Papazachos and
Nolet (1997). Our preferred scenario is (d) since it best reproduces the 1303 Crete earthquake in terms of dynamic
rupture extent and moment magnitude.

3.3. Segmented Stress Models (HMS and HES)

In models HMS and HES, we assign along‐arc varying initial stresses based on the stress inversion of Kkallas
et al. (2021). We include only the stress values inferred from focal mechanisms (Kkallas et al., 2021) that contain
a dominant thrust component. This leads to principal stress variations of σ1 between 3° and 29° across the here
assumed segments. The change of σ1 influences how well the shallow or deep fault is prestressed and how close
the segments are to failure.

We divide our HASZ modeling domain into nine seismotectonically homogeneous regions along an NW to SE axis
and constrain the principal stress orientations for each area based on the stress inversion results. We smooth out
sharp prestress discontinuities at the boundaries between sub‐regions by applying a 2‐D Gaussian smoothing kernel
with standard deviation σ = 3 across the ∼2–4 km sampled 2D rectilinear grid storing the stress parameters.

The resulting segmented prestress is shown in Figure 2d. The azimuth and plunge of the maximum principal stress
σ1 vary segment‐wise along the margin. The north‐western portion of the slab, being non‐optimally oriented,
resolves little shear stress, while the south‐eastern part is closer to failure. Higher shear over effective normal
stress ratio at shallow depths compared with the stress model of a) relates with locally steeper σ1 plunges.

3.4. Multi‐Scale Asperity Models (DCA and DCAS)

Dc asperities that act as barriers can evolve due to differences in the fluid content of the subducted slab material, or
coincide with fault roughness, or subducted seamounts (Bassett & Watts, 2015; Molina‐Ormazabal et al., 2023).
In models DCA and DCAS, we apply randomly distributed circular asperities with scale‐dependent critical slip
weakening distance (Dc) and fractal size‐distribution, resulting in fewer larger than smaller‐sized asperities
(Figure 3). This multi‐asperity model is adopted from Ide and Aochi (2005). To allow for sustained, realistic
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rupture propagation under our prestress assumptions, we adopt the following parameterization for the HASZ: Dc
varies between 0.25, 0.5, 1, and 2 m. We chose Dc =1.0 m within the largest asperity, which is consistent with the
Dc value of all other scenarios with constant Dc. Smaller asperities may superimpose the larger ones. Consistent
with Ide and Aochi (2005), we chose a background value of Dc = 64 m outside the asperities to limit rupture
propagation. We note that other forms of heterogeneity may act as barriers, such as smaller‐scale heterogeneity in
prestress, static or dynamic friction coefficients, scale‐dependent fracture energy, or geometric complexity (e.g.,
Gabriel et al., 2024; Ke et al., 2018; Ke et al., 2022; Wei et al., 2024; Weng & Ampuero, 2019; Wesnousky, 2006).

Our DCA model combines these multi‐scale asperities with a steeper dipping σ1 compared to the reference
laterally homogeneous stress setup (Figure 2 and Section 3.1). The steeper plunge of σ1 is necessary to facilitate
sustained dynamic rupture propagation, given the locally increased fracture energy due to the heterogeneous Dc.
Our model DCAS combines the multi‐scale asperities with the segmented stress loading (Section 3.3), leading to
the most heterogeneous initial conditions of all models studied in this work.

4. Results
4.1. Margin‐Wide 3D Dynamic Rupture Scenarios

We present five models loaded by a laterally homogeneous Cartesian prestress tensor (Figures 2a, 2b, and 4). Four
of these models explore “counterfactual” scenarios based on margin‐wide dynamic rupture earthquake simula-
tions and their sensitivity to epicenter location, prestress orientation, and off‐fault plasticity.

All margin‐wide counterfactual rupture scenarios are based on laterally homogeneous initial stress conditions and
reach MW ∼ 9 moment magnitude (Table 2). The fifth scenario illustrates the sensitivity of the potential for
margin‐wide dynamic rupture on prestress configuration. While rupture dynamics of margin‐wide scenarios with
different epicenter locations are comparable, including localized supershear transition at the exact same deep slab
location beneath Western Greece, the further west the epicenter location, the higher the amount of shallow slip
and the more pronounced the modeled localized near‐trench uplift. Adding off‐fault plastic yielding limits
shallow on‐fault slip by preventing slip from penetrating into the velocity‐strengthening region. A five‐degree
more shallowly plunging σ1 leads to spontaneous rupture arrest before crossing the complete margin and pre-
vents shallow slip.

4.1.1. Reference Model With Laterally Homogeneous Prestress and Friction Parameters and Eastern
Hypocenter (HE)

We prescribe the hypocenter of our reference model (HE) below southeast Crete at a depth of 30 km (Figure 4a).
Little slip penetrates to the west and into the shallow slip‐strengthening region. Dynamic rupture initiates as a
circular crack, turning pulse‐like and propagating unilaterally toward the west after ∼60 s simulation time
(Figure 5a and Animation S1). Localized, deep supershear rupture is observed at the deep and steeply dipping
portion of the slab, at ∼40 km depth around western Crete, and coincides with the area of the largest peak slip rate up
to 6.9 m/s (Table 2). At the same depth (∼ 40–45 km), the highest stress drop is observed (Figure 6). The slab
interface changes from a relatively flat dipping portion of the slab to a much steeper dipping segment of the
megathrust at this depth. This geometry change coincides with higher initial stresses (Figure 2). Large‐scale
megathrust geometry changes leading to deep, localized propagating supershear rupture have been reported pre-
viously in geodynamically constrained 2D and 3D megathrust dynamic rupture models (van Zelst et al., 2019; Wirp
et al., 2021).

Dynamic rupture propagates west until reaching the prescribed north‐western edge of the Hellenic Arc slab
model, that is, yielding a margin‐wide rupture scenario, after 150 s simulation time. The highest accumulated slip
of ∼11 m is modeled below southwest Crete. The resulting vertical seafloor displacement distribution reflects the
distribution of fault slip. Uplift of up to 1.6 m is modeled south of Crete and southwest of Peloponnese. Sub-
sidence of ∼1 m can be observed north of Crete, on Peloponnese, and across the islands of Zakynthos and
Kefalonia (Figure 4a).

4.1.2. Models With Different Hypocenter Locations (HM and HW)

We vary epicentral locations to investigate the effect of rupture propagation direction on rupture dynamics, slip
distribution and extent, and seafloor displacements. We present two models, one with its epicenter located
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between Crete and Peloponnese (middle hypocenter model, HM), and one with an epicenter located further west,
below northwest Greece (western hypocenter model, HW). Both have the same epicentral depth of ∼ 30 km as
model HE.

Figure 4. Rupture characteristics of modeled counterfactual margin‐wide 3D dynamic rupture scenarios HE, HM, HW, and
HEP: Fault slip ([m], left), peak slip rate ([m/s], middle), and vertical seafloor uplift ([m], right) distributions. Changing the
hypocenter location (white star) in (a), (b), and (c) impacts shallow fault slip, generating localized near‐trench uplift visible in
the vertical seafloor displacements (right). We account for the possibility of off‐fault plasticity in model HEP (d)), extending
the eastern hypocenter reference (HE) scenario in (a). This restricts slip to the deeper fault areas but generates increased slip
amplitudes, which, combined with off‐fault plastic strain, increases vertical seafloor displacements. The color scales are
saturated. See Table 2 for absolute maximum values. See Animations S1‐S4 for illustrations of slip rate evolution across the
megathrust.
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Table 2
Rupture Characteristics for All 10 Dynamic Rupture Simulations

Model description ASla[m] PSRb[m/s] Vr
c[m/s] Disp.d[m] MW

e

Reference model: hypocenter east (HE) 11.323 8.600 3,248 1.642 9.04

Model hypocenter middle (HM) 12.974 6.974 3,003 1.504 9.06

Model hypocenter west (HW) 15.501 8.207 2,900 1.477 9.12

HE with off‐fault plasticity (HEP) 22.125 7.084 3,297 2.913 9.13

HE with rotated stress (HER) 6.239 5.108 2,859 1.625 8.61

HE with single asperity (HEA) 4.963 2.205 2,374 1.288 8.04

HM with along‐strike initial stress variations (HMS) 12.175 4.819 2,585 1.708 8.81

HE with along‐strike initial stress variations (HES) 5.244 1.829 1,631 1.171 8.12

Dc‐asperity model (DCA) 13.768 33.044 3,138 3.492 8.42

DCA with along‐strike initial stress variations (DCAS) 2.626 2.355 2,185 0.557 7.52
aFault slip. bPeak slip rate. cRupture velocity. dDisplacement. eMoment magnitude.

Figure 5. Slip rate evolution of four margin‐wide rupture scenarios: Absolute slip rate [m/s] after 25, 50, 75, 100, 125, and 150 s simulation time (Movies S1–S4):
(a) Reference scenario: Hypocenter East (HE), (b) Hypocenter Middle (HM), (c) Hypocenter West (HW), and (d) Hypocenter East with off‐fault Plasticity (HEP)
scenarios. The color scale is saturated. For absolute maximum slip rate values see Table 2.
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In the scenario with a middle hypocenter (HM), we observe initial circular crack‐like rupture followed by bilateral
pulse‐like rupture propagation toward the east and the west after the updip rupture front reached the shallow
velocity‐strengthening region (Figure 5b and Animation S2). Supershear transition occurs at around 50 s
simulation time at the same deeper, steeply dipping portion of the slab close to western Crete as in model HE.
However, supershear rupture is, in this scenario, initiated by a SE propagating rupture front. The location of
supershear rupture onset again coincides with the maximum PSR in this model, reaching ∼6.1 m/s, and high local
stress drop.

In the western hypocenter scenario (HW), we observe similar but mirrored rupture dynamics compared to model
HE, resulting in unilateral eastward pulse‐like rupture propagation. Localized supershear transition occurs at a
later stage of the simulation, at around ∼100 s simulation time (Figure 5c and Animation S3) when rupture
reaches the deep slab beneath western Crete at ∼45–50 km depth. Supershear transition coincides with the
model's maximum PSR of ∼8.2 m. Despite the overall similar earthquake characteristics, in model HW we
observe a wide, localized area of shallow slip to the trench, reaching up to 10 m in amplitude and driven by
shallow peak slip rates of ∼3–4 m/s.

Cases HE, HM, and HW all result in margin‐wide rupture. In all of these models with varying epicentral locations,
the rupture front penetrates into the shallow slip‐strengthening fault region after ∼100 s simulation time,
respectively. Importantly, the further west the epicentral location, the higher the amount of shallow slip. Rupture
propagation into the shallow slip‐strengthening region of the fault is more pronounced for models HM and HW,
evidenced by the high slip rate in the shallow part, and results in an additional localized near trench seafloor uplift
(Figure 4). Variations between the models are solely due to dynamic rupture evolution and rupture directivity.

For all three scenarios, the maximum slip is resulting at the center of the megathrust, below Crete, within the deeper
slip‐weakening region (Figure 4). With a high accumulated slip of ∼11.3 m (HE), ∼13.0 m (HM), and ∼15.5 m

Figure 6. Stress drop of the ten dynamic rupture scenarios presented in this study: (a)–(c) Margin‐wide dynamic rupture scenarios based on laterally homogeneous initial
stress conditions (HE, HM, HW), (d) HEP dynamic rupture scenario incorporating off‐fault plastic yielding, (e) HER model with a less steeply dipping maximum
principal stress σ1 than in HE (HER), (f) single‐asperity model (HEA), (g) and (h) segmented stress models (HMS and HES), (i) multiscale asperity model based on the
reference laterally homogeneous stress (DCA), and (j) multiscale asperity model based on the segmented stress model (DCAS). The highest stress drop for (a)–(e) can be
observed near the slab's deep, steeper dipping edge. In (g), the stress drop is highly inhomogeneous and follows the heterogeneous initial stress conditions (Figure 2). For
(i), the stress drop is particularly high, compared to the other models. A closeup of (f), (h), and (j) can be found in Appendix Figure B2. We measure stress drop as the
difference in fault stress before and after dynamic rupture. We caution that shallow rupture propagation into the slip‐strengthening region of the slab, which is associated
with small or negative stress drops, appears as locally apparently elevated stress drops.
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(HW), the models produce comparable maximum vertical seafloor displacement of 1.64 m (HE), 1.50 m (HM) and
1.48 m (HW), respectively.

The stress drop for models HM and HW resemble the stress drop of the HE model, with some differences at
shallow depths, where HM and HW display apparently high stress drop locally. The stress drop is measured as the
difference in fault stress before and after the earthquake in the dynamic rupture simulations as

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

T2
s − T2

d

√

, (13)

with Ts and Td being the shear stress changes in strike and dip direction. Consequently, shallow rupture prop-
agation into the slip‐strengthening region of the slab (Figure 6), which is associated with locally small or negative
stress drops, appears as, apparently elevated stress drops. While shallow stress drop is not high in absolute terms,
it contrasts with the absence of stress drop observed in model HE, associated with the absence of shallow rupture
propagation. For all three models (HE, HM, and HW), the highest stress drop is observed near the slab's deep,
steeper dipping edge, which may explain deep high‐frequency radiation as observed for the Tohoku‐Oki earth-
quake (e.g., L. Meng et al., 2011; Galvez et al., 2014).

The seafloor uplift, that is, the vertical seafloor displacement distribution, produced by models HM and HW
resembles the uplift of the HE scenario (Figure 4), except for localized near‐trench uplift, produced by shallow
slip. The further west the epicenter, the more pronounced and elongated the modeled localized near‐trench uplift.

4.1.3. The Role of Off‐Fault Plasticity (Model HEP)

We add off‐fault plastic yielding to the reference scenario (HE) to investigate the role of unconsolidated sedi-
ments in the dynamically evolving slip and seafloor displacements. Our dynamic rupture models show that
considering 15 km of relatively unconsolidated sediments that deform co‐seismically can significantly enhance
the amount of uplift. Off‐fault plastic yielding is most pronounced at shallow depths and within the hanging wall
of the megathrust (Figure 7). Off‐fault deformation forms a characteristic flower structure at shallow depth. The
distribution of the off‐fault plastic deformation follows the fault geometry and uplift patterns in Figure 4d.
Vertical seafloor uplift is now reaching ∼3 m (Figure 4d), which is double compared to the elastic scenario HE.

Both the maximum rupture speed, Vr, and the peak slip rate, PSR, are expected to be limited in dynamic rupture
simulations with off‐fault plasticity (e.g., Andrews, 2005; Dunham et al., 2011; Gabriel et al., 2013). However, we
observe that the average rupture velocity is not reduced in model HEP compared to model HE. In distinction, PSR
is ∼1.5 m/s, which is lower than in model HE. Thus, while we do observe lower PSR when allowing for off‐fault
plasticity, the average rupture speed remains comparable. We note that our choice of R0 = 0.7 implies that the S
ratio of initial strength excess to nominal stress drop (Das & Aki, 1977) of models HEP and HE is with S = 0.43
lower than values explored in previous studies.

Off‐fault plastic yielding limits shallow on‐fault slip, as observed in 3D dynamic rupture scenarios of the 2,004
Sumatra megathrust event (Ulrich et al., 2022) and for low‐angle normal faults (Biemiller et al., 2023; Kim &
Sanderson, 2006). Shallow slip within the slip‐strengthening region is efficiently prevented (Figure 4d).

The maximum on‐fault slip is ∼10 m larger than in the purely elastic scenario HE, while the moment magnitudes
of both scenarios are comparable (Table 2). Localized supershear transition after 100 s simulation time is
persistent (Animation S4). The highest PSR of ∼7 m/s is modeled on the deep, steeply dipping portion of the slab,
where the highest stress drop is observed (Figure 6).

4.1.4. Shallowly Plunging σ1 (Model HER) Prevents Margin‐Wide Rupture and Shallow Slip

In scenario HER, we assume that σ1 plunges at 5°, which is slightly less than in the HE reference scenario, which
assumes a σ1 plunge of 10°. Such shallowly plunging σ1 leads to an increase in the ratio of initial shear stress τ
over effective normal stress σn on the deeper portions of the slab (Figure 2b) and a decrease at shallower depths.
We do not account for a potential depth‐dependence of σ1. Kkallas et al. (2021) divide the stress regime of the
Hellenic arc seismogenic zone into segments of 0–30 km and 30–60 m depth, which could be explored in future
models. Similarly to the model allowing for off‐fault plasticity (HEP), dynamic rupture propagation in model
HER remains limited to the deeper megathrust. The maximum slip is located below Crete and is 5–9.3 m lower
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than in the margin‐wide rupture models HE, HM, and HM (Table 2 and Figure 8). This results in a smaller
moment magnitude of MW ∼ 8.6. In this model, neither supershear rupture transition nor rupture propagation into
the shallow slip‐strengthening region is observed (Figure 9d). Dynamic rupture spontaneously arrests in the west.
The stress drop of model HER is highest at the deep, steeply dipping portion of the fault, similar to models HE,
HM, HW, and HEP (Figure 6).

The maximum seafloor uplift southeast of Crete is ∼1.6 m, comparable to the reference model (HE). We observe
notable differences between models HER and HE in the distribution of seafloor displacements (Figures 4 and 8).
The uplift area in the HER model is much smaller and located solely south of Crete. A subsidence of ∼0.5 m is
observed north of Crete.

4.2. Single Prestress Asperity Model (HEA)

This model illustrates the effectiveness of prestress asperities in limiting the resulting moment magnitude and slip
extent of dynamic rupture earthquake scenarios while simultaneously causing a relatively high seafloor
displacement. We discuss the applicability of this approach to model the 1303 Crete earthquake in Section 5.2.

In the single asperity dynamic rupture scenario HEA, we taper shear stress from a laterally homogeneous stress
tensor outside a circular region, which size is constrained by the earthquake scaling relationship of Strasser
et al. (2010) as explained in Section 2.

In model HEA, dynamic rupture propagation stops after 50 s at the eastern edge of the asperity (Figure 9, and
Animation S6) and does not propagate to shallow depths. The resulting fault slip and seafloor displacements are
displayed in Figures 8b and B1a. This MW8.0 earthquake scenario causes a maximum fault slip of ∼5 m, which is
∼6 m less than in the reference model HE. It produces a vertical seafloor uplift of up to ∼1.3 m located SE of
Crete. Even though the lateral extent of the seafloor displacement is limited to a small area compared to the
counterfactual margin‐wide rupture scenarios HE, HM, and HW, the local peak uplift is only ∼0.2–0.3 m smaller.

Figure 7. Accumulated off‐fault plastic strain quantified as η in scenario HEP (Section 2.4): (a) Map view of the fault and free
surface showing η and the location of the cutting plane used for the vertical slice in (b), (c) and (d). (b) Close‐up cut‐away
view combining a map view and a vertical slice through the damage zone. The megathrust interface is transparent dark gray. η is
displayed from above and on the cutting plane. (c) Same as in (b), but from another viewing direction. (d) Cut‐away view from
NW combining the megathrust interface, displayed as transparent dark gray, and a vertical slice showing η. The unstructured
tetrahedral mesh is refined around the slab and coarsens with distance.
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Figure 8.
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The highest PSR of model HEA is observed at the deeper and steeply dipping portion of the slab (Figures 6f and
B2a), similar to the margin‐wide earthquake scenarios (HE, HM, and HW).

4.3. Dynamic Rupture Models With Along‐Arc Segmented Prestress (Models HMS and HES)

We increase the complexity and realism of our dynamic rupture initial conditions by assuming a heterogeneous,
along‐arc segmented prestress. Under these conditions, we investigate how different epicentral locations lead to
differences in rupture extent, peak slip rate, and absolute slip, resulting in remarkably different moment mag-
nitudes, with higher PSR and MW for a hypocenter located further west (HMS). Heterogeneities of the initial
stress limit the fault slip extent and restrict rupture propagation to the deeper slip‐weakening region of the slab.
The segmentation in terms of initial stresses is reflected in the uplift pattern (HMS), which is much more complex
than for the models with laterally homogeneous initial stress (HM).

Figures 8c, 8d and B1b present two dynamic rupture earthquake scenarios based on the along‐strike highly
variable, segmented prestress model constrained from stress inversion by Kkallas et al. (2021) (Figure 2 and
Section 2). The HMS scenario (middle hypocenter) uses a hypocenter located below Chania in north‐western
Crete, while the HES scenario (eastern hypocenter) is based on a hypocenter located southeast of Crete. Both
hypocenters are located within regions with a high ratio of initial shear over effective normal stress.

In the HMS scenario, rupture propagates bilaterally to both sides of the Hellenic Arc megathrust (Figures 9c and
B3c, Animation S7). Large parts of the megathrust are ruptured. However, at shallow depths, rupture does not
propagate into the slip‐strengthening region across the complete margin but only near the shallow eastern edge of
the slab (Figure 8c). The maximum fault slip is ∼12.2 m, which is comparable to the margin‐wide rupture
scenarios (HE, HM, and HW). High accumulated fault slip concentrates southwest of the island Kynthera and
below western Crete, modulated by the shape of the megathrust. The highest PSR of ∼4.8 m/s is simulated
southeast of Crete (Figure 8c) and aligns with the stress drop distribution, with areas of high stress drop expe-
riencing high PSR (Figure 6).

The HMS scenario results in a maximum vertical seafloor uplift of ∼1.7 m southeast Crete and subsidence of ∼1 m
close to western Crete and southwest of Peloponnese and the island Kynthera. This uplift is slightly higher than
for the margin‐wide rupture models HE, HM, and HW. The uplift pattern of the HMS model is much more complex
than that of the other models. The along‐arc segmented loading provokes two near trench uplift features east of
the hypocenter, and two subsidence features west of the hypocenter. The HMS scenario moment magnitude is
MW ∼ 8.81, which is slightly smaller than that of the counterfactual margin‐wide scenarios.

The HES scenario ruptures a smaller area than the HMS scenario and leads to a smaller maximum slip of ∼5.2 m,
southeast the Crete island (Figures 8d and B1b, Animation S8). This moment magnitude MW ∼ 8.12 earthquake
causes a relatively small vertical seafloor uplift of ∼1.2 m. In this scenario, the rupture propagation stops after 50 s
(Figure 9d) and does not penetrate into the shallow slip‐strengthening region.

The absolute slip in model HMS is comparable to the counterfactual margin‐wide rupture scenarios and ∼0.8 m
smaller than in model HM. However, the maximum PSR of ∼4.8 m is with ∼2 m/s much smaller than in model
HM. In contrast to HM, the highest PSR does not coincide with the deep and steeper dipping portion of the slab
but represents the heterogeneous prestress distribution (Figure 2). The heterogeneity in the prestress of HMS
results in a very different seafloor uplift compared to HM. No localized near trench uplift is observed. While the
uplift in model HM follows the fault structure, with subsidence located north of it. In model HMS, the uplift is
located east of the hypocenter location, while the subsidence is located west of the hypocenter, following the
prestress segmentation.

Figure 8. Rupture characteristics for the six non‐margin‐wide spontaneously arresting dynamic scenarios: Fault slip [m], peak slip rate [m/s], and vertical displacement
distribution for (a) model HER using a less steeply oriented maximum principal stress σ1 than in HE, (b) the single‐asperity model (HEA), (c) and (d) models HMS and
HES based on a segmented stress model with two different epicenter locations, (e) the multiscale asperity model DCA using the reference laterally homogeneous stress and
(f) the multi‐scale asperity model DCAS using the segmented stress. White stars mark the respective hypocenters. Note the significant differences in fault slip across the
scenarios and varying seafloor uplift patterns. The color scales are saturated. For absolute maximum values and other characteristics such as moment magnitudes, see
Table 2. A closeup of (b), (d), and (f) is shown in Appendix Figures B1 and B4.
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Figure 9.
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4.4. Combining a Multi‐Scale Dc‐Asperity Model With Laterally Homogeneous Prestress (Model DCA)

Model DCA is characterized by a comparable maximum slip and rupture velocity to the counterfactual margin‐
wide rupture scenarios HE, HM, and HW, but a smaller MW . With a ∼ 5‐times higher PSR and highly hetero-
geneous rupture dynamics caused by the randomly distributed Dc‐asperities on the slab, it results in vertical
seafloor displacements of up to ∼3.5 m, which is more than double the amount of that of the MW9 margin‐wide
rupture models.

In scenario DCA, we use the multi‐scale asperity model (Section 3.4) in combination with laterally homogeneous
prestress but a slightly steeper dipping σ1 (plunge 15°) compared to the reference model HE (and in models HM,
HW, HEP and HER). Dc can now locally be smaller or higher than in previous scenarios. Dynamic rupture is
initiated within a large asperity with Dc = 1 m on the south‐eastern part of the slab and propagates unilaterally
toward the east (Figure 9e and Animation S9). Dynamic rupture arrests when propagating into slab areas
combining low initial shear stresses and high Dc values.

Model DCA results in a MW ∼ 8.42 earthquake, with a maximum slip of ∼13.8 m (Table 2 and Figure 8e). The
Dc‐asperities induce strongly heterogeneous and locally high peak slip rates compared to the previously described
non‐margin‐wide rupture scenarios. The stress drop is high throughout the ruptured area (Figure 6) and specif-
ically higher than in model HE. Dynamic rupture stress drop variations are controlled mainly by the initial stress
and the friction coefficients μs and μd but not by Dc, given that slip is locally, in general, exceeding Dc. Thus,
DCA's higher stress drop is due to the steeper dipping σ1 in this model (Figure 2).

Model DCA shows more heterogeneous dynamics than the previous models. The rupture front first propagates in
the downdip direction toward the east (Figures 5e and B3e), then, while the rupture propagates along the fault
strike, it splits up into two rupture fronts. In agreement with the analysis in Ide and Aochi (2005), dynamic rupture
propagation governed by multi‐scale Dc‐asperities is complex, forming a cascade triggering asperities. Thus,
forecasting earthquake characteristics solely based on its epicentral location is difficult.

The peak uplift of ∼3.5 m is significantly larger than for the HE scenario with homogeneous prestress and eastern
hypocenter. The uplift area extends from southeast Crete to southeast of the island of Karpathos. This uplift is
consistent with worst‐case scenario assumptions made in regional tsunami studies (e.g., S. Tinti et al., 2005;
Lorito et al., 2008).

4.5. Model Combining the Multi‐Scale Asperity Model and the Segmented Stress Model (DCAS)

Combining heterogeneous prestress and frictional megathrust properties (Dc) lowers dynamic rupture fault slip,
rupture extent, and moment magnitude due to effective barriers arising from the imposed asperities. The rupture
propagation is highly heterogeneous, governed by the rupture front interacting with the Dc‐asperities and being
affected by changing stress conditions.

Our dynamic rupture scenario DCAS combines the multi‐scale asperity model and the segmented stress model
(see Section 2) to the most complex initial conditions among the 10 models. We use the same south‐eastern
epicentral location as in the DCA scenario. In model DCAS, rupture propagates eastward (Figure B2f) and
splits into two rupture fronts, one propagating downdip and the other propagating along the fault strike direction.
The rupture area is relatively small compared to model DCA or HES. In model HES, rupture propagates bilateral,
while in DCA and DCAS, propagation is primarily unilateral toward the northeast. In both Dc‐asperity models
(DCA and DCAS), the random distribution of Dc‐patches along the arc governs rupture propagation complexity.
As the rupture front propagates, it triggers the Dc patches on the fault, which generates unpredictable and het-
erogeneous rupture propagation patterns (Ide & Aochi, 2005). The maximum fault slip in DCAS is with ∼2.6 m
five times smaller than in the DCA model and half the amount of slip of HES (Table 2 and Figures 8f, B1c). The
maximum PSR is a tenth of the PSR in model DCA and four times smaller than in the margin‐wide rupture models

Figure 9. Slip rate [m/s] snapshots for the six non‐margin‐wide spontaneously arresting dynamic rupture scenarios (Movies S5–S10): (a) HER, based on a less steeply
oriented maximum principal stress σ1 than in HE, (b) HEA, the single prestress asperity model, (c) and (d) HMS and HES, combining along‐arc heterogeneous,
segmented prestress with two different hypocenter locations, (e) DCA, the multi‐scale Dc‐asperity model combined with the reference laterally homogeneous prestress and
(f) DCAS, the multi‐scale Dc‐asperity model combined with along‐arc heterogeneous prestress. Slip rates [m/s] are shown at 20, 30, 40, 50, 60 and 70 s simulation time.
The rupture evolution model DCAS after 5, 10, 15, 20, and 25 s can be found in Appendix Figure B4. A closeup of the rupture evolution for all models at 20 s simulation
time can be found in Appendix Figure B3.
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(HE, HM, and HW). It is slightly higher than in model HES but comparable to the single asperity model (HEA).
The small area of rupture propagation (Figure B4) and the relatively small amount of slip results in relatively
small vertical seafloor displacements of up to ∼0.56 m, southeast of Crete. The moment magnitude of MW ∼ 7.5
is the smallest among all models.

4.6. Shake Maps

We compare shake maps, spatial distributions of the modeled rotationally independent geometric mean at 50% of
the horizontal peak ground velocities (PGVs), for three margin‐wide dynamic rupture models (HE, HW, HEP)
and three non‐margin‐wide rupture models (HEA, DCA, DCAS). By this means, we investigate—to first order—
how epicentral location, rupture directivity, off‐fault plasticity, and increasing initial condition complexity in-
fluence long‐period peak ground motions (Figure 10). We note that our models have a relatively high resolution of
up to 2.7 Hz of the seismic wavefield close to the slab but have gradually decreasing resolution away from it
(Section 2.1). This allows us to explore several dynamic rupture scenarios efficiently. However, dynamic rupture
simulations with constant high resolution in a larger region would be required for physics‐based ground motion

Figure 10. Horizontal peak ground velocities (PGVs) (resolved up to 2.7 Hz in the vicinity of the slab but with spatially
decreasing accuracy away from it) for (a) Reference model (HE), (b) model with western hypocenter location (HW),
(c) single stress‐asperity model (HEA), (d) model including off‐fault plastic yielding (HEP), (e) the model based on the
multi‐scale asperity model and the reference laterally homogeneous stress (DCA) and (f) the model based on the multi‐scale
asperity model and the segmented stress model (DCAS). Note the different scales for (c) and (f). In (a) (model HE), the
highest PGV is located above the western Hellenic Arc. The PGV in (d) (model HEP) has a similar pattern but high PGVs
(e.g., >0.5 m/s) affect a smaller area than in model HE. (b) (model HW) shows the highest PGVs (∼1.0 m/s) and also the
largest spatial extent of high PGV values, with PGVs higher than 0.5 m/s extending up to the northern coast of Africa. Models
HEA, DCA, and DCAS are characterized by locally smaller and more localized PGVs due to their smaller rupture extent
(Figure 8) and moment magnitude (c) max. PGVs of model HEA ∼0.02 m/s, which is ∼2% of max. PGVs of model HW,
(e) PGVs of model DCA, restricted to a small area east of Crete, (f) max. PGVs of model DCAS ∼0.06–0.2 m/s, which is ∼6%–
20% of max. PGVs of model HW). The color scale is saturated. For absolute maximum values see Table 2.
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simulations in the frequency band of interest to earthquake engineering (Taufiqurrahman et al., 2022; Uphoff
et al., 2017).

We find that the modeled amplitude of PGVs may double between different epicentral locations. Off‐fault plastic
yielding limits the overall amplitudes of PGVs and the spatial extent of high shaking. The smallest moment
magnitude scenario (DCAS) does not produce the smallest PGVs. The high stress drop model DCA is producing
relatively high PGVs.

In model HE (eastern hypocenter location), the distribution of high PGV reflects the location and shape of the
highest fault slip, located south‐west of Crete and Peloponnese, where PGVs reach ∼0.6 m/s (Figure 10a).
Peloponnese, Crete, and the Southern Aegean Sea islands are affected by PGVs of ∼0.3–0.4 m/s. PGV decreases
with distance from the trench. We observe relatively higher ground motion in the direction of rupture propagation
on the fault toward Sicily and in the South toward the coast of Libya.

For model HEP, the PGV distribution is similar, with the highest PGVs toward the west, in the rupture directivity
direction (Figure 10d). Nevertheless, the area of high PGVs is narrower than for model HE. In addition, the effect
of directivity, leading to high PGVs toward Sicily, is less than for model HE. HEP generates ∼0.1 m/s smaller
peak ground velocity at the Libyan coast (∼0.1–0.2 m/s). The smaller area of high PGVs can be explained by the
energy loss within the off‐fault plastic material (Andrews, 2005; Dunham et al., 2011; Gabriel et al., 2013),
contributing to the fracture energy. Roten et al. (2018) show that materials of low strength, such as unconsolidated
sediments, can reduce PGVs by 15%–30% in a continental strike‐slip setting. Our results for the HASZ with a
local PGV reduction of ∼30%–50% agree with these estimates.

For model HW (western hypocenter location), the directivity of rupture propagation leads to a different PGV
distribution than model HE. The highest PGVs of ∼1.0 m/s are located further southwest above the shallow
Hellenic Arc (Figure 10b). The high slip rate on the shallow fault (Section 3.1 and Figure 4) produces PGVs up
to ∼0.5 m/s higher than the maximum PGVs in model HE. The Peloponnese is barely affected by ground
motions, while we note high PGVs south of Crete that affect the Lybian and Egyptian coasts ranging from
∼0.4–0.9 m/s.

For model DCA, the highest PGVs of ∼1.0 m/s are located northeast of Crete (Figure 10e). In this scenario, only
the eastern coastal part of Crete Island experiences high PGV. High PGVs are directed toward the northeast due to
directivity effects. For this model, the smaller islands northeast of Crete are mostly affected by high PGVs of
∼0.5–0.6 m/s. We observe PGVs of ∼0.4 m/s at Rhodes and PGVs of ∼0.2 m/s affecting the Turkish coast. The
maximum PGV amplitudes of ∼1.0 m/s in model DCA are larger than for model HE and HEP, likely reflecting the
higher stress drop and higher slip rates, and ultimately the locally shorter critical slip weakening distances
(Figure 6).

In model DCAS, the highest PGVs of ∼0.06–0.2 m/s appear concentrated to southeast Crete (Figure 10c).
Directivity effects imprint on PGV distributions. Compared to model DCA, the maximum PGVs are relatively
small (∼0.45 m/s smaller), which is in agreement with the model's smaller stress drop (Figure 6) and its ∼93%
lower peak slip rate amplitudes (Table 2).

The single asperity model HEA shows the smallest PGVs among the models located southeast of Crete with a
maximum amplitude of ∼0.02 m/s. While the moment magnitude of this event is similar to that of model DCA
(Table 2), the peak amplitude of peak slip rate and stress drop of model HEA are ∼93% and ∼50% smaller than for
model DCA (Figures 8b, 6f, B1a and B2a).

5. Discussion
5.1. The AD 365 Earthquake and Tsunami

Large ground deformation during the AD 365 event is assumed to have caused large tsunami amplitudes (e.g.,
Stiros & Drakos, 2006). We show that earthquakes similar in magnitude to the historical AD 365 earthquake might
not solely be mechanically plausible on splay faults branching the main megathrust but on the Hellenic Arc
subduction interface itself. In model HEP, we allow weak off‐slab sediments to plastically deform during earth-
quake rupture. We show that sediments may play an important role in causing locally high seafloor uplift. The high
amount of off‐fault plastic deformation (Figure 7) generates a higher vertical displacement (Figure 4d) compared to
the purely elastic model, while rupture propagation in the slip‐strengthening region remains limited (Figures 4d and
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6). In addition, including multi‐scale Dc‐asperities in our model significantly enhances the seafloor uplift. All these
effects together may help to explain what caused historical tsunamis, such as the AD 365 earthquake.

The amount of vertical uplift (∼ 3 m) in the model with off‐fault plasticity (HEP) is twice as large as the uplift
modeled when considering a purely elastic rheology (HE model). However, it is still not comparable to the
coseismic uplift of ∼10 m inferred for the AD 365 earthquake from seamarks, fallen blocks, co‐seismic seafloor
uplift, and tsunami modeling around western Crete (Spratt, 1865; Flemming, 1978; Pirazzoli et al., 1982; Stiros &
Drakos, 2006; Shaw et al., 2008; England et al., 2015), associated with large (∼7 m) tsunami layer deposits
(Pirazzoli et al., 1992).

The HEP model generates a maximum accumulated on‐fault slip of ∼22 m, which is significantly higher than the
slip of all other models: Compared to model HE (1.6 m uplift), the twice larger fault slip leads to twice as high
peak vertical seafloor displacements (2.9 m) off‐shore of southwestern Crete. The peak accumulated fault slip in
model HEP is comparable to the maximum amount of slip from Papadimitriou and Karakostas (2008), although
the moment magnitude of our model is higher (MW ∼ 9 compared to MW8.4), which may be due to our simplified
subsurface velocity model.

The on‐fault Dc heterogeneities in the DCA model lead to high accumulated on‐fault slip, which is ∼1.5 m higher in
amplitude than in the margin‐wide MW9 rupture model HE. Wirp et al. (2021) show that an increase in Dc (i.e.,
increased fracture energy (Cocco et al., 2023; Kammer et al., 2024; Rice, 1980),) can enhance megathrust on‐fault
slip significantly and lead to larger tsunamis. The DCA model produces a moment magnitude of MW ∼ 8.4,
demonstrating that the multi‐scale asperity approach, incorporating the expected but hard‐to‐constrain heteroge-
neities in subduction zones, offers an efficient way to parameterize earthquake rupture extents on an otherwise
smooth and non‐segmented subduction interface geometry. The DCA model generates a peak vertical seafloor
displacement of ∼3.5 m, which is much larger than in the other MW ∼ 8 models we propose. While the specific
characteristics of the DCA rupture model originate from the assumed multi‐scale Dc variations, we expect that
alternative models with (scale‐dependent) heterogeneous fault stress, for example, constrained by past seismicity,
could achieve similar characteristics, such as a limited rupture extent and a more complex rupture process (e.g.,
Oral et al., 2022).

Combining the segmented stress and the multi‐scale asperity models further reduces the modeled moment
magnitude to MW7.5, rendering model DCAS as our scenario with the smallest MW . The combination of regions
of unfavorably oriented stress and on‐fault heterogeneities effectively limit moment magnitude in our dynamic
rupture scenarios.

5.2. Modeling the 1303 Earthquake as Constrained by a Single Asperity Versus Stress Segmentation

In the following, we compare two different approaches to modeling dynamic rupture earthquake scenarios
yielding magnitudes similar to the 1303 Crete earthquake (MW ∼ 8) on the Hellenic Arc megathrust itself. Both
dynamic rupture examples have hypocenter locations and seafloor uplift that may resemble the 1303 earthquake.
First, we discuss that prescribing a single fault stress asperity (model HEA) is an efficient way to limit earthquake
dynamic rupture slip and moment magnitude. Second, regionally segmented initial stress based on stress in-
versions (model HES) also acts as an efficient barrier.

5.2.1. The Single Asperity Approach

The moment magnitude of the single asperity model (HEA, MW8.04) fits the moment magnitude inferred for the
1303 earthquake (Papazachos et al., 1999). However, the modeled maximum vertical seafloor uplift of ∼1.29 m is
relatively low compared to Necmioğlu and Özel (2014), who use a displacement of 9 m as a source for their
tsunami model representing the 1303 event. The vertical seafloor uplift in our model can be explained by the
relatively deep location of the hypocenter and the slipping asperity, in conjunction with the low on‐fault slip
modeled. We conclude that a fault stress asperity offers a simple way to effectively restrict rupture propagation to
a predefined fault area.

5.2.2. The Segmented Stress Model

Accounting for along‐arc variations of regional stress orientation as constrained by stress inversions allows
modeling non‐margin‐wide ruptures. In several regions, the constrained regional stress does not promote rupture
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propagation across the megathrust, which can lead to spontaneous rupture arrest. The partial ruptures using the
segmented stress model are associated with 6.1% (HMS) and 53.7% (HES) lower on‐fault slip than the margin‐
wide rupture scenarios. With moment magnitudes of MW = 8.81 (HMS) and MW = 8.12 (HES) and maximum
seafloor uplifts of 1.71 m (HMS) and 1.17 m (HES), the two segmented stress models are comparable to
maximum events proposed for tsunami studies in the Hellenic arc area (e.g., S. Tinti et al., 2005; Yolsal
et al., 2007; Lorito et al., 2008; Necmioğlu & Özel, 2014).

The moment magnitude, hypocenter location, and distribution of the seafloor deformation of the HES model
resemble scenarios of the 1303 Crete earthquake modeled by Necmioğlu and Özel (2014). We, nevertheless,
note that the fault slip and associated ground deformation pattern of this event are poorly constrained. As an
illustration, Yolsal et al. (2007) model the 1303 Crete earthquake and the associated tsunami using a smaller
southeast striking, northeast dipping fault plane. Due to the fault orientation, their assumed initial water
displacement caused by the 1303 event is different than what we would expect from the seafloor displacement
of the HES model. Their modeled northwest‐southeast oriented uplift of the water column, located south of
Crete, disagrees with the rupture propagation direction in our models that causes southwest‐northeast oriented
seafloor uplift.

5.3. Shake Maps

We find that maximum PGVs vary by epicentral locations among the models, but highly depend on shallow slip
into the slip‐strengthening region of the fault. Thus, models with a western hypocenter lead to a broader extent
of higher PGVs, compared to a hypocenter on the eastern Hellenic Arc. High stress drop of model DCA
produces relatively high PGVs, which are localized northeast of Crete island. The models DCA, DCAS, and
HEA, which are all M ∼ 8–8.5 magnitude events, are not able to reproduce a shaking that we believe would be
great enough to cause tsunamis compared to the AD365 or 1303 Crete events. Allowing for off‐fault plastic
yielding doubles the amount of on‐fault slip and nearly doubles the maximum vertical seafloor displacement
directly above the fault interface while simultaneously limiting the spatial distribution of high PGVs. These
compound effects, characterized by increased on‐fault slip and larger but more localized uplift in model HEP,
align with previous dynamic rupture models in various tectonic contexts (Kaneko & Fialko, 2011; Ma, 2008b,
2022; Ma & Andrews, 2010; Roten et al., 2014, 2017; Ulrich et al., 2022). Off‐fault plastic yielding leads to a
redistribution of stress and energy that allow for more sustained slip over a larger area, while at the rupture
front, the peak slip rate remains limited.

5.4. Implications for Regional Earthquake and Tsunami Hazard Assessments

Probabilistic seismic hazard analysis (PSHA), seismic‐probabilistic tsunami hazard assessment (S‐PTHA)
models, as well as tsunami early warning systems, often utilize uniform or stochastic source models; however,
these may not fully represent dynamic rupture and tsunami generation complexity. Our study illustrates the key
driving factors and ingredients for realistic 3D dynamic rupture models for earthquake scenarios in the Hellenic
Arc region. For example, we show that earthquakes comparable in moment magnitude and slip to the AD 365 and
1303 Crete earthquakes can be dynamically viable on the megathrust itself. This finding may support the as-
sumptions underlying the NEAMTHM18 model (Basili et al., 2021), which is the reference regional hazard model
for the Tsunami Early Warning and Mitigation System in the North‐eastern Atlantic, the Mediterranean and
connected sea (NEAMTWS).

For different source locations among our models, the evolving on‐fault rupture dynamics and thus, fault slip, peak
slip rates, stress drop, and seafloor displacement are highly variable. Specifically, the presented scenarios differ in
shallow slip and potentially lead to complex near trench seafloor uplift, which in turn affects PGV distribution
(Figures 4 and 10).

Tsunami models based on kinematic or statically derived slip distributions may account for shallow slip
amplification (Scala et al., 2020). However, kinematic models are highly non‐unique (Mai et al., 2016; Wong
et al., 2023) and may lack the physical self‐consistency of dynamic models that can jointly describe spontaneously
evolving on‐fault slip distribution, seafloor uplift, and peak ground velocities capturing their interplay.
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Addressing epistemic uncertainty remains challenging (e.g., Atkinson et al., 2014; Bommer & Scherbaum, 2008;
Gómez Zapata et al., 2022; Rodriguez‐Marek et al., 2021; Tarbali et al., 2018). Various modeling approaches,
such as static, kinematic, and dynamic earthquake models, could be used jointly and differently weighted
(Marzocchi et al., 2015). For example, physics‐based dynamic rupture models may form differently weighted
alternatives within an established PTHA logic tree used in ensemble modeling (L. Li et al., 2016). The Cyber-
Shake model is a prominent example that incorporates physics‐based 3D ground motion simulations and wave
propagation effects in their seismic hazard calculations for southern California (Maechling et al., 2007; Graves
et al., 2011; X. Meng et al., 2023; Moschetti et al., 2023).

Dynamic rupture models may also be used to directly explore natural earthquake variability (Gallovič & Val-
entova, 2020; Ripperger et al., 2008; Schmedes et al., 2010) ‐ often treated as aleatory in S‐PTHA (e.g., Gibbons
et al., 2020; Lorito et al., 2014; Selva et al., 2016; Souty & Gailler, 2021). This would require computational
optimization and resources to allow for running sufficiently many scenarios (e.g., Panzera et al., 2016; B. Li
et al., 2023; Folch et al., 2023). To keep computational costs low, dynamic rupture models may help to constrain
and to inform less computationally expensive stochastic scenarios (e.g., Murphy et al., 2016; Savran &
Olsen, 2020).

5.5. Limitations of This Work

We here do not show models of smaller earthquakes (MW < 7.5), which likely requires including smaller‐scale
heterogeneity, that is, smaller size asperities (Blaser et al., 2010; Murotani et al., 2008; Strasser et al., 2010)
or fault roughness (Candela et al., 2011; Griffith et al., 2010; Zielke et al., 2017). Instead, we model counterfactual
along‐arc rupture propagation scenarios (HE, HM, HW, HER) and reproduce magnitudes (HEA, HES) and
potential displacements (HEP, DCA) of historic events. Our 3D simulations are computationally challenging, as
we include a large part of the megathrust interface, across which the rupture process zone and asperities need to be
resolved, and a large portion of the east Mediterranean region to make our simulations applicable to source
tsunami simulations.

Smaller magnitude earthquakes (MW < 7) with high tsunamigenic potential (Bocchini et al., 2020) may occur on
splay faults, which we do not consider in this study (Ganas et al., 2020; Kiratzi, 2013; Papadimitriou et al., 2016;
Wendt et al., 2009). Specifically, high‐angle reverse faults in the upper plate above the plate interface may add to
the tsunamigenic potential of inter‐plate earthquakes (DeDontney & Rice, 2012; Fukao, 1979; Lotto et al., 2019;
van Zelst et al., 2022) and should be explored in future studies.

Our ground motion and shake map analysis is meaningful in a relative sense ‐ to compare between scenarios ‐ but
is limited by the simplified 1D velocity model we use and by the resolution of 1.75 Hz. For example, Causse
et al. (2023) illustrate, based on rupture propagation models, that local basin amplification effects (in thick
sediments) can dominate regional ground motion accelerations in the Mediterranean.

6. Conclusions
We demonstrate mechanically self‐consistent approaches to constrain realistic and heterogeneous initial condi-
tions integrating available observations for Hellenic Arc subduction zone (HASZ) 3D dynamic rupture earth-
quake scenarios. We analyze an ensemble of 10 3D dynamic rupture earthquake scenarios utilizing a realistic slab
geometry in combination with increasing levels of initial condition complexity, from homogeneous to hetero-
geneous initial stress conditions, and from single‐asperity to stochastic multi‐scale asperity models.

Our ensemble of 10 dynamic rupture simulations illustrates various aspects of the dynamic variability of fault slip
and uplift. Models with different epicentral locations and homogeneous initial conditions represent counterfactual
margin‐wide scenarios reaching MW ∼ 9. Dynamic rupture propagates into shallow slip‐strengthening portions of
the slab. The further west the epicenter location, the more shallow slip is dynamically generated and, conse-
quently, the more pronounced the modeled localized near‐trench uplift becomes. A slightly more shallowly
plunging maximum compressive stress leads to spontaneous rupture arrest before crossing the complete margin,
generating a moment magnitude of MW8.61 but a similar maximum vertical displacement of ∼1.6 m compared to
the margin‐wide rupture scenarios. Off‐fault plastic deformation of unconsolidated sediments efficiently prevents
shallow fault slip, reduces local PGVs by about ∼30%–50%, and doubles the amount of seafloor uplift. A
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prescribed prestress asperity dynamic rupture earthquake scenario effectively limits fault slip to a moment
magnitude similar to the 1303 Crete event. Incorporating regional along‐strike variations of the initial stress,
constrained by stress inversion, limits dynamic rupture propagation and slip to the deeper slip‐weakening region
of the slab. The resulting MW ∼ 8.5 earthquakes show complex uplift patterns reflecting the more heterogeneous
initial conditions. Adding multi‐scale, randomly distributed frictional asperities leads to five times higher peak
slip rates than in the other models and causes the largest seafloor displacements of up to ∼ 3.5 m. In the most
complex model, we combine a multi‐scale asperity approach with the regional along‐arc segmented prestress,
resulting in the highly heterogeneous rupture propagation and the smallest rupture area.

This study is a first step toward including dynamic rupture modeling in regional Hellenic Arc seismic and seismic‐
tsunami hazard assessment. Our approach of constraining dynamic rupture initial conditions with increasing
levels of complexity can be valuable for other, mostly ’quiet’ subduction zones, such as the Cascadia subduction
zone, as it may provide a catalog of physics‐based scenarios suitable to inform hazard assessment and disaster risk
management planning in the absence of long and complete historical records.

Appendix A: Computational Mesh Used for All Ten Dynamic Rupture Simulations
We show the computational mesh to illustrate the mesh resolution and coarsening away from the fault.

Appendix B: Close‐Up Views of Dynamic Rupture Simulation Results
We show close‐up views of chosen results of dynamic rupture simulations to better visualize small‐scale rupture
characteristics compared to the spatial extent of the slab. Due to the smaller rupture in models HEA, HES, and
DCAS, it is helpful to zoom in on the fault area where rupture propagation occurs and the surface area where we
observe uplift. For models HER, HEA, HMS, HES, DCA, and DCAS, we add a closeup after 20 s rupture
propagation to better visualize differences in dynamics at this early stage of rupture propagation. All figures relate
to figures in the results section (Section 4).

Figure A1. Top view on the wireframe of the computational mesh used to run the DR models of this study. Note the fine mesh
resolution above the fault and the mesh coarsening to the simulation boundaries.
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Figure B1. Close‐up of rupture characteristics of model HEA, HES and DCAS: Zoom in of Figures 8b–8d, and e showing the
final fault slip, peak slip rate, and vertical seafloor displacement. The color scales are saturated. For absolute maximum
values see Table 2. Areas of high PSR do not coincide with areas of high fault slip. The vertical seafloor displacement mirrors
the final on‐fault slip. The seafloor subsidence for HES is more pronounced than for HEA and DCAS.

Figure B2. Stress drop for model HEA, HES, and DCAS: Close‐up of Figures 6f–6 h and 6j. For HES, the stress drop is
highest at the steeper dipping fault, whereas the stress drop of HEA and DCAS is homogeneously distributed.
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Data Availability Statement
We use the open‐software package SeisSol (www.seissol.org), available at https://github.com/SeisSol/SeisSol,
commit #gdf6b18ee, master branch (Uphoff et al. (2022)) to perform all dynamic rupture simulations presented in
this study. All simulation input files can be downloaded from Wirp et al. (2024). Instructions for downloading,
installing and running the code are described in the SeisSol documentation (https://seissol.readthedocs.io/en/

Figure B3. Close‐up of Figure 9: Slip rate in dip direction for simulations HER (a), HEA (b), HMS (c), HES (d), DCA (e), and
DCAS (f) at 20 s simulation time. Note the bilateral rupture evolution for models HER, HEA, and HMS. For DCA, the slip
rate is highest, whereas the smaller moment magnitude DCAS scenario experiences a lower slip rate than all other models.

Figure B4. Close‐up of Figure 9f: Slip rate in dip direction for simulation DCAS at 5, 10, 15, 20, and 25 s simulation time.
Note the changed color scale compared to Figures 9 and B3.
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latest/). Instructions for setting up and running simulations are at https://seissol.readthedocs.io/en/latest/config-
uration.html. Quickstart containerized installations and introductory materials are provided in the docker
container and Jupyter Notebooks at https://github.com/SeisSol/Training. Example problems and model config-
uration files are provided at https://github.com/SeisSol/Examples, many of which reproduce the SCEC 3D dy-
namic rupture benchmark problems described at https://strike.scec.org/cvws/benchmark_describtions.html.
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