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Abstract.

Tsunamigenic earthquakes pose considerable risks, both economically and socially, yet earthquake and tsunami hazard
assessments are typically conducted separately. Earthquakes associated with unexpected tsunamis, such as the 2018 My 7.5
strike-slip Sulawesi earthquake, emphasize the need to study the tsunami potential of active submarine faults in different
tectonic settings. Here, we investigate physics-based scenarios combining simulations of 3D earthquake dynamic rupture and
seismic wave propagation with tsunami generation and propagation. We present time-dependent modeling of one-way linked
and 3D fully-coupled earthquakes and tsunamis for the ~100 km long Husavik-Flatey Fault Zone in North Iceland. Our analysis
shows that the HFFZ has the potential to generate sizeable tsunamis. The six dynamic rupture models sourcing our tsunami
scenarios vary regarding hypocenter location, spatio-temporal evolution, fault slip, and fault structure complexity but coincide
with historical earthquake magnitudes. Earthquake dynamic rupture scenarios on a less segmented fault system, particularly
with a hypocenter location in the eastern part of the fault system, have a larger potential for local tsunami generation. Here,
dynamically evolving large shallow fault slip (~8 m), near-surface rake rotation (£20°), and significant coseismic vertical
displacements of the local bathymetry (1 m) facilitate strike-slip faulting tsunami generation. We model tsunami crest-to-
trough differences (total wave heights) of up to ~0.9 m near the town Olafsfjordur. In contrast, none of our scenarios endanger
the town of Akureyri, which is shielded by multiple reflections within the narrow Eyjafjordur Bay and by Hrisey Island.

We compare the modeled one-way linked tsunami waveforms with simulation results using a 3D fully-coupled approach.
We find good agreement in the tsunami arrival times and location of maximum tsunami heights. While seismic waves result
in transient motions of the sea surface and affect the ocean response, they do not appear to contribute to tsunami generation.

However, complex source effects arise in the fully-coupled simulations, such as tsunami dispersion effects and complex super-
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position of seismic and acoustic waves within the shallow continental shelf of North Iceland. We find that the vertical velocity
amplitudes of near-source acoustic waves are unexpectedly high — larger than those corresponding to the actual tsunami —
which may serve as a rapid indicator of surface dynamic rupture. Our results have important implications for understanding
the tsunamigenic potential of strike-slip fault systems worldwide and the coseismic acoustic wave excitation during tsunami

generation and may help to inform future tsunami early warning systems.

1 Introduction

Earthquake-generated tsunamis are generally associated with large submarine events on dip-slip faults, in particular at sub-
duction zone megathrust interfaces (e.g., Bilek and Lay, 2018; Lotto et al., 2018; Melgar and Ruiz-Angulo, 2018; Wirp et al.,
2021). The potential generation of a tsunami depends not only on the magnitude of the earthquake, but on the rupture process
(e.g., Kanamori, 1972; Ulrich et al., 2022), the geomorphology of the region (e.g., Mori et al., 2022) and secondary effects
such as landsliding or mass slumping (Harbitz et al., 2006; Lgvholt et al., 2015; Moretti et al., 2020; Poulain et al., 2022). The
typically underrepresented tsunami hazard posed by large (partially) submarine strike-slip fault systems has received increas-
ing attention since the unexpected and devastating local tsunami in Palu Bay following the 2018 My, 7.5 strike-slip Sulawesi
earthquake in Indonesia (Ulrich et al., 2019b; Bao et al., 2019; Socquet et al., 2019; Elbanna et al., 2021; Amlani et al., 2022;
Ma, 2022). Assessing the tsunamigenic potential of strike-slip fault systems has important implications worldwide, such as for
the Dead Sea Transform fault system, the Enriquillo—Plantain Garden fault zone in Haiti, and for northern offshore sections of
the San Andreas fault system in California.

Here, we focus on the ~100 km long Husavik-Flatey Fault Zone (HFFZ, Fig. 1), the largest strike-slip fault in Iceland, which
is part of the Tjornes Fracture Zone (TFZ). The TFZ is a complex transcurrent fault system composed of three main lineaments.
It links the Kolbeinsey Ridge (KR) as part of the Mid-Atlantic Ridge offshore North of Iceland (Eyjafjardarall Rift Zone) to
its manifestation on land in the Northern Volcanic Zone (NVZ), which is characterized by volcanic systems and extensional
faulting (Semundsson, 1974; Einarsson, 1991; Geirsson et al., 2006; Einarsson, 2008; Stefansson et al., 2008; Einarsson and
Brandsdottir, 2021). Earthquake faulting in the TFZ is driven by eastward spreading of the Eurasian plate with an average
velocity of ~18 mm/yr relative to the North American plate (Stefansson et al., 2008; Demets et al., 2010). The HFFZ strikes
from offshore to onshore and is characterized by right-lateral (dextral) strike-slip faulting, a faulting mechanism which appears
frequently subparallel to the adjacent active rift zones of Iceland (Karson et al., 2018). It poses the largest threat to coastline
communities such as the town of Husavik, which is located atop the Huisavik-Flatey Fault Zone at the eastern side of Skjalfandi
Bay.

North Iceland has experienced several large earthquakes in the past. Two magnitude 6.5 earthquakes occurred in 1872 and a
recent My, 6 earthquake struck the western end of the HFFZ in 2020 (Fig. 1). The largest M7 event in 1755 caused extensive
damage and historic reports indicate that a tsunami hit the coastline and overturned boats (Stefansson et al., 2008; Porgeirsson,
2011; Ruiz-Angulo et al., 2019). Likewise, such reports include records that the events in 1872 caused rapid sea level changes

resulting in a series of waves, i.e., a tsunami-like behavior. High-resolution seismic reflection data within Skjalfandi Bay
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reveal up to 15 m of accumulated vertical offset during the Iak2,000 years (MagnUsdattir et al., 2015; Brandsdéttir et al.,
2022), indicating possible vertical deformation of the ocean bottom during past earthquakes. This emphasizes the relevance o
studying the Hisavik-Flatey Fault Zone from earthquake rupture to its tsunami potential. Metzger and Jénsson (2014) estimate
that 30 % to 50 % of the full transform motion is taken up by the HFFZ, corresponding to a geodetic slip rate of 6 to 9 mm
yr 1. Thus, alocked HFFZ may host potentialy 6:8 0:1 earthquakes (Metzger et al., 2011, 2013). Although the long-term
Holocene slip rate is presumably slower than the present-day geodetic slip rate, it can be used to derive an average recurrenc
time of 500 to 600 years forlsl 7 earthquake on the HFFZ (Matrau et al., 2022). De Pascale (2022) calculate a recurrence
interval of 32 24 years for a magnitudgevent. Recent velocities obtained from Global Navigation Satellite System (GNSS)
measurements — using more than 100 continuous and campaign-style GNSS stations in total — are close to zero near the faul
indicating that the HFFZ may be fully locked (Barreto et al., 2022).

Figure 1. Overview of the Tj6rnes Fracture Zone (TFZ), which connects the Kolbeinsey Ridge (KR) as part of the Mid-Atlantic Ridge
offshore North of Iceland (Eyjafjardarall Rift Zone) to its manifestation on land in the Northern Volcanic Zone (NVZ). Yellow circles
represent relocated seismicity from 1993 to 2019 (Abril et al., 2018, 2019). a) The here used “simple” fault geometry of the Husavik-Flatey
Fault Zone (HFFZ), which has three segments, is shown as red lines (Li et al., 2023). Historic large earthquaWes Witre indicated

as blue stars (Ambraseys and Sigbjérnsson, 2000; Stefansson et al., 2008; borgeirsson, 2011; Jénsson, 2019). b) The used “complex” fau
geometry of the HFFZ (Li et al., 2023), which includes 55 fault segments (shown as red lines) together with major towns in the region of
Nordurland eystra. The inset at the bottom right shows a schematic tectonic overview of the TFZ with the average plate motion (Stefansson
et al., 2008; Demets et al., 2010) and the overall regional tectonic setting in North Iceland, including the location and names of the volcanic
centers at the Grimsey Oblique Rift.



65

70

75

80

85

90

95

A better understanding of the complex interaction between static and time-dependent earthquake displacements, off-fault
deformation, and seismic, acoustic, and tsunami amplitudes is now possible using realistic 3D scenarios. Non-linear earth-
guake dynamic rupture simulations combining coseismic frictional failure on prescribed faults and seismic wave propagation
are powerful tools to investigate earthquake dynamics as a consequence of the model's initial conditions (e.g., Aochi and
Ulrich, 2015; Wollherr et al., 2019; Ulrich et al., 2019a; Lozos and Harris, 2020; Harris et al., 2021; Tau qurrahman et al.,
2022; Biemiller et al., 2023). Empowered by high-performance computing (Ben-Zion et al., 2022), joint earthquake-tsunami
modeling is now becoming applicable for the development of (probabilistic) tsunami forecasting and early warning systems
(Yamamoto, 1982; Cecioni et al., 2014; Bernard and Titov, 2015; Mei and Kadri, 2017; Gomez and Kadri, 2021; Selva et al.,
2021).

In this study, we investigate the tsunami potential of the HFFZ using two techniques to couple earthquake and tsunami mod-
els. First, we apply a one-way linked approach that links the time-dependent sea oor deformation from 3D earthquake dynamic
rupture with a subsequent tsunami simulation based on solving the shallow-water equations (Ulrich et al., 2019b; Madden et al.,
2020; Wirp et al., 2021; Ulrich et al., 2022; van Zelst et al., 2022). Second, we show 3D fully-coupled earthquake-tsunami mod-
els, which simulate seismic (i.e., elastic), ocean gravity (i.e., tsunami), and compressional ocean acoustic waves simultaneousl
and self-consistently (Lotto and Dunham, 2015; Krenz et al., 2021; Abrahams et al., 2023). We extend six recent dynamic rup-
ture scenarios (Fig. 2) from a suite of physics-based dynamic rupture models (Li et al., 2023). The chosen dynamic rupture
models vary in their hypocenter location, spatio-temporal evolution of rupture dynamics, fault slip, and geometric fault system
complexity. The simple fault geometry rupture models of Li et al. (2023) coincide with historically and physically plausible
earthquake magnitudes, stress drop, rupture speed, and slip distributions, and produce ground motions that have been veri e
against empirical Ground Motion Models (GMMs) calibrated for Iceland (Kowsari et al., 2020).

We detail the earthquake and tsunami model setups in Sect. 2. Section 3.1 summarizes the six dynamic rupture earthquak
scenarios. In Sect. 3.2.1 we investigate physically plausible scenarios of potentially tsunamigenic HFFZ earthquakes by using
the one-way linked earthquake-tsunami modeling approach for all six dynamic rupture scenarios. We show that the HFFZ may
generate tsunamigenic earthquakes, potentially posing a signi cant hazard to coastline communities. Based on the results frorn
the one-way linked simulations, we select the three earthquake-tsunami scenarios on the simpler fault geometry causing large
wave heights for the fully-coupled approach to better understand the initial tsunami genesis and complex superposition of
seismic, acoustic, and tsunami waves. We compare the results for both earthquake-tsunami modeling techniques in Sect. 3.2.:

2 Model setup

We present one-way linked (cf. Sect. 2.4) and fully-coupled (cf. Sect. 2.5) tsunami models (Abrahams et al., 2023) that are
sourced by earthquakes simulated as dynamically propagating shear rupture (Ramos et al., 2022) on seismically locked (Wang
and Dixon, 2004) pre-existing faults.

We use six earthquake scenarios based on a suite of 3D spontaneous dynamic rupture simulations developed in Li et al. (2023

that can match local GMMs and reproduce historic earthquake magnitudes. Dynamic rupture modeling includes solving for
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the spontaneous frictional failure non-linearly linked to the propagation of seismic waves (Fig. 3) with the purpose of gaining
knowledge about the underlying physical processes. Such physically self-consistent descriptions of how faults yield and slide
have been developed for complex and/or poorly instrumented earthquakes in various tectonic contexts (e.g., Olsen et al., 1997
Douilly et al., 2015; Kyriakopoulos et al., 2017; Harris et al., 2021; Tau qurrahman et al., 2023). In contrast to kinematic
earthquake source modeling, fault slip is not prescribed, but the rupture dynamics evolve based on an empirical friction law
and chosen initial conditions. Here, the initial conditions of the dynamic rupture models, including fault geometries, pre-stress,
and fault strength, are constrained by seismic, geodetic, and bathymetry observations as brie y summarized in the following
sections. For details and sensitivity analysis of HFFZ dynamic rupture simulations and their initial conditions we refer to Li
et al. (2023).

Figure 2. Overview over the six 3D dynamic rupture earthquake scenarios based on Li et al. (2023). Arrows indicate the three varied epicenter
locations. Each dynamic rupture scenario is nucleated at a hypocentral depth of 7 km. We show the on-fault measured moment magnitude an
the equivalent centroid moment tensor solutions (constructed after Ulrich et al. (2022)) representing overall strike-slip faulting mechanisms
of the dynamic rupture scenarios. a) shows the three dynamic rupture models on the simple fault system geometry with varying epicentral

locations and b) are the three scenarios on the complex fault system geometry.

2.1 Fault geometry and subsurface structure

The fault geometry plays an important role in the potential for tsunami generation caused by submarine earthquake rupture.
Fault trenching has been conducted for the onshore part of the HFFZ (Harrington et al., 2016; Matrau et al., 2021) and can
be used to extrapolate the location of the off-shore fault trace. Recent offshore seismic re ection campaigns in North Iceland
and high-resolution bathymetry interpretation (Brandsdottir et al., 2005; Magnusdéttir and Brandsdottir, 2011; Magnusdottir
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et al., 2015; Hjartardéttir et al., 2016) together with relocated seismicity (Abril et al., 2018, 2019) provide detailed insight
on the complexity of the structure of the off-shore fault system. However, it remains challenging to decide which degree of
fault system complexity is important for tsunami hazards and to gain direct constraints on the variability of the off-shore
geometry of the HFFZ fault system. To capture some of the geometric uncertainty, we consider two proposed fault geometries
(Fig. 1, 2) with varying degrees of complexity. The complex fault geometry comprises 55 partially cross-cutting fault segments,
each vertically dipping and intersecting with the complex geomorphology (Li et al., 2023). The simpler fault geometry is
composed of one main fault segment with two shorter adjoint fault segments in the West. We assume vertical fault segments
that agree with relocated seismicity (Abril et al., 2018, 2019). All faults are embedded in the same recent 3D velocity model
(Abril et al., 2021). We subsequently refer to the three earthquake dynamic rupture scenarios on the simpler fault geometry as
“Simple-West”, “Simple-Middle” and “Simple-East”, while the three models on the highly complex fault geometry are called
“Complex-West”, “Complex-Middle” and “Complex-East” — the cardinal directions correspond to the epicenter locations with

respect to the fault systems as shown in Fig. 2.
2.2 Initial stresses and fault friction parametrization

Following Ulrich et al. (2019a), Li et al. (2023) combine Anderson's theory of faulting in combination with Mohr-Coulomb
theory of frictional failure (Coulomb, 1776; Anderson, 1905; Célérier, 2008) to de ne realistic levels of pre-stress for all
dynamic rupture simulations. In particular, the intermediate principal stressassumed to be vertical{> 5, > 3). The

Icelandic Stress Map from Ziegler et al. (2016) justi es this assumption. Based on the three best quality criteria from the world
stress map project (Zoback et al., 1989; Zoback, 1992; Sperner et al., 2003; Heidbach et al., 2007, 2010), they choose the
maximum horizontal stres§Hmax (cf. Table 1), to set up a homogeneous regional stress eld (Ziegler et al., 2016). This is
consistent with previous estimatesifi max from Angelier et al. (2004) and agrees with the local transtensional deformation
pattern (Garcia and Dhont, 2004).

The stressshaperatio=( , 3)=( 1 ») facilitates the characterization of the stress regime and balances the principal
stress amplitudes. Li et al. (2023) select 0:5 corresponding to strike-slip faulting, which is supported by Ziegler et al.
(2016) and the analysis of borehole breakouts, earthquake focal mechanism inversions, and geological data. It also agrees wit
our assumption of a 9@ipping fault system.

The dynamic rupture models use a linear slip-weakening (LSW) friction law with frictional cohesion to model frictional
yielding and dynamic slip evolution (Ida, 1972; Andrews, 1976). The selected static and dynamic coef cients of frigtion (
and ) are consistent with Byerlee's law under the assumption that the increase of rock strength with depth is independent of
rock type. The critical slip weakening distande is lower within the nucleation zone for the models with the simpler fault
geometry (Table 1).

The relative fault strength is expressed by the maximum pre-stressRgtithe ratio of the potential stress drop to the
breakdown strength drop (also known as strength excBgs}.( ¢ 4 2)=(( s d) ﬁ), where ¢ represents the initial
shear stress on the fault anop;i the initial effective normal stress. While in thedRy = 1 implies critical pre-stress on a virtual

optimally orientated plane (Biemiller et al., 2028, falls between 0.9 and 0.55 in our models. In this study, we compare
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end-member dynamic rupture scenarios in terms of their generated vertical displacements and, thus, their potential to generat
a tsunami. We also require that our comparison includes scenarios with comparable and plausible moment magnitude anc
dynamic stress drop. Our parameter choices fall within the range of uncertainty and sensitivities of the suite of dynamic rupture
scenarios explored in Li et al. (2023). We here choose a slightly higher0:9 for all three dynamic rupture simulations

on the complex fault geometry in comparison to the scenarios shown by Li et al. (2023) using the complex fault geometry
(Ro =0:85). Ry itself is dif cult to directly obtain from observations and we constrain it using a few dynamic rupture trial-
and-error simulations (Ulrich et al., 2019a). The changRgrresults in a 20 % average increase in vertical displacements.
Based on the large parameter space explored in the suite of HFFZ dynamic rupture simulations of Li et al. (2023), our chosen
models represent end-member earthquake-tsunami scenarios in terms of large uplift. To conserve comparable dynamic stres
drops with such increasefy, we prescribe a slightly reduced pore uid ratio= 0:7 compared to their =0:75. For the
scenarios on the simpler fault geometry, we slightly increase 0:6 (cf. s =0:55in Li et al. (2023)) which again leads to

slightly increased vertical uplifts but still matches local GMMs. All rupture models are initiated smoothly in time and space by
gradually reducing the fault strengths() at a prede ned hypocentral location (Harris et al., 2018).

6 to 10 km is the inferred locking depth for the HFFZ (Metzger and Jonsson, 2014), which was estimated by the combined
analysis of INSAR time-series and GNSS data and a back-slip model, which describes the interseismic locking by applying
continuous slip at depth in reversed slip direction (e.g., Savage, 1983; Metzger et al., 2013; Wang et al., 2015). The locking
depth speci es the transition from seismic to aseismic faulting and limits the seismogenic part of a fault system (e.g., Rogers
and Nason, 1971). Together with the consideration of the relocated seismicity from Abril et al. (2018, 2019), the nucleation
depth of all earthquake dynamic rupture scenarios is chosen to be at 7 km (Li et al., 2023). Our assumed lower limit of the
locking depth ( 10 km, see Li et al. (2023)) is shallower in comparison to the locking depths of most continental strike-slip
faults (Vernant, 2015). Consequently, this can result in an overshoot of fault length scaling relations (Mai and Beroza, 2000;
Shaw, 2013). However, it is in agreement with oceanic transform faults (Abercrombie and Ekstrém, 2001), where the warmer
temperature of the lithosphere at the Mid-Atlantic Ridge controls slip at depth.

2.3 Off-fault plastic yielding

All dynamic rupture models incorporate off-fault plasticity (Fig. Al). Accounting for off-fault deformation provides a more
realistic representation of rupture dynamics in a fault zone with damaged host rock after the coseismic rupture phase (e.g.,
Antoine et al., 2022). We use a non-associative Drucker-Prager visco-plastic rheology (Wollherr et al., 2018) requiring assump-
tions on the bulk cohesion and the bulk friction as governing material parameters. Similarly to the model parameterization in Li
et al. (2023), the bulk friction is set to resemble the fault static coef cient of frictiqrH0:6) and assumed to be constant in

the elastic solid medium. Bulk cohesion is depth-dependent and varies in dependence of the velocity model. It is calculated as
a function of our 3D rigidity model a€past =10 # [Pa], which is following the low cohesion model of Roten et al. (2014).



Figure 3. a) Snapshot dt= 10 s of the simulated seismic wave eld for the earthquake dynamic rupture nucleating in the East of the simple
fault geometry. b) Accumulated off-fault plastic strair) @t the end of simulation Simple-East forming a shallow ower structure. The
zoom into the ower structure at the bottom right additionally shows the incorporated static mesh re nement near the fault. c) Mesh of the
fully-coupled earthquake-tsunami simulation with the distinction between the elastic medium (Earth) and the acoustic medium (Ocean). d)

Vertically exaggerated 3D water layer of the fully-coupled mesh with a maximal length (E-W) of 86 km, maximal width (N-S) of 52 km and

maximal depth (Z) of 430 m.



