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Coupled, Physics-based Modeling Reveals
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Abstract The September 2018, M,, 7.5 Sulawesi earthquake occurring on the
Palu-Koro strike-slip fault system was followed by an unexpected localized
tsunami. We show that direct earthquake-induced uplift and subsidence could
have sourced the observed tsunami within Palu Bay. To this end, we use a
physics-based, coupled earthquake-tsunami modeling framework tightly con-
strained by observations. The model combines rupture dynamics, seismic wave
propagation, tsunami propagation and inundation. The earthquake scenario,
featuring sustained supershear rupture propagation, matches key observed
earthquake characteristics, including the moment magnitude, rupture duration,
fault plane solution, teleseismic waveforms and inferred horizontal ground dis-
placements. The remote stress regime reflecting regional transtension applied in
the model produces a combination of up to 6 m left-lateral slip and up to 2 m
normal slip on the straight fault segment dipping 65° East beneath Palu Bay.
The time-dependent, 3D seafloor displacements are translated into bathymetry
perturbations with a mean vertical offset of 1.5 m across the submarine fault
segment. This sources a tsunami with wave amplitudes and periods that match
those measured at the Pantoloan wave gauge and inundation that reproduces
observations from field surveys. We conclude that a source related to earthquake
displacements is probable and that landsliding may not have been the primary
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source of the tsunami. These results have important implications for subma-
rine strike-slip fault systems worldwide. Physics-based modeling offers rapid
response specifically in tectonic settings that are currently underrepresented in
operational tsunami hazard assessment.

Keywords Sulawesi, tsunami, earthquake dynamics, coupled model,
physics-based modeling, strike slip

1 Introduction

Tsunamis occur due to abrupt perturbations to the water column, usually
caused by the seafloor deforming during earthquakes or submarine landslides.
Devastating tsunamis associated with submarine strike-slip earthquakes are
rare. While such events may trigger landslides that in turn trigger tsunamis,
the associated ground displacements are predominantly horizontal, not vertical,
which does not favor tsunami genesis.

However, strike-slip fault systems in complex tectonic regions, such as the
Palu-Koro fault zone cutting across the island of Sulawesi, may host vertical
deformation. For example, a transtensional tectonic regime can favour strike-slip
faulting overall, while also inducing normal faulting. Strike-slip systems may
also include complicated fault geometries, such as non-vertical faults, bends or
en echelon step-over structures. These can host complex rupture dynamics and
produce a variety of displacement patterns when ruptured, which may promote
tsunami generation (Legg and Borrero| 2001} [Borrero et al, [2004).

To mitigate the commonly under-represented hazard of strike-slip induced
tsunamis, it is crucial to fundamentally understand the direct effect of coseismic
displacements on tsunami genesis. Globally, geological settings similar to that
governing the Sulawesi earthquake-tsunami sequence are not unique. Large
strike-slip faults crossing off-shore and running through narrow gulfs include
the elongated Bodega and Tomales bays in northern California, USA, hosting
major segments of the right-lateral strike-slip San Andreas fault system, and the
left-lateral Anatolian fault system in Turkey, extending beneath the Marmara
Sea just south of Istanbul. Indeed, historical data do record local tsunamis
generated from earthquakes along these and other strike-slip fault systems,
such as in the 1906 San Francisco (California), 1994 Mindoro (Philippines),
and 1999 Izmit (Turkey) earthquakes (Legg et al, |2003) and, more recently,
the 2016 Kaikoura, New Zealand earthquake (Ulrich et al, [2019; Power et al,
2017). Large magnitude strike-slip earthquakes can also produce tsunamigenic
aftershocks (e.g., |Geist and Parsons, [2005).

In most tsunami modelling approaches, the tsunami source is computed
according to the approach of Mansinha and Smylie| (1971) and subsequently
parameterized by the Okada model (Okada) 1985)), which translates finite fault
models into seafloor displacements. |[Okada’s model allows for the analytical
computation of static ground displacements generated by a uniform dislocation
over a finite rectangular fault assuming a homogeneous elastic half space.
Heterogeneous slip can be captured by linking several dislocations in space,
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and time-dependence is approximated by allowing these dislocations to move
in sequence (e.g., [Tanioka et al, [2006). While seafloor and coastal topography
are ignored, the contribution of horizontal displacements may be additionally
accounted for by a filtering approach suggested by [Tanioka and Satake| (1996)),
which includes the gradient of local bathymetry. Applying a traditional Okada
source to study tsunami genesis is specifically limited for near-field tsunami
observations and localized events due to its underlying, simplifying assumptions.

Realistic modeling of earthquakes and tsunamis benefits from physics-based
approaches. Kinematic models of earthquake slip are the result of solving
data-driven inverse problems. Such models aim to closely fit observations with
a large number of free parameters. In contrast, dynamic rupture models aim
at reproducing the physical processes that govern the way the fault yields and
slides, and are therefore often referred to as 'physics-based’. Finite fault models
are affected by inherent non-uniqueness, which may spread via the ground
displacement fields to the modeled tsunami genesis. Constraining the kinematics
of multi-fault rupture is especially challenging, since initial assumptions on
fault geometry strongly affect the slip inversion results. Mechanically viable
earthquake source descriptions are provided by dynamic rupture modeling
combining spontaneous frictional failure and seismic wave propagation. Dynamic
rupture simulations fully coupled to the time-dependent response of an overlying
water layer have been performed by Lotto et al (2017aybl 2018). These have been
instrumental in determining the influence of different earthquake parameters
and material properties on coupled systems, but are restricted to 2D. Maeda
and Furumura/ (2013)) showcase a fully-coupled 3D modeling framework capable
to simultaneously model seismic and tsunami waves, but not earthquake rupture
dynamics. Ryan et all (2015) couple a 3D dynamic earthquake rupture model
to a tsunami model, but these are restricted to using the final, static seafloor
displacement field as the tsunami source.

To capture the physics of the interaction of the Palu earthquake and tsunami
we utilize a physics-based, coupled earthquake-tsunami model. While the feasi-
bility of formal dynamic rupture inversion approaches has been demonstrated
(e.g. [Peyrat et al, [2001; |Gallovic et al, 2019bllal), these are limited by the
computational cost of each forward dynamic rupture model and therefore rely
on model simplifications. In this study, we do not perform a formal dynamic
rupture inversion, but constrain the earthquake model by static considerations
and few trial dynamic simulations. The dynamic earthquake rupture model
incorporates 3D spatial variation in subsurface material properties, sponta-
neously developing slip on a complex, non-planar system of 3D faults, off-fault
plastic deformation, and the non-linear interaction of frictional failure with
seismic waves. The coseismic deformation of the crust generates time-dependent
seafloor displacements, which we translate into bathymetry perturbations to
source the tsunami. The tsunami model solves for non-linear wave propagation
and inundation at the coast.

Using this coupled approach, we evaluate the influence of coseismic defor-
mation during the strike-slip Sulawesi earthquake on generating the observed
tsunami waves. The physics-based model reveals that the rupture of a fault
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crossing Palu Bay with a moderate but wide-spread component of normal fault
slip produces vertical deformation, which can explain the observed tsunami
wave amplitudes and inundation elevations.

2 The 2018 Palu, Sulawesi earthquake and tsunami
2.1 Tectonic setting

The Indonesian island of Sulawesi is located at the triple junction between
the Sunda plate, the Australian plate and the Philippine Sea plate (Bellier
et al, |2006; Socquet et al, 2006, 2019) (Fi(ﬂ 1a). Convergence of the Philippine
and Australian plates toward the Sunda plate is accommodated by subduction
and rotation of the Molucca Sea, Banda Sea and Timor plates, leading to
complicated patterns of faulting (Fig. fljp).

In central Sulawesi, the NNW-striking Palu-Koro fault (PKF) and the
WNW-striking Matano faults (MF) (Fig. 1g} comprise the Central Sulawesi
Fault System. The Palu-Koro fault runs o -shore to the north of Sulawesi
through the narrow Palu Bay and is the fault that hosted the earthquake that
occurred on 28 September 2018. With a relatively high slip rate inferred from
recent geodetic measurements (40 mm/yr,| Socquet et al, 2006; Walpersdorf
et al, 11998) and from geomorphology (upper limit 58 mm/yr, \Daryono, |2018)
and clear evidence for Quaternary activity (Watkinson and Hall, [2017), the
Palu-Koro fault was presumed to pose a threat to the region |(Watkinson and
Hall} 2017). In addition, four tsunamis associated with earthquakes on the
Palu-Koro fault have struck the northwest coast of Sulawesi in the past century
(1927, 1938, 1968 and 1996) (Pelinovsky et |al, 1997; Prasetya et al, 2001).

The complex regional tectonics subject northwestern Sulawesi to transten-
sional strain (Socquet et al,| 2006). Transtension promotes some component of
dip-slip faulting on the predominantly strike-slipping Palu-Koro fault (Bellier
et al, 2006;| Watkinson and Hal|, 2017) and leads to more complicated surface
deformation than is expected from slip along a fault hosting purely strike-slip
motion.

2.2 The 2018 Palu, Sulawesi earthquake

The M, 7.5 Sulawesi earthquake that occurred on September 28, 2018 ruptured
a 180 km long section of Palu-Koro fault (Socquet et al, 2019). It nucleated
70 km north of the city of Palu at shallow depth, with inferred hypocentral
depths varying between 10 km and 22 km (Valkaniotis et al, 2018). The rupture
propagated predominantly southward, passing under Palu Bay and the city
of Palu. It arrested after a total rupture time of 30 40 seconds (Socquet et al,
2019; Okuwaki et al, 2018; Bao et al, 2019). The earthquake was well-captured
by satellite data and inversions of these data by Socquet et al (2019) and Song
et al (2019) reveal predominantly left-lateral, strike-slip faulting on relatively
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