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Tsunami generation from earthquake induced seafloor deformations has long been recognized as a major hazard to coastal areas. Strike—
slip faulting has generally been believed as insufficient for triggering large tsunamis, except through the generation of submarine landslides.
Herein, we demonstrate that ground motions due to strike–lip earthquakes can contribute to the emergence of large tsunamis (>1m) under
rather generic conditions. To this end, we have developed a computational framework that integrates models for earthquake rupture dynamics
with models of tsunami generation and propagation. The three-dimensional time-dependent vertical and horizontal ground motions from
spontaneous dynamic rupture models are used to drive boundary motions in the tsunami model. Our results suggest that supershear
ruptures propagating along strike–slip faults, traversing narrow and shallow bays are prime candidates for tsunami generation. We show that
dynamic focusing and the large horizontal displacements, characteristic of strike-slip earthquakes on long faults, are critical drivers for the
tsunami hazard. These findings point to intrinsic mechanisms for sizeable tsunami generation by strike–slip faulting, which do not require
complex seismic sources, landslides, or complicated bathymetry. Furthermore, our model identifies three distinct phases in the tsunamic
motion; an instantaneous dynamic phase, a lagging coseismic and a classical postseismic phase, each of which may affect coastal areas
differently.We conclude that near-source tsunami hazards and risk from strike-slip faulting need to be re–evaluated.
Tsunamigenesis in bays | Strike–slip Faults | Super–shear ruptures | Vertical and horizontal bathymetry motions

Tsunamis are classically defined as long free–surface water waves generated by impulsive geological events (1). Tsunamis
may be triggered by earthquakes, volcanoes, landslides or slumps, submarine gas releases and meteorite impacts. Over the
past century, tsunamis alone have been responsible for the loss of hundreds of thousands of lives and trillions of dollars in
damage to the environment and built infrastructure (2, 3). This makes tsunamis among the most destructive natural hazards.
Quantitative and predictive modeling of tsunamis is crucial for reducing the impact of these events and for enabling better
preparedness plans.
Generally the size of the vertical seafloor motion is associated with the tsunami size. Massive tsunamis are generally
attributed to great earthquakes along subduction–zone plate boundaries, such as the 2004 M∼ 9.2 Sumatran and the 2011
M∼ 9.0 Tohoku–Oki events. McKenzie and Jackson (2012) further suggested that the release of gravitational energy due to
movement of large land masses during these earthquakes may further amplify the resulting tsunami (4). Strike–slip faults
which generally generate small seafloor vertical displacements are generally considered unfavorable for tsunami generation
(5) . Field observations, however, suggest that in many cases (6–10) strike–slip motion can indeed generate tsunami waves,
supposedly, by triggering landslides (11). Even though a small fraction of all tsunamis studied this far are believed to be
triggered by strike-slip motion (12), the devastating humanitarian impact warrants further investigation into this particular
mechanism for tsunamigenesis.
The September 2018 Mw 7.5 Sulawesi earthquake occurred on the Palu–Koro (P–K) strike–slip fault system and caused
an unexpected localized tsunami that was atypical in its magnitude, for this type of fault motion(13). Bao et al. (2019) and
Socquet et al. (2019) were among the first to recognize the supershear nature of this earthquake (14, 15). Several authors
(14, 16–18) have postulated that submarine landslides, triggered by the earthquake’s strong ground motion, were the primary
source for the devastating tsunami. Ulrich et al. 2020 (19) argued that the earthquake displacements were critical to the
tsunami generation. Using a 3D dynamic rupture model that emulated the earthquake propagation on the geometrically
complex P–K fault system, and coupling it with the 2D shallow water-wave equations, they demonstrated that the fault slip,
which included a non–negligible rake and dip slip components, may only trigger tsunami waves of the order of a meter. However,
their shallow water formulation did not account explicitly for dynamic bathymetry. Moreover, their conclusions are confounded
by the specifics of the complex Palu bay bathymetry and the complex geometry of the fault system.
Amlani et al. (20) utilized near-fault GPS data to first conclusively demonstrate that the P–K rupture was indeed supershear.
They then recovered a crucial term in the shallow water wave equation by including time–dependent seafloor motions, and thus
insured correct mass conservation (21). This forcing was implemented in the context of a 1D nonlinear shallow water wave
model (NLSE) and a simple bathymetry that was driven dynamically by the vertical components of the motion computed from
a 3D dynamic rupture simulation of a supershear earthquake along a strike–slip fault. They showed that explicitly accounting
for the dynamic source effects uncovers high frequency details in the early phases of the tsunami motion, which may get missed,
if only the static seafloor displacements are used. However, they did not consider the effect of horizontal displacements in
the ground motion on deforming the bathymetry. Furthermore, their 1D model could not account for the dramatic focusing
effect introduced by water waves diffracting at the apex of any narrow bay. These limitations possibly led to a noticeable
underprediction of the calculated amplitude of the waves.

The question still remains whether generic strike-slip faults can generate large tsunamis in the absence of secondary sources,
such as coseismic underwater landslides. This question has important ramifications, as several metropolitan areas worldwide
are located near bays (7, 8, 22–24) that are traversed by strike-slip faults similar to the P–K system. Furthermore, while early
warning for farfield tsunamis (1, 25, 26) based on hydrodynamic inversions is now fairly routine, at least in the North Pacific,
little or no early warning is possible for nearfield tsunamis in which the tsunami originates just a few kilometers away from the
coastline. Most field scientists agree that this far, for coastal residents, earthquake shaking is the warning for an impeding
tsunami from a nearshore source.
To shed light on the basic mechanisms through which strike–slip faults may cause damaging tsunamis, we have developed a
computational framework that integrates mechanistic models for earthquake rupture dynamics with hydrodynamic models
for tsunami generation and propagation. Possibly with few exceptions, in tsunami models, the initial condition is computed
according to the static algorithms of Mansinha and Smylie (27), subsequently parametrised by Okada (28), which translates
finite fault models into static seafloor displacements. In recent years there has been an increased interest in developing models
that account for dynamic generation (19, 29–31). Here, we focus on a planar strike-slip fault traversing a shallow bay with a
simple geometry. Tsunami evolution over a more complex bathymetry may hide the effects of the dynamic rupture, or, in other
words, we need to understand the basic phenomenology first, before applying our model to complex geophysical geometries.
Our approach is thus designed to unravel the underlying physics governing tsunami generation due to strike–slip faulting.
The 2018 Palu earthquake and tsunami highlighted the complex dynamics of tsunamis generated by intersonic earthquakes.
In supershear, or intersonic earthquakes (32–38), the rupture tip propagates faster than the shear wave speed(39–41). This
leads to emergence of large localized deformation bands along the shear shock wave fronts, also known as Mach cones
(32, 33, 36, 37, 42). Dunham and Bhat (2008) proved the presence of a second Mach front associated with Rayleigh waves that
carry significant vertical motion, moderately attenuated, to large distances (36). When such earthquakes occur within a narrow
bay, the associated large horizontal displacements, as well as the moderately–attenuated vertical displacements (32, 37, 43),
along the shear and Rayleigh shock wave fronts will cause significant motion in the bay boundaries, which just as with a paddle
wavemaker, could lead to the displacement of large volumes of water. Furthermore, in these scenarios, the triggered tsunami
may exhibit multiple characteristic time scales ranging from a few seconds to several minutes.
In the following sections, we investigate what turned out as synergistic interactions between rupture speed, seafloor
ground motions, and bay geometry. We also examine several distinct features of the tsunami, including the emergence of an
instantaneous dynamic phase, and a slower co–seismic phase, both of which lead to a classical gravity–driven post-seismic
phase.

Coupled earthquake–tsunami framework
Earthquake Model. We model a bilaterally expanding earthquake rupture by solving the elastodynamic wave equation, for

the bulk displacement field uj (xj , t) for j = 1, 2, 3, in a 3D linear elastic medium surrounding a rectangular planar fault. We
prescribe absorbing boundary conditions along the lateral and bottom boundaries of the domain to minimize artificial wave
reflection due to simulation domain truncation. The top boundary, which corresponds to the seafloor, is modelled as a free
surface. We impose an initially uniform shear stress everywhere on the fault surface except for a small circular localized region
which we overstress to forcefully nucleate the rupture. The initial shear stress is applied along the fault strike direction to
constrain the fault slip to be horizontal. Furthermore, a uniform compressive stress acts on the fault.
The fault strength is governed by a linear slip-weakening frictional law. Fault slip starts at a point when the shear stress
reaches the static shear strength level, given by the product of the static friction coefficient and the compressive normal stress.
The stress then decreases linearly, with increasing slip over a characteristic slip–weakening distance, to a constant value; the
dynamic shear strength, set by the product of the uniform dynamic friction coefficient and the compressive stress. The terminal
speed of the nucleated rupture depends on the fault stress level as measured by the strength parameter S, which is given by the
ratio of two stress measures(40). The first is the difference between static shear strength and initial shear stress. The second is
the difference between initial shear stress and the dynamic shear strength. The S parameter thus quantifies the proximity
of the fault initial stress state to its static strength. High S values, corresponding to low-stressed faults, generally favor
sub-Rayleigh ruptures with the rupture propagation speed limited by the Rayleigh wave speed. Low values of S, corresponding
to high-stressed faults, enable the rupture tip to break the shear wave speed barrier and become supershear, propagating at
intersonic speeds. In this work, we vary the value of the initial shear stress to simulate both supershear and sub-Rayleigh
ruptures. Details of the earthquake model is given in the Materials and Methods section.
Tsunami Model. We model the tsunami initiation and subsequent propagation in the bay using the 2D nonlinear shallow water

equations (NWSE) assuming an inviscid, and incompressible flow model (29, 44). The coupling between the earthquake and
tsunami models is realized through the time–dependent 3-D seafloor displacement and velocity fields computed from the
dynamic rupture simulation, and then imported to the tsunami model as time–dependant boundary motions. Specifically, we
solve the following set of nonlinear equations (45):
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h∗,t + (ûh∗ ),1 + (v̂h∗ ),2 = 0

[1a]

û,t + ûû,2 + v̂ û,2 + gh∗,1 = gH,1

[1b]

v̂,t + ûv̂,1 + v̂v̂,2 + gh∗,2 = gH,2

[1c]

Here, x1 and x2 are the horizontal spatial coordinates, while x3 is the vertical spatial coordinate. t is time, H = H(xi , t)
is the depth of the bay for i = 1, 2, û = û(xi , t), v̂ = v̂(xi , t) for i = 1, 2 are the depth–averaged horizontal water velocities,
(.),i denotes the differentiation of the relevant variable with respect to coordinate xi , and g is the gravitational acceleration.
We define h∗ = h + H, where h is the vertical sea surface displacement measured from the initially undisturbed sea surface
level x3 = 0. We note that in Eq.1a, h∗,t = h,t + H,t . Thus, by accounting explicitly for the H,t term, we are utilizing both
the time–dependant seafloor displacements and seafloor velocities in the dynamic model and not just the time–dependent
displacements.
For a general bathymetry, horizontal motions could contribute to the free–surface motion, as recognized by Tanioka and
Satake (46). For a seafloor displacement ui (xi , t) and initial static bathymetry profile Ho (xi ) = H(xi , 0), the sea floor motion
is computed by taking into account horizontal and vertical displacements(47):
H(xi , t) = Ho (xi − ui (xi , t)) − u3 (xi , t),

i = 1, 2

[2]

The expression in Eq.2 is general enough to account for any slope and is not restricted by the smoothness of the bathymetey or
the amount of deformation. We therefore prefer it, compared to other more widely used approaches that involve incorporation
of the horizontal motions approximately through computing the first order Taylor expansion of the Eq.2 (19, 48, 49). Details of
the tsunami model are given in the Materials and Methods section.

Results

Fig. 1. Evolution of a supershear rupture on a right lateral strike slip fault.. Snapshots of the (a) fault slip rate, and (b) seafloor velocity are shown at time 0.1, 1, 2, 4, and
7.4 s. The rupture, nucleated at depth in within an overstressed region, subsequently expanded to reach the surface and propagated at super-shear speeds after saturating the
seismogenic zone. On the seafloor, shear shock wave fronts (Mach cones) emerge and sharpens, extending away from the fault with little attenuation, as the rupture continues
to propagate. Vectors of the in-plane displacements are superimposed on seafloor velocity contours to demonstrate the direction of the motion on seafloor (scale shown in
figure). Rupture features such as the shear mach cone and trailing Rayleigh wave are highlighted.

Fig.4 shows the development of the supershear rupture on a right lateral strike–slip fault in terms of fault slip rates and sea
floor particle velocities. The earthquake nucleates at the hypocenter, and propagates, first at sub–Rayleigh speeds, toward the
free-surface as it saturates the seismogenic zone, before transitioning into the supershear mode. Fig.4a demonstrate snapshots
of the slip rate on the fault surface at different times. Initially (t = 0.1 s) we observe the nucleation of the earthquake within
the overstressed region. Then we observe the subsequent rupture expansion and the clear delineation of the rupture fronts
which continue to propagate towards the apex saturating the seismogenic zone (t = 1.0 s). As the rupture front reaches the top

and bottom boundaries of the domain, waves are reflected back. At this stage, shock fronts start to develop on the fault surface,
accompanying the transition to supershear propagation (t=2.0 s) as we will discuss shortly in Fig.4b . The shock fronts are
capped by the locked-slipping interface at the bottom edge of the fault surface, resulting in another set of reflected waves (t=
4.0s). The figure also shows vectors of seafloor vertical velocities superimposed on the slip rate snapshots to highlight a few
observations: (i) the sea floor vertical velocity is highest in the vicinity of the rupture tip as well as the trailing sub-Rayleigh
wave front (all subplots); (ii) supershear transition and the onset of the shock wave fronts are accompanied by pronounced
vertical sea floor velocities (t= 2.0s), (iii) as the rupture continues to propagate, the vertical velocities continue to be high
within the shock wave front region. Velocities elsewhere are diminished in comparison (t=4.0s & 7.4 s); and (iv) the vertical
velocities are not monotonic. They alternate between positive and negative values along the fault strike The pronounced
vertical velocity field that persists around the rupture tip and within the shock wave region as the dynamic rupture propagates
has a direct imprint on the generated tsunami as will be discussed shortly.
Fig.4b illustrate the magnitude of the particle velocity on the seafloor, focusing on the forward-propagating rupture tip,at
different times. Initially, there is no visible disturbance as the waves, emanating from the rupture at depth, have not reached
the surface yet (t = 0.1 s). Then, as the rupture grows, parts of the rupture front reaches the surface and we observe the onset
of intense ground motion (t = 1.0 s). As the rupture expands, we observe key characteristics of the supershear propagation
including (i) the sharp increase in the sea floor particle velocity during the rapid acceleration of the rupture from sub-Rayleigh
to supershear speeds (t = 2 s), (ii) the development of shear shock wave fronts, emerging due to the coherent interference of
shear waves trailing the propagating rupture tip, which gradually extends into the bulk away from the fault (t= 4.0 s).(iii) the
development of a secondary Rayleigh wave (34, 37, 42) front that trails the shear shock wave front, and which emerged due to
the rapid acceleration of the rupture during supershear transition (t= 4.0 s), and (iv) the sharpening of the shock fronts and
their expansion into further distances within the bay without significant attenuation. (t=7.4 s).
At all times, the rupture tip always lags behind the pressure wave front. The arrows in Fig.4b represent the magnitude and
direction of the resultant inplane displacement. Since the fault slip has a right lateral sense, the seafloor is pushed away from
the fault on the top side of the forward–propagating rupture tip (negative side) while it is pulled towards the fault surface
on the bottom side (positive side) (t = 1 s). As the rupture further expands, the magnitude of the in–plane displacements,
reflected by the size of the arrows, increase but the sense of motion just described above persists (t=2, 4, and 7.4 s). These
in–plane displacements are critical for the tsunami dynamics as they may induce large seafloor variations. In particular, if such
a fault is traversing a bay, we expect that on the "negative" side of the fault, the slopes of the bay are pushed away, which is
equivalent to a downward movement of the seafloor. On the "positive" side of the fault, the slopes are pulled towards the fault
surface, and this is equivalent to an upward movement of the seafloor. The equivalent vertical motion of the seafloor due to the
bulk in–plane displacements are to be added to the direct vertical motion coming from the vertical displacements due to the
strike slip motion. The synergetic interaction between the displacement components enrich the tsunami dynamics, on different
time scales, as we will discuss shortly.

Fig. 2. Evolution of the earthquake induced tsunami in a basin traversed by a super-shear rupture. (a) Basin bathymetry, with various measuring stations and sections
marked. (b-h) Snapshots of the super-shear tsunami scenario at 1, 4, 6, 27.5, 45.5, 81.5 and 153.9 s, shown sequentially from left to right. Colors indicate the sea surface
height (h) relative to the undisturbed water level. Panels (b,c,d) correspond to the "dynamic tsunami generation phase", and the rest to the "post-seismic classical tsunami
generation phase". The evolution of different tsunami generation mechanisms, as well as, coseismic rupture signatures are observed.Note the common color scale bar between
all the subplots. An alternative representation for these surface plots, in which multiple scale bars, adjusted for the local water surface peak amplitude in each displayed time
step, is provided in SI Appendix, Fig. S2-3

We now turn our attention to the tsunami dynamics. Fig.2a illustrates the bathymetry of the simulated bay. We record the
water surface amplitude at a number of stations located at various locations within the bay and along the coastline. We note

that a spectrum of time scales emerge for near-source tsunamis, like the one modeled here, that is usually overlooked in the
more commonly studied far-source tsunamis. Specifically, we define:
1. An instantaneous dynamic tsunami phase (on the scale of few seconds as shown in Fig.2b-d ) in which the water surface
is directly and almost instantaneously driven by the coseismic motion of the sea floor (H,t 6= 0), even at large distances
from the fault line, because of the unattenuated action of the shock waves.
2. A coseismic tsunami phase that is initiated by the dynamic seafloor motion, but propagate much slower than the dynamic
one, due to the diminishing effect of (H,t ) term as the rupture front zips along the fault plane (as shown in Fig.2b-d).
3. A much slower, classical, post-seismic tsunami (on the scale of tens of seconds to several minutes as shown in Fig.2e-h),
driven by gravity and is prone to diffraction and amplification by the bay geometry.
While this classical postseismic tsunami is set in motion by the history of both the dynamic and coseismic tsunami phases, its
propagation has no input from the time dependent motion of the bathymetry (H,t = 0). In the case of farfield tsunamis, the
postseismic tsunami occurs on the scale of tens of minutes to hours. Therefore neglecting the initial dynamic phase which
occurs on the time scale of seconds may be justified.
Fig.2b-d show the dynamic, and coseismic, tsunami generation phases commensurate with the earthquake nucleation and
subsequent propagation. Since the rupture speed is nearly two orders of magnitude larger than the speed of gravity sea-surface
long waves, there is a negligible effect of shallow water dispersion, and the tsunami dynamics is entirely dominated by the
rapid variation in the seafloor topography. This is why, we almost immediately observe features in the free surface profile that
are identical to the features reported for the seafloor deformation from the earthquake simulation, including the shock wave
fronts and the trailing Rayleigh wave pulse. These features also reflect the strong signature of the sea floor vertical velocity
highlighted in Fig.4b
Furthermore, Fig.2c-d shows that the horizontal motion of the bathymetry due to the ground motion profile shown in Fig.4b
during the dynamic rupture, results in a pronounced uplift in the water surface at the banks of the bay. These are recognized
by the ridge-like features that very quickly form local water disturbances that emerge on both sides of the bay. Moreover, as
the strike slip rupture further propagates, we observe the emergence of secondary water wave fronts that join at the rupture tip
and form a very shallow angle with the fault parallel direction. These
√ fronts belong to the co-seismic tsunami phase which
subsequently propagate away from the fault at speeds proportional to gH as part of the classical, gravity driven, post-seismic
tsunami once the magnitude of the (H,t ) term becomes negligible as the dynamic rupture exits the simulation domain.

Fig. 3. Snapshots of sea surface height h for cross section A-A. The snapshots correspond to different phases of tsunami generation associated with different time scales.
(a) Late dynamic tsunami phase to early post-seismic phases including co-seismic tsunami phases at times 6, 8, 12, 20 and 25 s. (b) Fully developed post-seismic tsunami
phase at times 30, 50, 70, 80 and 120 s. Grey scale indicate the bathymetry variation along the cross section where the depth varies from 700 m to 10 m over a distance of 2
km. The evolution of tsunami waves over the banks of the bay is emphasized in left zoom in. Contour plots (right) show the diffracted tsunami waves, which are part of the
classical tsunami phase, propagating toward cross section A-A. A More detailed breakdown for the dynamic tsunami phase between times t = 4.0 s and t = 7.5 is provided in SI
Appendix, Fig. S4.

Fig.2e-h further demonstrate the post-seismic tsunami onset and propagation as well as its interaction with the apex region.
The tsunami wave, mentioned above, develops emanating from the fault surface and propagates outward towards the coastlines
in either direction. These waves have an initial amplitude set by the vertical displacement at the seafloor due to the earthquake.
While strike slip faults generate pre- dominantly horizontal displacements, there still is a non-negligible vertical component
that emerges at the seafloor to satisfy the plane stress condition at the free surface. This is true especially when these ruptures
are supershear in which case, this out of plane displacement is not localized at the rupture tip but extends along the Mach
fronts(43, 50). Simultaneously, gravity driven tsunami waves start to evolve over the banks of the bay. These waves are created

following the initial dynamic disturbance that resulted from the coupling between the horizontal motion of the bathymetry and
the uplift/depression of the sea surface. We observe that this initial disturbance is dispersed into two waves, one travels toward
the interior of the bay and the other travels towards the coast. The coast-heading waves are a direct threat for the coastal
community. In the apex region, the water wave amplitude reaches 2.6 m and persistently propagates through the shallow
portion of the coastline without much attenuation. We note that these waves form on time scales of tens of seconds and it takes
them only a couple of minutes to cover hundreds of meters beyond the shoreline into what is supposed to be the habitable
coast. This highlights the unique hazard poised by this type of tsunamis as they leave very little time for early warning.
Another remarkable phenomenon relates to the diffraction of the tsunami waves as they interact with the apex region. We
observe that the high amplitude initial disturbance, set by the dynamic displacements of the slopes at the apex, travel radially
backward toward the interior of the bay hitting coastal regions located further back. The amplitude of these diffracted waves
continue to grow as they propagate backwards due to the amplification by the shoreline bathymetry and interaction with other
waves existing in the bay. The complex water wave pattern that emerge from the simple bay geometry and simple earthquake
source characteristics, highlights the importance of considering the strike slip horizontal motions when modeling tsunami
hazard in narrow bays as the interaction of the rupture dynamics with the slopes may contribute to substantial water uplift,
even in the absence of triggered landslides.
To gain further insights into the characteristics of these different tsunami generation mechanisms, we investigate the
spatio-temporal evolution of the water level. Fig.3a and b show snapshots of the water level along Sec. A–A shown in Fig.2a,
during the dynamic, co-seismic, and the post-seismic tsunami generation phases respectively. Several observations follow. Even
early on (t = 6.0 s), we observe the onset of the classical tsunami as manifested by the discontinuity in the water surface profile,
highlighted by the yellow arrow, close to the fault location. The coupling between the horizontal motion of the slopes and
the vertical displacement of the sea surface leads to the emergence of a pronounced crest and a valley in the water surface
profile over the right (positive side)and left (negative side)banks respectively. Subsequently, each of these initial disturbances
results in two propagating fronts, one expanding in the direction of the coast and the other in the direction of the bay, as
detailed in the inserts in Fig.2 over the time period t = 8.0 s to 12.0 s. The speed of the fronts is governed by the varying
water depth.The front propagating towards the bay travel faster. At t = 25 the front propagating toward the bay coalesces
with the classical tsunami wave propagating away from the fault surface, to form a larger amplitude wave.
Fig.3b, whose vertical scale has been adjusted by a factor of three compared to Fig3b, highlights the post seismic tsunami
generation phase. The classical tsunami wave (marked by the yellow arrow) propagates further toward the coast, whilst the
radially traveling wave front from the apex (marked by the red arrow and shown in the contour plots to the right ) expand
further toward the coast. Sudden increase in the water level is observed as the radially traveling wave front approach the
coastline due to amplification by the diminishing water depth. We observe that these high amplitude waves emerge at different
focal points, long past the initial disturbance of water level and constitute a substantial hazard for the coastal environment.
It is important to note that the solution is not anti-symmetric about the fault surface. This deviation is most obvious at
t = 120 seconds, where the magnitude of the water level is higher on the right side of the bay (h = −1.6 m) compared to the
left side (h = 1.3 m). The lack of perfect antisymmetry is explained by the symmetric nature of the fault normal horizontal
displacement u2 , whilst the other two components of seafloor displacement u1 , u3 are antisymmetric.
In Fig.4 we show snapshots of the in-plane water velocity as vectors superposed on the water surface height during the
different tsunami generation phases. Fig.4a shows that the arrival of the rupture tip to the apex at time t = 6 s leads to an
abrupt variation in the water surface level magnitude. Since the fault slip is right lateral, the flat portions of the sea floor
would move up on the negative side of the fault but down on the positive side. This causes the water particle velocity to be
pointing downwards (from higher to lower water surface elevations) along the segments of the fault not traversing the coastline
slopes. In the meantime, within the apex region, this right lateral motion pushes the shoreline away on the negative side of the
fault surface but pulls it back on the positive side. As a result, the water surface is depressed on the negative side while it
goes up in the positive side. This causes the water particle velocity in the apex region to point upward along x2 which is a
different direction from the rest of the water surface along the x2 = 0 edge as highlighted by Fig.4a zoom in. Fig.4b shows
snapshots of the in-plane water particle velocity at a later time t = 45.5 seconds which is well within the post-seismic tsunami
phase. Several observations follow in this case: (1) The particle velocity within the deeper portion of the apex region point
predominantly in the fault normal direction from the positive side of the fault to the negative side. This sense of motion is the
result of the motion of the banks of the bay due to the horizontal displacements of the strike slip fault. Specifically, the slopes
on the positive side are pulled towards the fault while those on the negative side are pushed away from it. This leads to the
water body having a fault normal momentum component pointing from the positive to the negative sides of the fault. (2) The
backward propagating fronts that are diffracted from the apex locally modify the direction of the in-plane particle velocity
(Fig.4b zoom in A). In particular, we observe that the particle velocity field has a circulatory component in this region. In the
region ahead of the diffracted wave, the velocity vectors move along an arc with a clockwise sense of rotation consistent with
the geometry of the front. However, behind the diffracted wave, the velocity vectors move along an arc with an anti-clock wise
sense of rotation. This sense of motion is opposite to the curvature of the diffracted front and may be explained by the water
surface profile in this domain.
Specifically, the anti-clockwise sense of motion seems consistent with the particle velocity pointing from region of higher
to lower water surface elevations behind the diffraction front. In the region where the water surface is unperturbed (h = 0),
the particle velocity maintain its fault normal direction as discussed above. (3) In the shallower parts of the apex region, we
observe that the forward propagating wave (up the slope) is compressed while the backward propagating wave (down the

Fig. 4. Snapshots of the in-plane water velocity vectors at different phases of tsunami generation. Colors indicate the sea surface height h relative to the undisturbed
water. (a) The "dynamic tsunami generation phase" at 6s. The vector magnitudes are scaled by a factor of 20 for representation. (b) The "postseismic tsunami phase" at 45.5 s,
revealing the evolution of the tsunami diffraction pattern and highlighting the structure of water motion near the apex of the bay. The vector magnitudes are scaled by a factor of
0.8 for representation. (c) The "post-seismic tsunami phase" at 125.9 s, revealing the coalescing wave fronts and highlighting the lack of perfect antisymmetry between two
sides of the bay. The vector magnitudes are scaled by a factor of 0.8 for representation.

slope) is rarefied. This is accompanied with an increase in the water in-plane particle velocity in both forward and backward
directions at the edge of the basin (Fig.4b zoom in B). The water in-plane particle velocities are of the order of 1 m/s which
may be significant enough to impact the morphology of the shoreline(51). At a later time in Fig.4c, we observe the development
of strong difference in the water particle velocity at the lateral sides of the bay. Specifically, the particle velocity over the bay
banks on the positive side of the fault is 1.375 times larger the particle velocity on the negative side. This may be explained as
follows. On the "positive" side of the fault, the water particle velocity is amplified due to the constructive interference of the
diffracted water wave from the apex and the wave generated from the inward motion of the side of the bay which cause an
uplift in the water surface. On the "negative" side of the fault, the water particle velocity is reduced due to the destructive
interference between the diffracted wave from the apex and the wave generated from the outward motion of the side of the bay
which cause a depression in the water surface. This variation in interaction patterns between the different waves propagating
within the basin intensifies the contrast in the particle velocity amplitudes at the two sides of the bay.
We also examined tsunami generation in a bay traversed by a sub–Rayleigh rupture. The simulation domains for the
tsunami and earthquake models remained the same with identical material properties and dimensions in both the sub-Rayleigh
and supershear cases. To generate a sub–Rayleigh rupture, we reduce the value of the initial shear stress, as outlined in the
Materials and Methods section.
Fig.5 illustrates the time history of the water surface amplitude for both rupture profiles at the different stations shown in
Fig.2a. For the supershear rupture, at station S-1 located at (x1 , x2 ) = (27.5, −4) km shown in Fig.5a, the passage of the shock
wave front causes an abrupt uplift of water surface of amplitude 0.26 m at time t = 5.1 sec. Following this uplift, the water
level is depressed corresponding to the arrival of the tsunami wave front that ensued from the horizontal displacement of the
slope (up to t 50 s). This is followed by another classical tsunami wave that leads to water resurgence (t 1 min). Finally, the
high amplitude wave from the radially propagating front arrives at around 2.25 minutes.Due to the absence of shock waves in
the sub-Rayleigh case, we observe a much smaller dynamic tsunami pulse of the order of 0.09m at time t = 10s. This is further
highlighted in the insert in Fig.5a .The different classical tsunami features are similar across the supershear and sub-Rayleigh

Fig. 5. Comparison between water level histories corresponding to a super-shear and a sub-Rayleigh rupture traversing the same bay. Time histories obtained for
the tsunami at stations (a) S-1, (b) S-2, (c) S-3, and (d) S-4. Blue dashed lines correspond to water surface height associated with the sub-Rayleigh rupture at the same
locations. The arrival of dynamic rupture induced water wave is highlighted in the zoomed portion.

cases except that the amplitudes in the sub-Rayleigh case are smaller and vary more gradually.
Fig.5b illustrates the water surface dynamics at station S-2 located near the apex of the bay at (34.5, −1) km. Again, we
observe an increase in the water level of the order of 0.243m at time t = 6 sec, corresponding to the dynamic excitation by
the passage of the shock waves. This is followed by a large amplitude depression of the order of (−1.75m) at a time 1.1 min.
Subsequently a rapid increase in the water surface is observed with the maximum water level height reaching 2.25m at a time
1.25min. The rapid variation in the water level amplitude (4m) from depression to resurgence, occurring over a time span of
just 0.15 min, leads to the emergence of multiple oscillations trailing the peak wave analogous to the impulsive response of
an under-damped oscillator. On the other hand, the sub-Rayleigh case shows a smaller range of variation in the water level
amplitude as well as smaller extreme values; as low as half the corresponding amplitude in the supershear case. The transition
between depression and resurgence is more gradual in the sub-Rayleigh case and as a result the post-peak trailing oscillations
are also less visible suggesting a weaker dynamic effect.
At the other side of the bay Fig.5c shows the time history for station S-3 at (31.5, 3.65) km. The dynamic disturbance
from the passage of the dynamic rupture is observed at 5.7 seconds and is manifested in the local water surface depression of
amplitude 0.257 m. After half a minute we observe the tsunami wave associated with the slope motion, followed by the classical
tsunami wave and finally the radially propagating front arrival. All the key features are observed at an earlier arrival time than
station S-1, due to the proximity of station S-3 to the apex. Finally, Fig.5d present the time history of water level at station
S-4 which is located mirroring station S-1. Accordingly, the time history is similar but with opposite polarity, consistent with
the sense of motion on the fault and subsequent displacement of the slopes.
The smaller amplitude of tsunami waves in the sub-Rayleigh case is attributed mainly to the smaller vertical and fault
parallel seafloor displacement u3 , u1 respectively which result in a less pronounced diffraction pattern originating at the bay
apex. The effect of smaller vertical displacements is evident in the absence of a strong dynamic tsunami pulse. The weaker
fault parallel seafloor displacement leads to diminished bathymetric motions at the apex, resulting in substantially lower uplifts
and reduced water wave amplitudes.
These observations have two major implications. First, for a given fault area, a tsunami generated by a supershear earthquake
will be larger than that generated by a sub-Rayleigh one. Second, the difference between the two tsunamis is not simply a
matter of scaling the sub-Rayleigh rupture to generate a slip equal to the supershear one. If it was an issue of scaling, the
ratio between the time histories in the two cases would have been the same throughout. Rather, it is evident that different
features in the time histories from the two tsunamis have different relative amplitudes. For reference, the maximum slip in
the simulated supershear rupture is 8.4 m, while the corresponding value in the sub-Rayleigh rupture is 6.3 m. However, the
tsunami waves generated by the supershear rupture have amplitudes at peak values that range between one and four times as
large as the one generated by the sub-Rayleigh one. This suggests that there exists a synergistic effect between the details of
the dynamic rupture in both modes, the relative amplitude of fault parallel and fault normal components of displacements, the
motion of the bathymetry, and the subsequent water level motion.
To emphasize the role of horizontal displacements on the induced tsunami, we compare the supershear earthquake-induced
tsunami for three cases: (1) in a bay with all of the three components of the seafloor motion contributing to the bathymetry
deformation, (2) in a bay with only the vertical component of the sea floor motion being considered, and, (3) in an open ocean
with a flat bathymetry of constant depth.
Fig.6a illustrates the response at station S-1 in the three cases. For case (1), in which all components of motion are
considered, we observe the arrival of the dynamic tsunami phase, then a co-seismic tsunami phase, followed by the classical
postseismic tsunami wave, and then the radially propagating diffracted water front. On the contrary, the time history for
case (2), in which only the vertical component of sea floor motion is included, indicates a weak tsunami signal. The dynamic
tsunami signature, associated with the passage of the shock waves,is identical to that is observed for case (1). However, the
subsequent classical tsunami is much smaller than in case (1). The classical tsunami in case (2) is generated by the waves set
up at the fault with an amplitude determined by the residual displacements from the dynamic rupture as usually assumed

Fig. 6. The effect of including the horizontal motion on a basin bathymetry for a bay traversed by a super-shear rupture. The blue dash-dot line corresponds to the
water level time history when all motions are included (Case 1). The solid black line shows the water level time history when horizontal motions are excluded (Case 2) The
red-dashed line shows the water level time history in the open ocean with a flat bathymetry of constant depth (Case 3). The time histories are shown at stations (a) S-1, and (b)
S-2.The dynamic tsunami phase at both stations are highlighted with zoom in. A segment of the classical tsunami phase at station S-1 around t 90 s is also highlighted in an
insert

in the literature (28, 46, 52, 53). These waves have relatively small amplitude and upon propagation to the coastline, they
are only weakly amplified as they run up the slope. For comparison, we also include the time history for the water surface
amplitude in case (3) where the depth is uniform. In this case, we again see an identical signature of the dynamic tsunami
corresponding to the passage of the shear shock wave fronts. This is then followed by the classical tsunami wave set up by
the residual displacement field near the fault surface. Unlike cases 1 and 2, these waves are not amplified further since the
water depth is uniform. The waves simply pass by the observation station and the recorded water level amplitude subsequently
decays to zero.
In the absence of horizontal motion, Fig.6b further demonstrates that there is no substantial water uplift or depression. In
the presence of horizontal displacements, the tsunami wave height may reach several meters and the water sea surface may
change rapidly over a few seconds. These observations point to the critical role of horizontal motions in tsunami generation by
strike slip faults. The large horizontal motions characteristic of supershear earthquakes (34, 37) on long strike slip faults may
cause significant displacement to the coastline or bay bathymetry leading to vertical displacements of the water surface that
may challenge those resulting from normal faulting. Strike slip faults traversing narrow bays or heading towards coastlines,
may thus pose significant tsunami hazard even in the absence of landslides.

Conclusions
Our results suggest that strike slip faults, unlike what is typically assumed(16, 54, 55), may cause large tsunamis without the
need to trigger underwater landslides. These results are based on numerical simulations of simple dynamic rupture scenarios on
planar faults traversing a bay with idealized and smooth geometry. In that respect, our results are not masked by complex
topography or complicated ground motions. Rather, they reveal some intrinsic mechanisms through which strike slip faults
may become tsunamigenic.
Our model identifies several distinct features of tsunamis generated by strike slip faults traversing narrow bays. Notably, we
recognize three distinct phases in the associated wave motions : (1) an instantaneous dynamic phase that is advected by the
the elastodynamic field emanating from the dynamic rupture. The speed of propagation of this phase is several kilometers per
seconds and hence it reaches the coastal areas synchronously with the shaking. (2)a co-seismic tsunami phase that emerges
while the dynamic rupture is still active but propagates at a much slower speed than the dynamic tsunami phase due to the
diminishing effect of sea floor velocities with time, and (3) a gravity driven post-seismic phase, which takes tens of seconds
to several minutes to affect the coastal region. This phase, which carries memory of the histories of both the dynamic and
coseismic tsunamis, is probably the most hazardous of the three phases due to its propensity to focusing effects at the apex,

diffraction by the bay geometry, and amplification by the bathymetry. The classification of tsunami motions we are introducing
here may be potentially helpful in deciphering the multiple time scales observed in near source tsunami records.
Strike–slip faults usually generate large horizontal displacements but limited vertical displacements. It turns out that the
positioning of the strike–slip fault with respect to the coastline is critical in leveraging these larger horizontal displacement
in tsunami generation. Specifically, if the strike slip fault is located near the shore and is positioned such that it traverses a
bay area or is heading towards the coastline, the tsunami hazard is amplified. The presence of an apex at the tip of a bay,
further amplifies this effect since it results in wave focusing, and backward diffraction enabling multiple interactions with the
slopes of the bay. The reason for this phenomenon is that in such geometries, the fault normal and fault parallel components of
ground motion will cause horizontal deformations in the shoreline slopes that will in turn lead to vertical displacement of the
water surface. If the slopes are steep enough, the resulting disturbance in the water surface may be significant. The effect of
coupling between the horizontal motion and water level uplift has long been recognized for tsunamis induced by subduction
zone earthquakes (56–58). The effect, however, has not been emphasized for strike–slip faults. We note that this effect may be
non–negligible, and overlooking it in the case of strike slip faults may lead to a gross underestimation of their tsunami hazard.
Another important conclusion of our work is that the details of rupture propagation matter. Supershear ruptures are
capable of generating larger tsunamis than sub-Rayleigh ruptures for the same rupture area. The shock wave fronts, which
emerge during supershear propagation, carry in-plane and out-of-plane dynamic seafloor displacements and velocities to large
distances away from the fault without significant attenuation(32, 36, 37). They also are more efficient in focusing energy ahead
of the rupture tip and along the direction of propagation. These focused unattenuated displacements result in a stronger
interaction between the dynamic earthquake motion and shoreline bathymetry, especially at the apex of bays, during the
dynamic and coseismic phases of the tsunami. This in turn sets up higher water surface displacements which subsequently get
further amplified as they run up the slopes. While for the same fault area, sub-Rayleigh ruptures produce smaller slip than
supershear ruptures, the reduction in slip alone does not explain the smaller tsunami wave heights in the sub-Rayleigh case.
Rather, our results suggest that the full history of the source dynamics, which also result in different spatial distributions
of the final slip and ground motions, is critical to explain such discrepancy. This further motivates the need for integrated
dynamic rupture-tsunami models like the one adapted here.
Since our modeling has used generic features of the earthquake and tsunami sources, we expect that our results are not per
se location specific. Supershear rupture propagation, other similar bay geometries, and horizontal displacements of shoreline
slopes, all may combine to produce tsunami amplification from strike–slip faults in different geographic areas. Potential
candidates include the San Francisco Bay and the Tomales bay in Northern California, the Izmit bay in Turkey (which is
crossed by the North Anatolian fault) and Al—Aqaba bay in Egypt (crossed by the Dead Sea Transform fault system). Just
as in Palu Bay, tsunamis have been reported in these regions in the past, (23, 59–62) and have also had supershear rupture
earthquake scenarios (20, 63, 64). We thus recommend revisiting the tsunami hazard rating of large submarine strike slip faults,
particularly, those traversing narrow bays.
Materials and Methods
We used the crustal deformation finite element software Pylith for the earthquake rupture simulations. Pylith has been verified using
community driven benchmarks, which are in line with SCEC/USGS Dynamic Rupture Code Verification exercises and can be obtained
at (https://geodynamics.org/cig/software/pylith)(65). More details on the elastodynamic governing equations, as well as, simulation
parameters are available in SI Appendix S1. The tsunami generation and propagation was conducted using SWIM, an in-house partial
differential equation solver built on MOOSE framework(66). This nonlinear solver discretizes the shallow water equations spatially using
finite element method and implicit time stepping for time integration. The tsunami is generated by the time-dependant motion of the
bathymetry imported from the 3D dynamic rupture model in Pylith. A more detailed description of the tsunami model setup is given in SI
Appendix S2. Furthermore, SWIM is verified using several benchmark problems in the literature (67–69). An example of the verification
is presented in SI Appendix S3.
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Appendix
Earthquake Model Setup. The earthquake is initiated in a 3-D domain of dimensions (x1 , x2 , x3 ) ∈ (0, 60) × (−15, 15) × (−0.7, −15) km
with a planar fault located at x2 = 0. The mesh we used included 216 million elements to spatially discretize the domain with an element
size of 50 × 50 × 50 m. The choice of the element size was made such that the fundamental elasto-frictional length scale was properly
resolved by 8 elements. Temporally, we used explicit forward Euler time integration with time step controlled by the CFL condition.
The linear elastodynamics is described by a system of time-dependent field equations subject to suitable initial and boundary conditions
related to a body transmitting elastic waves. The governing equations are given by:

σij,j + bi = ρüi

[3]

Where, σij correspond to the stress state, bi are the body forces, and üi is the second time derivative of the displacement field. For a
linear isotropic material the constitutive relation becomes:
σij = λδij εkk + 2µεij

[4]

where εij is the strain tensor, and µ, and λ are the Lamé parameters, the model constitutive parameters are given in Table 1. In the limit
of small deformation the strain can be expressed in terms of the displacement field ui as:
1
[ui,j + uj,i ]
[5]
2
The fault slippage is governed a slip-weakening friction model. The shear tractions Tf is described in terms of cohesive traction Tc , slip
d, and fault normal traction Tn as:
εij =


Tf =





Tc − µs − (µs − µd ) dd Tn
o
Tc − µd Tn

for d ≤ do and Tn ≤ 0
for d > do and Tn ≤ 0

[6]

Here, µs is the static coefficient of friction, µd is the dynamic coefficient of friction, and characteristic slip weakening distance do . The
frictional properties are distributed along the depth, such that there is locked-slipping interface located below x3 = −11 km.
For supershear rupture case, Above 11 km, the fault frictional parameters are µs = 0.6, µd = 0.3 for the static and dynamic friction
coefficients, respectively, and do = 0.2 for the slip weakening distance. The stress is initially distributed over the fault surface as Tn = −50
MPa , and Tf = 24 MPa. However, the shear stress is locally increased within the overstressed region and Tf = 31 MPa. The fault
stresses and properties outside the overstressed region correspond to a strength parameter S = 0.667.
For the sub–Rayleigh rupture case, above 11 km, the fault frictional parameters are identical to those in the supershear case. However,
the fault shear stress is initially distributed to a value Tf = 31 within the overstressed patch, and a value of Tf = 19.2 outside the
overstressed region, respectively. The normal compressive stresses are uniform throughout and taken to be Tn = −50 MPa, identical to
the supershear case. In this case, the fault stresses and properties outside the overstressed region correspond to a strength parameter
S = 2.62. The higher value of the S parameter generally favors sub-Rayleigh rupture propagation and significantly delays the supershear
transition, if it is to occur.
Tsunami Model Setup. For the tsunami modelling, we consider the nonlinear shallow water wave approximation for incompressible flow
with constant density ρ in a domain Ω ∈ R2 governed by Eq.1 for ∀t ∈ [0, T ]. A Cartesian coordinate system is chosen such that the
x3 = 0 correspond undisturbed water level, and x1 , x2 = 0 correspond to the hypocenter of the dynamic rupture. For the tsunami model
the domain of the problem is defined by (x1 , x2 ) ∈ (0, L) × (−W/2, W/2), the discretization of tsunami domain is independent of the
solid domain, a uniform mesh with element size 25 m was used for spatial discretization. Temporally, the solutions of the shallow water
equations evolve at a different time scale than dynamic rupture. We thus allow, within our unconditionally stable MOOSE-SWIM implicit
Euler solver, for a different time step in the tsunami model, constrained by the accuracy requirements. We have also run the simulations
at different time resolutions to check for convergence.

The following boundary conditions were imposed on shallow water equation 1:
û(x1 = L, x2 , t) = 0
v̂(x1 , x2 = W/2, t) = v̂(x1 , x2 = −W/2, t) = 0
h,2 |W/2 = h,2 |−W/2 = 0

[7a]
[7b]
[7c]

h,1 |L = 0

[7d]

The basin-like static bathymetry utilized in our tsunami model as demonstrated in Fig.2a is defined as Ho (xi ) = a + (b − a)Fo (xi ),
where Fo is a hyperbolic tangent function given by the following equation:

1
Fo (xi ) =

(1 − tanh
− tanh

2
1
(1
2

r−rc
),
s
|x2 |−rc
),
s

for x1 ≥ c
for x1 ≤ c

[8]

Here, a, b are the minimum and maximum depth respectively, rc is the radius of the basin, c is the center point of the bay apex and s is a
constant that defines the slope of the bay. We choose this generic bathymetry to decouple our conclusions from any effect of shoreline
geometric complexity that may mask tsunami dynamics.
The choice of the 2-D domain and bathymetry for the tsunami model has been motivated by the Palu bay. The simulated domain has
the following dimensions L = 37 km and W = 5 km, and bathymetry parameters of minimum depth a = 10 m and maximum depth
b = 700 m. We chose the following parameters for the basin, the radius is rc = 3 km, and slope constant s = 400, with center c = 30.5 km.
This specific choice of the s results in a slope varying from 700 m to 10 m over to a 2 km distance.
SWIM Verification. To validate our SWIM implementation, we solve the nonlinear shallow water equation against the "piston" motion
described in Derakhti et al. (2019) (67). Derakhti et al. (2019) used the Smooth Particle Hydrodynamics (SPH) method of Dalrymple
and Rogers (2006) (70), and validated their results using experimental data from Hammack (1973). For reference, our SWIM code solves
the NSWE in an incompressible inviscid domain assuming depth–averaged variables. The validation against the SPH method and the
laboratory results allows for checking the veractiry of SWIM and the adequacy of the NSWE approximation, particularly when gauging
the influence of a dynamically moving sea bed.

We solve the 1D nonlinear shallow water equation with identical geometry to the domain setup in the x-z plane as in Derakhti et al.
(2019). The seafloor displacement U3 (t) is the following:

u3 (x1 , t) =


0





1 − cos πt H(b2o − x21 )
u H(b2 − x2 )tr
m
o
1
1
u
2 m

for t < 0
for 0 ≤ t ≤ tr
for t > tr

[9]

Here, the ocean depth is H and a portion of the seafloor with half–width bo is displaced upward for a total distance um , over the rise time
tr . The width of the seafloor displacement is imposed through H the Heaviside step function.
Following Derakhti et al. (2019), a number
√
of dimensionless quantities are introduced to define the loading rate, namely, tc = bo / gH, and τ = tr /tc , note that for a similar setup a
lower τ indicate a faster rise time tr .

Fig. S 1. Benchmark problem verification of the shallow water wave implementation (SWIM code) used in the present study, compared with the predictions of experiments and
analytical, and numerical solutions from the literature (67, 68) .The comparison shows the normalized time history of water surface level, h, for a punch, initially at rest at the
sea floor and subsequently driven upward with hyperbolic cosine velocity profile. (a-b) Impulsive and (c-d) milder (transitional) bed displacements. The undisturbed water depth
is H .

To explore the impact of the loading rate, we compare two cases with the numerical solution from Derakhti et al. (2019) and the
experimental results from Hammack (1973): (1) Impulsive loading with τ = 0.11, and um /H = 0.4, (2) Transitional loading with τ = 0.9,
and um /H = 0.01. Fig.1a illustrate the different normalized sea surface displacement h/um at x1 /bo = 0 corresponding to the center of
the seafloor. The shallow water equation compares well in terms of maximum amplitude as well as the trailing wave behavior. Fig.1b
demonstrate better agreement for the near the far edge of seafloor displacement at x1 /bo = 1. For case (2) with transitional loading, we
observe in Fig.1c deviations in the peak amplitude at the center of the seafloor displacement. This discrepancy is attributed to the low
um /H parameter, indicating further deviation from the shallow water limit. Similarly, the results further away from the center of the
seafloor displacement show better agreement, as illustrated in Fig.1d.
Furthermore, lack of oscillations is observed in the shallow water solution when compared with SPH and experimental observations.
This is attributed to the shallow water approximation. Such absence was also reported in Stefanakis et al. (69), who provided analytic
solutions for the rise of a sill off the seafloor. Overall, the major features of the solution are still preserved, such as the rise time, peak
amplitude and approach to steady state.

Fig. S 2. Benchmark problem verification of the shallow water wave implementation (SWIM code) used in the present study, compared with the predictions of experiments and
analytical, and numerical solutions from the literature (67, 68) .The comparison shows the normalized time history of water surface level, h, for a punch, initially at rest at the
sea floor and subsequently driven upward with hyperbolic cosine velocity profile. (a-b) Impulsive and (c-d) milder (transitional) bed displacements. The undisturbed water depth
is H .

Table 1. Constitutive parameters for earthquake model
Medium Parameters
1.
2.
3.
3.

Shear Modulus
S-wave speed, cs
P-wave speed, cp
Mass density, ρ

Values
32 GPa
3.464 km s− 1
6 km s− 1
2670 kg m− 3

Fig. S 3. Benchmark problem verification of the shallow water wave implementation (SWIM code) used in the present study, compared with the predictions of experiments and
analytical, and numerical solutions from the literature (67, 68) .The comparison shows the normalized time history of water surface level, h, for a punch, initially at rest at the
sea floor and subsequently driven upward with hyperbolic cosine velocity profile. (a-b) Impulsive and (c-d) milder (transitional) bed displacements. The undisturbed water depth
is H .

Fig. S 4. Snapshots of sea surface height h for cross section A-A during the dynamic tsunami phase. The snapshots capture in more details the evolution of the
dynamic tsunami generation phase between times t = 4 s, and t = 7.5 s. The height scale varies according to the sea surface peak height at each displayed time. Between
times t = 4.0 s and t= 4.4 s, the sea surface is perturbed by the dilatational wave field which propagates ahead of the rupture front and precedes the arrival of the shear shock
wave fronts. The lack of any vertical displacement at x = 0 in the subplots for times t = 4.0 s, 4.1 s, and 4.2 s, is consistent with the fault surface being a nodal plane for the
P-wave. Later, starting with time t = 4.4 s, we observe the development of a vertical offset at the location of the fault plane. This offset is the result of the vertical displacement
carried by the rupture front which arrives at section A-A around t = 4.4 s. The vertical offset continues to develop in subsequent times (t = 4.4 s to t = 4.6 s) as the rupture tip
propagates and the intense shear shock waves (Mach cones) cross section A-A at the location of the fault surface. This offset later disintegrates ( time t = 5.2 s and later) into
a pair of waves propagating in opposite directions towards the sides of the bay. As the rupture tip moves past section A-A, the Mach cone fronts intersect with section A-A at
different points as they expand away from the fault plane (x = 0), and we highlight the effect of the Mach fronts on the sea surface height by the yellow arrows between times t
= 4.5 s and t = 5.0 s. A local trough (crest) develops in the sea surface profile over the left (right) sides of the bay. These start with an initially small amplitude ( t = 4.4 s)
and continue to grow slowly afterwards ( up to t = 5.0 s) until the Mach cone fronts intersect with section A-A at the location of the slopes leading to a rapid increase in the
amplitude of these features. The trough and the crest develop due to the effect of the horizontal displacements that are induced by the dynamic sea floor motion which cause
bathymetry deformation and subsequent vertical variation in the sea surface height as discussed in the main text. Initially ( up to t = 5.0 s), the slopes of the bay experience
small horizontal displacements. The source of these displacements are the dilatational wave field existing ahead of the rupture tip and the Mach fronts, as well as any shear or
Rayleigh wavefields that have been generated during the early stages of the rupture nucleation and propagation before its transitioning into supershear. However, at later times
(t > 5.0 s), the Mach cones arrive. The Mach cone fronts carry larger horizontal displacements leading to a rapid increase in the amplitude of the trough and crest ( up to t = 6.9
s). Subsequently, as the Mach cones move away from sec A-A, the dynamic horizontal displacements decrease, and we observe a gradual reduction in the amplitude of the sea
surface perturbations over the slope (t = 7.2 s and t = 7.5 s). The subsequent evolution the different tsunami features at later times is detailed in the main text as part of the
discussion that follows Figure 3.

