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Abstract Subduction megathrust ruptures that breach the trench, such as in the 2011 M = 9 Tohoku-oki
earthquake, can be very tsunamigenic. However, whether buried ruptures are intrinsically less tsunamigenic
has not been fully investigated. Here, we conduct this investigation by studying the mechanics of seafloor
deformation and the resultant tsunami runup. With a trench-breaching rupture, deformation is dominated by
the rigid-body translation of the frontal upper plate, and seafloor uplift is enhanced by the horizontal motion of
the sloping seafloor. With a buried rupture, the rigid-body motion is reduced, but the shortening of the upper
plate due to seaward slip termination causes elastic thickening to enhance tsunamigenic seafloor uplift. By
combining a finite-element deformation model and a shallow-water equation tsunami model, we systematically
test various subduction zone geometrical and slip parameters to study the trade-off between rigid-body
translation and elastic thickening in causing seafloor uplift and tsunami runup. To isolate the effect of slip
depth, we compare scenarios with the same peak slip and rupture width. We find that very shallow ruptures,
including those breaching the trench, are generally less tsunamigenic than deeper ruptures. Given peak slip,
tsunamigenic potential is maximized if the rupture is not too shallow or too deep but is buried to moderate
depths. Our model tests using variable hypothetical rupture depths suggest that, with a slip magnitude as large
as in the 2011 Tohoku-oki earthquake, tsunami runups as high as the observed would occur even if the rupture
were fully buried.

Plain Language Summary During subduction earthquakes, sudden seafloor deformation due to
megathrust slip raises seawater to generate tsunamis. If the slip breaches the trench, seawater is raised by the
seaward motion of the sloping seafloor. If the near-trench part of fault refuses to slip, in a scenario called buried
rupture, the seafloor will bulge to raise seawater. Here we combine computer models of seafloor deformation
and tsunami propagation to study how the two types of rupture control tsunami runup. We find that, given slip
size and location, their tsunamigenic potential is similar owing to a trade-off mechanism. With buried rupture,
tsunami generation is weakened by lessened motion of the sloping seafloor but strengthened by increased
seafloor bulging. The effect is the opposite for a trench-breaching rupture. We also find that if a rupture is
buried to an optimal moderate depth, the bulging effect and tsunami size are maximized. These findings

clarify that the key reason for a large tsunami is how large, not just how shallow, the megathrust slip is. This
knowledge helps to understand why some recent megathrust earthquakes, including the 2011 M = 9 Tohoku-oki
earthquake, were so tsunamigenic. For tsunami hazard assessment, the tsunamigenic potential of buried
ruptures should not be underrated.

1. Introduction

Earthquakes that rupture the very shallow part of subduction megathrusts can be very tsunamigenic, especially
those that breach the trench (Cheung et al., 2022). The most notable examples include tsunami earthquakes that
rupture the shallowest part of the megathrust (Hill et al., 2012; Kanamori, 1972; Satake, 1994) and the 2011
M = 9 Tohoku-oki earthquake in which large slip extended to the trench (Kodaira et al., 2021). It is understood
that trench-breaching slip can displace large volumes of water to cause a large tsunami because of the seaward
motion of the sloping seafloor (Hooper et al., 2013; Sun et al., 2017; Tanioka & Satake, 1996) and because of the
large water depths around the trench (Geist et al., 2006; Polet & Kanamori, 2000). However, it is not well under-
stood whether a buried rupture not extending to the trench, as reported for many other subduction earthquakes,
is generally or always less tsunamigenic than a trench-breaching rupture with the same slip magnitude. Although
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Figure 1. Cartoon illustrating the trade-off between the two mechanisms that control tsunamigenic seafloor deformation in
trench-breaching and buried ruptures. (a) Dominance of rigid-body translation in trench-breaching rupture. The blue shaded
area illustrates the enhanced near-trench seafloor uplift due mainly to the horizontal motion of the sloping seafloor. (b)
Dominance of elastic thickening in buried rupture. The blue shaded area illustrates the enhanced seafloor uplift due mainly to
the horizontal contraction and resultant thickening of the upper plate. Dashed line indicates pre-earthquake seafloor geometry.
(c) Possible slip distributions for the two types of rupture. In this study, we compare models with identical peak slip, such

as those shown in red and blue. The orange distribution may have the same moment as the blue distribution if the shallow
rigidity is proportionally smaller, but the two are not compared because of their different peak slip values.

shortage of near-field, seafloor observations often causes large uncertainties in the reported presence or absence
of near-trench slip, there is theoretical expectation that in some situations coseismic slip tapers toward the trench
due to fault zone friction properties (Ikari et al., 2011; Scholz, 1998; Wang & Hu, 2006). Understanding the
tsunamigenic potential of buried ruptures has both scientific and societal implications.

If large coseismic slip of the megathrust occurs at the trench, seafloor deformation is dominated by the rigid-body
translation of the frontal wedge of the upper plate, and seafloor uplift is enhanced by the horizontal motion
of the sloping seafloor (Figure 1a). However, if the slip is buried and tapers toward the trench (Figure 1b),
seafloor uplift is not necessarily smaller. In this situation, the frontal part of the overlying upper plate is hori-
zontally shortened, and consequent elastic thickening can lead to large seafloor uplift (Figure 1b). How these
two deformation components, namely rigid-body translation and elastic thickening, contribute to tsunamigenic
seafloor uplift in different rupture scenarios is the focus of this study. We employ finite element models of elastic
deformation that include long-wavelength surface geometry appropriate for subduction zones. Using seafloor
deformation predicted by these models as tsunami sources, we simulate tsunami wave propagation and runup at
the model coast.

In comparing different rupture scenarios, we use the same maximum slip to isolate the effect of slip depth. In
doing so, we are generally not comparing earthquakes with the same seismic moment which is a product of rock
rigidity, slip, and rupture area. For example, if the rigidity of the frontal wedge material is very low (e.g., Geist
& Bilek, 2001; Sallares & Ranero, 2019; Satake, 1994), the slip distribution represented by the blue curve in
Figure 1c may have a larger seismic moment than the red curve but the same moment as the orange curve. In
this situation, our comparison is made between the blue and red curves because they have the same maximum
slip. Besides, in assessing tsunami hazard on a local coastal area, if the anticipated rupture is long in the strike
dimension such as in the 2004 M = 9.2 Sumatra, 1960 M = 9.5 Chile, and 1700 M = 9.0 Cascadia earthquakes,
it is the fault slip directly offshore that is important (Williamson et al., 2019; Witter et al., 2013), not the moment
of the earthquake which also includes slip elsewhere along strike.

By fixing the peak slip, we examine how seafloor geometry, fault geometry, and slip distribution affect the
relative contribution of the two deformation components illustrated in Figures 1a and 1b to influence the main
tsunami wave parameters that determine runup. We will show that the enhanced uplift due to the rigid-body
translation of the sloping seafloor is at the price of much reduced elastic thickening, and vice versa, and we
explore how this trade-off is modulated by geometrical and slip parameters. By shifting a slip model of the 2011
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(a) Center part of finite-element mesh for deformation model
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Figure 2. Illustration of the 2-D models used for surface deformation and
tsunami modeling. (a) Center part of the finite-element mesh for subduction
zone deformation models. The model is run in a spherical-Earth coordinate
system, so that the depth axis and radial mesh lines are not strictly vertical in
this display. (b) Vertically exaggerated seafloor geometry consisting of linear
segments of different slopes. The shallowest segment extends landward of
the coast to allow inundation and runup calculation. (c) 2-D channel used for
tsunami modeling (width exaggerated 500 times). The model grid consists of
50 x 50 m? square cells, but only one row is needed in the strike direction.

Tohoku-oki earthquake to hypothetical greater depths along the Japan Trench
megathrust, we will demonstrate that a rupture buried to a moderate depth
can produce tsunami runups as large as those observed in 2011 along the
coastal area facing the main rupture zone.

2. Methods of Deformation and Tsunami Modeling
2.1. Finite Element Modeling of Tsunamigenic Seafloor Deformation

2.1.1. The Subduction Zone Deformation Model

We employ a simple subduction zone geometry that reflects the main char-
acteristics of many real subduction zones (Figure 2a). To focus on the main
physical process, we ignore along-strike variations in most of our test models.
In our modeling, the trench-coast distance is fixed at 150 km, and the trench
depth varies in the range 3,300-10,300 m. The megathrust geometry shown
in Figure 2a is typical of many subduction zones, but we will also vary the
average dip of the fault in some models for testing purpose.

The model seafloor, from the coast to the trench axis, consists of three
linear segments (Figure 2b). Each segment is 50 km long, and they together
represent the general shape of real active continental margins. The shallow-
est segment, with its seaward limit at ~200 m below sea level and a slope
of 1/250 (~0.2°), represents the continental shelf and extends landward of
the coast to allow tsunami inundation on land (see Section 2.2). The middle
segment, with a slope of 1/38 (~1.5°), extends 100 km offshore to a depth
of ~1,500 m below sea level. The deepest and most seaward segment repre-
sents the lower continental slope and defines the upper surface of the frontal
wedge. Because we are particularly interested in the impact of the sloping
seafloor on tsunami generation (Figure 1a), we vary the slope angle of this
segment over a range of 1/10 to 1/5.8 (2°-10°) in different models to cover

the observed range at subduction margins. With the slope break fixed at 1,500 m below sea level, the variations
in the lower slope lead to the variations in trench depth mentioned above. Seaward of the trench, we allow the
seafloor to slope toward the trench as in real subduction zones (Figures 2a and 2b).

We use the finite-element code PGCviscl-3D, which has been extensively benchmarked against analytical solu-

tions and used in our earlier subduction zone earthquake cycle models (Hu & Wang, 2012; Luo & Wang, 2021;

Sun et al., 2014, 2018; Wang et al., 2012), to simulate the tsunamigenic seafloor deformation. The models consid-

ered in this work are purely elastic with prescribed fault slip (see Section 2.1.2). Potential permanent deformation

of parts of the upper plate in the form of localized faulting or distributed plastic yielding adds further complica-

tions in real earthquakes (e.g., Hananto et al., 2020; Tsuji et al., 2013) but are ignored in our modeling because

of the focus of this study. For simplicity, we assume a uniform model domain with Poisson's ratio 0.25, except

for special tests. If megathrust slip distribution is kinematically prescribed, rigidity plays little role in controlling

model deformation, as graphically illustrated in Figures S1 and S2 of Supporting Information S1. For a uniform

model neglecting gravity, different rigidity values yield identical deformation results. Our models include the

effect of gravity except for the illustrations in Figure S2 of Supporting Information S1, but the effect is negli-

gibly small. Given slip distribution, the presence of low-rigidity materials in the frontal wedge or shallow crust
(e.g., Sallares & Ranero, 2019) only slightly affects predicted seafloor deformation (Figure S2 in Supporting

Information S1).

We set the lateral boundaries more than 1,000 km away from the model rupture area and the bottom boundary

at 600 km depth. The boundaries are adequately distant so that they do not affect model results in our region of

interest. Our code models deformation in a spherical Earth, but a Cartesian system will yield nearly identical

results for this spatial scale. There is no strictly 2-D model in a spherical Earth, but we still call our models with

no along-strike variations 2-D models.
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The deformation models yield three-component coseismic surface displacements. To obtain the added seafloor
uplift due to the horizontal motion of the sloping seafloor (Figure 1a), we use the method of Sun et al. (2017) to
derive the bathymetry difference before and after the rupture. For the smooth seafloor in our synthetic models
(Sections 3 and 4), the approximate method of Tanioka and Satake (1996) will yield the same results. Because the
main objective of this study is to investigate the trade-off between the two deformation components illustrated in
Figure 1, it suffices to use a static model of instantaneous deformation. Potential contributions from realistic rise
time and rupture propagation are of minor importance for this objective and are thus neglected.

2.1.2. Fault Slip Assignment

To focus on the main objective, we only consider megathrust ruptures that are completely offshore. In the suite
of trench-breaching and buried rupture models that we use to investigate the aforementioned trade-off, the peak
slip is 10 m, and the horizontal projection of the downdip rupture width is 100 km, both being representative
of observed fault slip in M|, 8-8.5 megathrust earthquakes (Allen & Hayes, 2017). Although seafloor deforma-
tion scales linearly with slip magnitude, the resultant tsunami runups do not, because of the nonlinear nature of
tsunami propagation and runup. Therefore, we do not normalize any of our model results using the peak slip
value. Nonetheless, the knowledge learned from the 10 m slip models is qualitatively applicable to models of
other slip values.

Figure 3a (green curves) shows the slip distribution in typical trench-breaching and buried rupture scenarios used
in our models. Deformation and tsunami results for these models will be discussed in Section 3.1. The slip in
the buried rupture follows a modified version of the bell-shape function of Freund and Barnett (1976) proposed
by Wang and He (2008) with typographic errors fixed in Wang et al. (2013). This function depicts slip that
tapers smoothly both updip and downdip. It also allows the bell-shaped slip distribution to be skewed updip or
downdip, which will be dealt with in Section 4.4. Trench-breaching slip is modeled by replacing the updip limb
of the bell-shape function with part of a sinusoidal function that allows the slip to decrease smoothly toward the
trench (Gao et al., 2018). Different degrees of trench-breaching are represented by the amount of slip at the trench
expressed as percentage of the peak slip at the apex of the bell-shape slip function. For 100% trench-breaching,
the peak slip is sustained all the way to the trench (Figure 3a).

The kinematic slip distributions in Figure 3 are based on fault mechanics arguments and evolved from the classi-
cal 2-D crack model. The crack model assumes uniform stress drop in the rupture zone and zero slip elsewhere,
resulting in abrupt termination of slip at the two edges of the rupture with stress singularities (e.g., Geist &
Dmowska, 1999; Rudnicki & Wu, 1995). To suppress the unphysical singularities, Freund and Barnett (1976)
kinematically modified the crack-model slip distribution to allow gradual termination of the slip at the two edges.
Using an elastostatic finite element model including a frictional subduction fault, Wang and He (2008) simulated
fault slip distribution and resultant tsunamigenic seafloor deformation by changing the fault friction coefficient to
represent coseismic weakening or strengthening behavior. Because of their focus on the updip edge of the rupture,
Wang and He (2008) allowed the singular behavior at the downdip edge of their rupture, similar to the classical
crack model. They confirmed the validity of the bell-shape slip distribution of Freund and Barnett (1976) but
found it to be more sharply peaked than in the friction model. They thus modified the Freund and Barnett (1976)
slip by introducing another parameter to control the sharpness/flatness of the bell peak, resulting in the type of
bell-shape distribution used by Ref2 (Figure 3a). If the classical crack model for a thrust fault breaks the “trench,”
fault slip gradually increases toward, and becomes nearly constant near the trench (Geist & Dmowska, 1999;
Wang & He, 2008). This is the theoretical background for the 100% trench-breaching models in this and other
(Carvajal, Cisternas, & Catalan, 2017; Gao et al., 2018) papers. Using a friction model similar to Wang and
He (2008), Hu and Wang (2008) showed how the degree of trench breaching in megathrust slip is controlled
by the degree of coseismic strengthening of the near-trench part of the fault. Their results provided theoretical
basis for the models of variable degrees of trench breaching to be examined in Section 3. The buried slip and
trench-breaching slip scenarios used in this paper can also be produced using dynamic rupture models that simu-
late rupture propagation and associated seismic waves (e.g., Kozdon & Dunham, 2013; Prada et al., 2021; Ramos
& Huang, 2019). Given medium properties (e.g., rigidity distribution), regardless of how the rupture process is
modeled, the final (net) fault slip uniquely determines the static seafloor deformation.
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(a) Fault slip and seafloor deformation of Ref1 (left) and Ref2 (right)
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Figure 3. The two reference models Ref1 (left) and Ref2 (right). (a) Fault slip distribution (axis to the right) and seafloor deformation (axis to the left). “Sloping
seafloor contribution” is the contribution to total seafloor uplift from the seaward translation of the sloping seafloor. (b) Displacement field. Displayed displacement
vectors are randomly selected. The horizontal and vertical components along the top surface are shown in (a) using dashed lines. (c) Rigid-body component of the
upper plate shown with translation vectors. (d) Elastic deformation component shown with principal strains. In (c and d), the deformation components are averaged over
20-km-wide blocks of the upper plate (block boundaries indicated by gray vertical lines) and shown at the center of each block.

2.2. Tsunami Modeling

The seafloor deformation predicted by the deformation model described above is the tsunami source for our runup
modeling. However, the size of the runup is determined not only by the tsunami source but also by the tsunami
propagation path from the source area to the coast (e.g., Geist, 1998). Specifically, for a given tsunami source, the
propagation path modulates the shape of the incident leading wave as it propagates toward the coast and hence
determines runup on land. All our source models except for a few in Section 5.2 produce a trough-leading wave
because the megathrust rupture is sufficiently far offshore, such that the runup increases with the characteristic
wavelength, trough amplitude, and frontal steepness of the leading wave (e.g., Geist, 1998; Satake et al., 2013;
Tadepalli & Synolakis, 1994).

To isolate the effect of the tsunami source on runup, we try to minimize the effect of the propagation path in caus-
ing differences between different models. Therefore, we use identical seafloor geometry for distances >50 km
from the trench in all our models (Figure 2b). However, we must vary the near-trench seafloor slope because
it is an important parameter in our source study. The variation in frontal seafloor slope is accompanied with a
variation in the water depth in the source region which also affects runup (Geist, 2002; Mulia et al., 2022), but its
effect is expected to be small compared to the effect of the tsunami source. Based on our modeling experience, we
are confident that the runup differences between different models predominantly reflect differences in the source,
not in the propagation path. We have also run models in which the seafloor geometry at >50 km distance from
the trench is slightly different from that shown in Figure 2b, such as with a steeper or flatter slope for the middle
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segment or around the coast, but still identical between different models. The results (not displayed) verify that
what we learn about the source effect from the models in Sections 3 and 4 is not fundamentally changed.

We use the widely adopted Kajiura transfer function (Kajiura, 1963) to convert the static seafloor deforma-
tion to sea surface deformation which provides the initial condition for tsunami propagation. The 2-D Kajiura
function approximates the attenuation of short-wavelength components through the water column, leading to a
smoother sea surface elevation. The effect is particularly obvious in trench-breaching rupture scenarios in which
the displacement discontinuity at the trench richly produces short-wavelength components (Felix et al., 2021).
For simplicity, we use a constant water depth—the trench depth—in the function, despite the presence of seafloor
slope. We have verified that using different reference water depths makes only slight differences to the tsunami
model results and does not affect our conclusions.

We use modeling software COMCOT (Cornell Multi-grid Coupled Tsunami model; Wang & Power, 2011) to
compute sea-surface elevations during tsunami propagation and inundation from the source area to the farthest
point inland where runup is calculated. COMCOT adopts explicit staggered leap-frog finite difference schemes
to solve the two-dimensional Linear and Nonlinear nondispersive Shallow Water Equations in either spherical
(Section 5.2) or Cartesian (Sections 3, 4 and 5.1) coordinates. Because a few of our tsunami source models
produce relatively short tsunami waves compared to the local water depth and thus push the theoretical perfor-
mance limits of COMCOT which does not include the effect of frequency dispersion, we conducted tests using
a more sophisticated code NEOWAVE (Yamazaki et al., 2011). NEOWAVE includes a vertical velocity term to
handle dispersive tsunami waves and a shock capturing scheme to handle very steep wave front in runup calcu-
lation, both at the cost of computing time. With a comprehensive comparison of the performance of COMCOT
against NEOWAVE (see Text S1 in Supporting Information S1), we found that for our source models and the
relatively short trench-coast distance, the two codes yield very similar results (Figure S3 in Supporting Informa-
tion S1). We therefore decided to use COMCOT for efficiency and convenience.

A subduction zone deformation model without along-strike variations is called a 2-D model. However, because
of the absence of depth dimension in the mathematical formulation of depth-averaged shallow-water equa-
tion models, a tsunami wave model based on such a 2-D deformation source is commonly referred to as a
one-dimensional (1-D or 1-DH) tsunami model. Nonetheless, in this paper we refer to this type of tsunami model
also as 2-D, to be compatible with its 2-D deformation source. Similarly, a tsunami model based on a 3-D defor-
mation source such as for any real earthquake is therefore called a 3-D tsunami model in this paper, despite the
fact that it is strictly a 2-D or 2-DH model.

Our 3-D tsunami modeling follows a standard procedure (e.g., Carvajal and Gubler, 2016; Carvajal, Cisternas,
& Catalan, 2017; Wang & Power, 2011). Our 2-D tsunami models, in which the tsunami propagates only in the
strike-normal direction, use a special design to enhance computing efficiency, so that we can readily run hundreds
of models using a laptop computer to investigate the physical process. Only a distilled set of models are shown in
this paper. For these 2-D models, we use a 228-km-long channel discretized into squared grid cells of 50 X 50 m?,
with 4,559 grid cells in the strike-normal direction and only 1 in the strike direction (Figure 2c). We apply an
absorbing boundary condition to the open ocean end of the model and use the moving boundary scheme (imple-
mented in COMCOT) at the landward wet-dry boundary to track the moving shoreline and simulate inundation
and runup. We use the Nonlinear Shallow Water Equations and incorporate the effects of bottom friction along
the channel using a Manning's roughness coefficient of 0.025 s m~!" (Kotani et al., 1998). The computation time
step is set to satisfy the Courant-Friedrichs-Lewy stability condition of the finite difference method and varies
from 0.07 to 0.14 s. All simulations are run for 1 hr tsunami propagation time, which is more than adequate to
capture the maximum model runup (associated with the leading wave).

3. Tsunami Generation by Trench-Breaching and Buried Ruptures
3.1. Trade-Off Between Rigid-Body Translation and Elastic Thickening

Here we use the two reference models shown in Figure 3, namely Ref1 and Ref2, to explain the trade-off between
the two deformation components illustrated in Figure 1. The effects of various geometrical and slip parameters on
this trade-off will be systematically studied in Section 4. Figure 3a shows their slip distribution (green) and result-
ant surface deformation (black), and Figure 3b shows the displacement field in cross-section view. In Figure 3a,
the vertical and horizontal components of the seafloor displacement (Figure 3b) are illustrated using dashed lines.
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The total tsunamigenic seafloor uplift, which includes the contribution from the horizontal motion of the sloping
seafloor (shaded area), is illustrated using a solid line.

In understanding the results in Figure 3, we need to consider the horizontal and vertical components of the
rigid-body translation separately. The presence of the vertical component is because of the dip of the fault. The
vertical (upward) translation contributes to both Ref1 and Ref2, but the difference in tsunamigenic seafloor defor-
mation between these two models primarily reflects the trade-off between the horizontal rigid-body translation
and elastic thickening. In Ref1, the horizontal motion of the sloping seafloor contributes to about 50% of the total
uplift but there is no contribution from elastic thickening. On the other hand, in Ref2, thickening due to elastic
shortening causes large seafloor uplift, but the sloping-seafloor contribution is greatly diminished.

To better explain this trade-off, we separately illustrate the rigid-body translation component (Figure 3c) and
the elastic deformation component (Figure 3d) averaged over 20-km-wide blocks of the upper plate, with the
translation vector and the principal strains shown at the center of each block. The translation vector is simply the
average of a dense grid of displacement vectors within each block. The strain tensor is derived by fitting a model
of constant strain to all these displacement vectors; averaging strain tensors of individual finite elements in the
block will yield nearly identical results. The domination of one of the two deformation components in each
model is clear. Rigid-body translation near the trench approaches the value of fault slip in Ref1 but is zero in Ref2
(Figure 3c). This causes the large near-trench seafloor uplift in Refl but not in Ref2 (Figure 3a). In Refl, the
trenchward decrease in the stiffness of the wedge-shaped frontal upper plate causes the horizontal displacement
to increase trenchward despite the uniform fault slip in this area (Figure 3a). The consequent horizontal extension
causes slight thinning of the upper plate (Figure 3d), so that the contribution of elastic thickening to seafloor
uplift is actually negative. In Ref2, the updip tapering of the fault slip (Figure 3a) leads to horizontal shortening,
and the resultant thickening (Figure 3d) gives rise to large seafloor uplift peaking at the location where the slip
gradient is the highest (Figure 3a).

3.2. The Mechanism of Elastic Thickening

The horizontal motion of the sloping seafloor in the trench-breaching model is straightforward to understand, but
the mechanism of elastic thickening in the buried rupture model requires further explanation. To illustrate the
mechanism, we show the deformation due to bell-shape slip along a hypothetical horizontal fault in an elastic half
space (Figure 4). The use of a horizontal fault eliminates any uplift due to the upward rigid-body translation of
the hanging wall. The model-predicted surface uplift (and subsidence) is therefore purely a consequence of elastic
deformation. Drawing an analogy to our 2-D megathrust models (Figure 3), we call the portion of the slip zone to
the left of the peak slip the “updip” segment of the rupture, and the portion to the right the “downdip” segment.
In Figure 4, all distances are normalized using W,, the width of the updip segment. For simplicity, we assume a
symmetric slip distribution (Figure 4a), such that the deformation is antisymmetric with respect to the location of
the peak slip, but a skewed slip distribution would demonstrate the same mechanical principles.

The model displacement field around the center of the rupture zone exhibits opposite horizontal motion of the
hanging wall and footwall (Figures 4d—4f). While their relative motion is determined by the assigned slip magni-
tude, the absolute motion of each side (i.e., relative to its pre-rupture position) is governed by their stiffness
contrast. For a shallowly buried fault, the thin hanging wall is much less stiff than the footwall, resulting in much
greater leftward motion of the former than the rightward motion of the latter (Figures 4d—4f). Consequently, the
part of the hanging wall overlying the updip segment of a shallowly buried rupture suffers greater shortening than
for a more deeply buried rupture. If the rupture were extremely deeply buried, such as to a depth 10 times the
rupture width, the opposite displacements of the hanging wall and footwall would be similar in size.

In these models, the amount of surface uplift caused by the horizontal shortening of the hanging wall depends on
the slip gradient, the depth of the fault, and the Poisson's ratio.

The effect of the slip gradient does not require explanation and illustration. It is self-evident that a sharper
tapering of the slip causes greater shortening and hence more uplift. An extreme example commonly seen in the
literature is the uplift spike caused by a sudden updip termination of fault slip (infinite slip gradient), an artifact
in numerous tsunami source models, especially those that use uniform-slip rectangular fault segments with their
updip edges buried at small depths.
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Figure 4. Model deformation due to buried rupture on a hypothetical horizontal fault to illustrate the mechanism of elastic thickening. (a) Slip distribution normalized
by peak slip. Hanging wall moves to the left. W, is the width of the “updip” segment of the slip zone. (b) Surface displacements of the three color-coded models shown
in (d—f). (c) Peak surface uplift (normalized by peak slip) as a function of fault depth d (normalized by W,) for two Poisson's ratio values (v), showing that the highest
peak uplift occurs when fault depth d = 0.5W,. Results for the three models in (d—f) are shown with color-coded squares. (d—f) Cross section view of displacement

vectors for three models with different fault depths.

The effect of fault depth is more complex. As discussed above, given slip distribution, there is greater shortening
if the fault is shallower. However, surface uplift is an integrated effect of vertical strain over a depth range. If the
fault is too shallow, despite the large shortening, the integrated effect of thickening over the small depth range it
too small to cause large uplift (Figure 4d). Conversely, if the fault is too deep, although the effect of thickening is
integrated over a greater depth range, the horizontal shortening is too small to cause much thickening (Figure 4f).
Therefore, there is an optimal depth that maximizes surface uplift. Our systematic model tests show the opti-
mal depth to be 0.5W, (Figure 4c). The scaling between W, and the optimal fault depth for elastic thickening is
fundamental to tsunamigenic seafloor uplift. Although it cannot be directly applied to a curved dipping fault, the
physics behind this scaling dictates that a rupture buried at moderate depths has a greater tsunamigenic potential
than very deeply or very shallowly buried ruptures. In a theoretical study of tsunami energy, Ward (1980) found
an optimal depth of 5 km for a hypothetical point source. Our optimal depth for a finite fault is only for elastic
thickening, and the maximization of tsunami energy will require additional factors. Nonetheless, in addition to
maximizing the amplitude of the uplift, our optimal depth also appears to result in surface deformation with a
steeper land-facing slope (Figure 4b) which, as discussed in Section 2.2, enhances tsunami runup.

The effect of the Poisson's ratio is minor. If we assume zero Poisson's ratio, the predicted uplift will only be
slightly reduced (Figure 4c). Likewise (not displayed), if we assume a Poisson's ratio 0.5 (incompressible), the
uplift will only be slightly enhanced. However, the demonstrated small role of the Poisson's ratio helps to clarify
the mechanics that governs the uplift. It shows that the elastic thickening here is not a simple matter of compress-
ing an elastic object in one direction causing it to expand in the orthogonal direction. Instead, it is the result of
complex deformation. In simple words, as the hanging wall moves updip and encounters resistance due to the
decrease and termination of fault slip, materials elastically “pile up” mostly by shear deformation to cause the
surface to bulge. As reflected by the displacement vectors near the fault in Figures 4d—4f, the originally horizontal
fault also endures some geometrical distortion in this process.

3.3. Tsunami Runup Due to Trench-Breaching and Buried Ruptures With the Same Peak Slip

Having explained the mechanics of seafloor uplift due to trench-breaching and buried ruptures, here we use the
same examples Ref1 and Ref2 to calculate tsunami runup. The results shown in Figure 5 serve two purposes. First,

CARVAJAL ET AL. 8 of 19



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2021JB023722

200

- -
n o n
o o o o

o
S

Distance along trench, km

-100

-150

-200

(a) and (b) 3D slip and deformation models

(c) 2D vs. 3D tsunami runup (d) 2D vs. 3D deformation models

r : . . . T T T 3 . e
Ref1 Ref2 i old:
Ref2" <
(Trench-breaching) 2 (Buried) ¢ v 2hg e 2r Dashed: 3D_
\\ .
. p - e N 4 L AN - =
/j/ E N \\\ §- 1 1
L VAN NS s Coast—*
4 + A\ . L VRN E L]
| v =0
| \ NN )
| 'R @ 1
i ! | {1t R [ Ref2 :
: | l 0 50 100 150
1
B 1 L 1 i
' : I (e) Seafloor vs. seasurface
{ i b deformation in 2D model
| T T T
T NS ! [ 1 i i Thin: Sea surface
{ /| s Thick: Seafloor
\ ! My 2 1
- - \ - / - - 3D /;// - E
P . // 7. ;1
- ¥, /o7 £
\ 2 o
~—"r / 35
i L all | L , i 0
g Uplift, m A
-2 2 4 W -1 LRef1
: 1t : : 5 [ o S N Ref2 . .
100 150 0 50 100 150 0 2 4 6 8 0 50 100 150
Distance to trench, km Runup, m Distance to trench, km

Figure 5. Tsunami source and corresponding runup for the two reference models and their 3-D variations. (a) Fault slip distribution (dashed contours at 2 m interval
from O to 8 m) for a 3-D variation of Refl and its consequent seafloor deformation. The 3-D model is modified from Refl by limiting rupture length along strike

as shown. (b) Similar to (a) but for Ref2. (c) Comparison of tsunami runup between the two reference models and between each model and its 3-D variation. (d)
Comparison of seafloor uplift between the two reference models and between each model and uplift along the line of symmetry of its 3-D variation. (¢) Comparison
between seafloor and sea-surface deformation for both reference models. The smoother sea-surface deformation here and in (a and b) is obtained by applying the
Kajiura (1963) transfer function to the seafloor deformation (see Section 2.2).

by comparison with 3-D results, they demonstrate the effectiveness of 2-D tsunami runup models in representing
the primary physical process. Such a demonstration is important, because the exploration of the physical process
in Section 4 will be carried out using 2-D models. Second, they demonstrate that a rupture buried to a moderate
depth generates greater tsunami runup than does a trench-breaching rupture with the same peak slip. Besides, this
is a convenient occasion to show how the Kajiura transfer function (Section 2.2) modifies seafloor uplift to yield
sea surface uplift (Figure 5d).

In the two 3-D examples in Figure 5, fault slip in the dip direction is identical to the 2-D Refl and Ref2 models,
but the along-strike rupture length is 300 km with slip smoothly terminating at the side edges. Figures 5a and 5b
show their slip distribution and the resultant seafloor uplift in map view. Figure 5d shows that the seafloor uplift
along the line of symmetry of the 3-D model (dashed) is very similar to what is predicted by the corresponding
2-D model (solid). Similarly, Figure Sc shows that the 3-D model tsunami runup within 50 km of the line of
symmetry (dashed) is very similar to what is predicted by the corresponding 2-D model (solid). By systematically
comparing 2-D runup models with 3-D models of different along-strike lengths (results not displayed), we find
that the 2-D runup results rather accurately approximate 3-D results derived along the line of symmetry if the
rupture lengths in the 3-D models are longer than the trench-coast distance.

Of greater importance to the theme of the present study is the impact of the trade-off between the two deforma-
tion components discussed above on tsunami runups. Contrary to what one may intuitively expect without doing
the modeling, the buried rupture Ref2 causes a larger runup than the trench-breaching rupture Refl. In terms of
producing tsunamigenic seafloor uplift, the effect of the horizontal translation of the sloping seafloor in Refl
fails to compete against the effect of the elastic thickening in Ref2. The peak slip in Ref2 occurs near the optimal
depth 0.5W, to maximize elastic thickening. Note that seafloor uplift in Ref2 occurs below shallower water depths
than in Refl, but it still produces a larger runup. This demonstrates that the runup differences between the two
models are determined primarily by the different tsunami sources as controlled by the trade-off between the two
deformation components, not by the different water depths and propagation paths (see Section 2.2).
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Figure 6. Test models to illustrate how tsunami runup due to trench-breaching rupture is affected by near-trench seafloor slope. (a) From bottom to top: model

geometry, slip distribution, and seafloor uplift, coded by line color and style. Shaded areas in top panel show contributions to uplift from the horizontal motion of the
sloping seafloor. (b) Similar to (a) but for a lower (2°) and higher (10°) near-trench seafloor slope. (¢) Runup as a function of trench slip for the three different slopes
shown in (a and b). Each circle represents a model test. The runup values produced by the two reference models are shown for comparison.

4. Factors That Influence the Relative Importance of Elastic Thickening and

Rigid-Body Translation

In Section 3.3 (Figure 5), we showed that the trench-breaching model Refl is less tsunamigenic than the
buried-rupture model Ref2. In this section we further investigate the competition of the two deformation compo-
nents in a broader parameter space. The model tests summarized in Figures 6 and 7 show how geometrical factors
may enhance or hinder tsunami runup caused by a trench-breaching rupture. Tests summarized in Figure 8 shows
how the downdip distribution of slip (e.g., slip gradient) affects tsunami runup caused by a buried rupture. We
again fix the peak slip at 10 m. We use the same width of the horizontal projection of the rupture for all the slip
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Figure 7. Test models to illustrate how tsunami runup due to trench-breaching rupture is affected by fault dip. (a) Similar to
Figure 6b but for different values of fault dip averaged over the 0-50 km distance and for only the two end-member degrees
of trench breaching (i.e., 0% and 100%). The value 6.5° has been used for all the models in Figures 3, 5 and 6. (b) Similar to
Figure 6¢ but for the three fault dips shown in (a). The dip = 6.5° curve is identical to the slope = 6° curve in Figure 6c¢.
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models in these tests to simplify parameter analyses, such that the buried ruptures shown in Figures 6-8 differ
from Ref2 for being shallower. Therefore, unlike Ref2 (Figure 3a), the buried-rupture models in Figures 6-8
feature significant seaward translation of the sloping seafloor, although not as much as in trench-breaching
models because of the diminishing fault slip toward the trench (Figure 6a). The models in Figures 6-8 illustrate
how this effect is further strengthened or weakened at the cost or to the benefit, respectively, of elastic thickening.

4.1. Unimportance of Increasing the Degree of Trench Breaching Given Peak Slip

For demonstrating the trade-off between the two deformation components, the most illuminating is the stun-
ningly small effect of increasing the degree of trench breaching in affecting tsunami runup shown by the many
models summarized in Figures 6 and 7. Because the rigid-body translation of the sloping seafloor causes large
near-trench uplift below deep water (Figure 1a), one might expect that a greater degree of trench breaching such
as 100% (red curves in Figures 6a, 6b and 7a) would produce much larger runup. But quantitative modeling shows
the effect to be very small. The results in Figures 6¢ and 7b show that the runup due to 100% trench slip is only
slightly larger than 0% trench slip or in some situations even less.

The mechanical reason for the unimportance of increasing the degree of trench breaching in these models is
explained in Section 3: an increase in the effect of rigid-body translation is always at the cost of elastic thickening.
In Figure 6a, given seafloor slope, a larger trench slip leads to greater rigid-body translation and hence greater
uplift near the trench, but at the same time the smaller elastic thickening leads to reduced uplift farther landward.
Consequently, tsunami runup stays at a similar level regardless of the degree of trench breaching (the slope = 6°
curve in Figure 6¢). The fact that most of the curves in Figures 6¢ and 7b have a concave upward shape indicates
that there usually is some “optimal” amount of trench slip that produces runup smaller than either 0% or 100%
trench slip.

4.2. Effects of Near-Trench Seafloor Slope

Although the trade-off between the two deformation components tends to be balanced regardless of the degree
of trench breaching, geometrical factors can slightly tip the balance. Steepening or flattening the near-trench
seafloor slope will amplify or reduce, respectively, the contribution of the horizontal seafloor motion (Figure 6).
This effect is most pronounced in trench-breaching ruptures with 100% trench slip which produce the largest
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horizontal motion of the sloping seafloor. As discussed above, even for 0% trench slip, there is still significant
horizontal motion of the sloping seafloor, although diminishing trenchward. Its contribution to seafloor uplift is
larger if the seafloor slope is higher, as exemplified by runup values for the three models with 0% trench slip in
Figure 6¢. In this model setting, a greater seafloor slope also means a greater thickness of the upper plate, but
the increase in the effect of elastic thickening on seafloor uplift is much less than that of the rigid-body trans-
lation. For example, for 100% trench slip, the effect of elastic thickening is negative (i.e., thinning) as shown in
Figure 3c, which implies that in the high-slope examples in Figures 6b and 6c¢, the rigid-body translation effect
overcompensates for the diminished elastic thickening effect to generate greater runup than in the lower-slope
examples.

In the models shown in Figures 6b and 6a, a higher slope angle is accompanied with a greater water depth at
the trench. Given the dominance of the trade-off effect between the two deformation components in this process
(Figure 1), we do not deem it necessary to display results that separately illustrate the effect of seafloor slope and
trench water depth in affecting tsunami runup due to trench-breaching slip.

4.3. Effects of Fault Dip

In Figure 7, we show models that are modified from those in Figure 6a by uniformly tilting the subducting plate
around a pivot point at the trench which is fixed at a constant water depth. The models are named after the average
fault dip over the 0-50 km distance (see bottom panel of Figure 7a). With other parameters fixed, an increase Af
in fault dip § has two effects that both lead to greater tsunami runup, and both are explained by the deformation
mechanisms described in Section 3 and Figures 3 and 4. First, it increases the thickness of the upper plate and
hence the effect of elastic thickening (see Section 3.2 and Figure 4). Second, with a negligibly small decrease
in the horizontal rigid-body translation, roughly by a factor of (1 — Ap-$)=~1, it increases the upward rigid-body
translation roughly by a factor of (1 + Af/f3) and hence leads to greater seafloor uplift. Our model results indicate
that, due to the combination of these two effects, a greater fault dip results in similar increase in seafloor uplift
in all rupture models (Figure 7a) and hence an upward shift of the runup versus trench slip curve (Figure 7b).

4.4. Effects of Slip Distribution in Buried Ruptures

The results presented in Figures 6 and 7 show that, given peak slip, the degree of trench breaching has little impact
on the tsunamigenic potential of megathrust ruptures. In particular, none of these models produces tsunami runup
as high as in Ref2. Here we investigate what slip distribution makes a fully buried rupture more tsunamigenic. For
this, we vary the skewness parameter g of the bell-shape slip distribution function (Wang et al., 2013) from 0.1
to 0.9 without altering the width of the rupture. This results in ruptures with shallower to deeper concentration of
slip (Figure 8). We run the same tests for all the three near-trench seafloor slope angles in Figure 6 (Figure 8a).
We also compare these models with those with the Ref2 rupture depth (Figure 8b).

The models in Figures 8a and 8b with the shallow (i.e., not Ref2) rupture depth demonstrate the importance of
the shape of seafloor deformation in tsunami generation discussed in Section 2.2. In these models, slip skewness
very weakly affects the contribution to uplift from the sloping seafloor (e.g., shaded areas in Figure 8a) but
strongly affects how elastic thickening is accomplished. Recall that elastic thickening (or thinning) is controlled
by the gradient and depth of the slip (Section 3.2). For these shallow ruptures, slip skewness affects not only the
peak slip depth but also the slip gradient. In seaward skewed models (e.g., ¢ = 0.3), elastic thickening due to the
sharp updip slip gradient at a shallow depth causes large but narrow uplift near the trench, but elastic thinning
due to the smoother downdip gradient at a greater depth causes small but broad subsidence closer to the coast.
This combination results in seafloor deformation with a gentle land-facing slope between the peak uplift and peak
subsidence. The landward skewed models (e.g., g = 0.7) are just the opposite. Their seafloor deformation features
a broader seafloor bulge and a steeper land-facing slope—deformation characteristics that are well known to
increase tsunami runup (Figure 8c) (Geist, 1998; Satake et al., 2013; Tadepalli & Synolakis, 1994). We have
done the same tests for the three fault dips in Figure 7 (with the same seafloor slope angle 6°), and the results
show the same effect of slip skewness on tsunami runup (Figure 8c). Therefore, for this model set up, no matter
what geologically reasonable seafloor slope and fault dip we assume, a landward skewed rupture always produces
greater tsunami runup. For the 10 m peak slip assumed in these models, the runup difference between the two end
member skewness values g = 0.1 and 0.9 is around 1.5 m for any of our geometrical combinations (Figure 8c).

CARVAJAL ET AL.

12 of 19



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023722

In comparison, the influence of the degree of trench breaching is much smaller. For example, even with a very
high seafloor slope of 10°, increasing the trench slip from 0% to 100% of the peak slip of 10 m increases runup
by only 0.5 m (Figure 6¢).

Comparison with models of the Ref2 rupture depth (Figure 8b) demonstrates the role of rupture depth in
controlling elastic thickening. In general, given slip skewness, a deeper rupture leads to a higher seafloor bulge
and greater tsunami runup (Figure 8c). Exceptions occur if the slip is extremely landward skewed such as g = 0.9.
In this situation, contribution from the limited horizontal motion of the sloping seafloor is still appreciable in the
shallow-rupture model but almost absent in the model of Ref2 rupture depth. As a result, for g = 0.9, the “Ref2
depth” model produces even lower tsunami runup than the shallow-rupture model with the same seafloor slope
(6°) and fault dip (6.5°) (black curve in Figure 8c)—a subtle display of the trade-off between the two deformation
components discussed in Section 3. The “Ref2 depth” models in Figure 8b also illustrate the competing roles
played by the size and shape of the seafloor deformation in tsunami generation. Here the symmetric slip (Ref2)
leads to the highest runup (Figure 8c). Compared to Ref2, the seaward skewed models produce larger peak
seafloor uplift, but the gentler land-facing slope of the seafloor bulge reduces its tsunamigenic potential. On the
other hand, the landward skewed models produce a steeper land-facing slope of the seafloor bulge, but the smaller
peak uplift reduces its tsunamigenic potential. For the landward skewed models, the propagation path effect
discussed in Section 2.2 further reduces the tsunamigenic potential: the leading wave grows less as it propagates
toward the coast because deformation occurs mostly under very shallow water or on land (Carvajal, Cisternas,
Gubler, et al., 2017; Geist et al., 2006).

S. Discussion
5.1. Real-World Complexities

To focus on the main objective of this work, our modeling studies assume that the upper and lower plates are
homogeneously elastic in the deformation process, that slip occurs only along the megathrust, and that the trench
is not filled by large amounts of sediment. Other complications in the real world certainly also affect tsunami
runup. For example, near-trench seafloor uplift can be enhanced by inelastic deformation of wedge sediments
(Ma & Nie, 2019; Tanioka & Seno, 2001) or by slip diverted to steeper faults off the megathrust such as splay
faults or frontal thrusts (Felix et al., 2021; Gao et al., 2018; Wang & Tréhu, 2016).

Despite these real-world complexities, much of the main message we have learned regarding the effect of slip
depth on tsunamigenic seafloor deformation is still valid. For example, let us consider a subduction zone with a 2-
or 5-km-thick sediment layer burying the trench (Figure 9a). The 5-km case is similar to what has been reported
in southern Sumatra (Gulick et al., 2011). In these scenarios, if a trench-breaching rupture does happen, slip
will have to be diverted from the megathrust to one or multiple frontal thrusts. For simplicity, let us follow Gao
et al. (2018) to assume that all the slip is diverted to a hypothetical single frontal thrust along the full strike length
of the megathrust rupture so that it can be represented by a 2-D model (lower panel in Figure 9a). Slip along the
steeply dipping frontal thrust results in a spike in near-trench uplift, of which the amplitude and width increase
with trench slip and sediment thickness, respectively (Figure 9a). The higher and the wider this near-trench uplift
spike is, the larger its contribution to runup. As a consequence, with 100% of the peak slip diverted to the frontal
thrust, the model with a 5-km sediment layer produces higher tsunami runups than those with 0 or 2 km sediment
and even exceeds that of the buried-rupture model Ref2 (Figure 9b). However, if less than 50% of the peak slip is
diverted to the frontal thrust, the resultant runup is still less than in Ref2.

The potency of Ref2 in producing large runup owes to the broad bulge farther landward due to enhanced elas-
tic thickening (Figures 1b, 3a and 5c). As can be deduced from the frontal thrust rupture examples (Figure 9),
other rupture scenarios involving near-trench complexities (e.g., Ma & Nie, 2019) would mostly affect
shorter-wavelength deformation near the trench (Felix et al., 2021) and therefore be unable to produce the large
tsunamigenic bulge as in Ref2. Therefore, it still holds that moderately buried ruptures such as Ref2 would
usually be among the most effective in causing tsunami runups for a given slip magnitude.
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Figure 9. Test models to illustrate how trench-breaching rupture may occur to affect tsunami runup in the presence of thick
sediment, in comparison with Ref2. (a) From bottom to top: model geometry, slip distribution, and seafloor uplift, coded by
line color and style. In these models, the trench is assumed to be filled by a sediment layer of thickness ¢. Trench-breaching
slip reaches the surface through a frontal thrust shown in orange in the lower panel. (b) Runup as a function of trench slip for
the three different ¢ values in (b). Each circle represents a model test. The ¢ = 0 curve is identical to the slope = 6° curve in
Figure 6c¢ and the dip = 6.5° curve in Figure 7b.

5.2. Hypothetical Buried Large Ruptures in Japan Trench

The 2011 M = 9 Tohoku-oki earthquake ruptured to the trench with large slip and caused one of the largest tsuna-
mis in history. There is little doubt that the very large slip magnitude in this earthquake is a key factor in causing
the large tsunami (Kodaira et al., 2021), but the role of the very shallow depth and trench-breaching nature of
the slip requires further quantitative testing. In this section, we design hypothetical slip distributions with the
same peak slip but different degrees of trench breaching or different depths along the Japan Trench megathrust
and compare their tsunami runup predictions. The set of hypothetical slip scenarios may pertain to past or future
megathrust earthquakes in the Japan Trench subduction zone.

It is well known that the largest runups in the 2011 Tohoku-oki earthquake occurred north of 39°N, not in the
region of main rupture (Figure S4 in Supporting Information S1) (Mori et al., 2011). The source for the largest
runup in the north is still not fully understood (Kodaira et al., 2021), although some efforts have been made to
explain it (e.g., Du et al., 2021; Satake et al., 2013; Yamazaki et al., 2018). We neither are in a position to tackle
this scientific mystery. To focus on the main theme of this paper, we pay attention only to the coastal area directly
facing the main rupture zone between 37.3 and 39°N where large trench-breaching slip occurred (Figure 10e and
Figure S4 in Supporting Information S1).

We take the average slip distribution of 44 slip models for the 2011 Tohoku-oki earthquake in the literature (Wang
et al., 2018) as the “original” model (‘“Trench-breaching (original)” in Figure 10), and modify it to produce two
hypothetical sets of slip models. In one set, we modify the slip distribution seaward of the peak slip to let the slip
breach the trench to different degrees, including 0% (“No trench-breaching” in Figure 10). In the other set, we
systematically shift the original distribution downdip to greater depths to produce buried-rupture models with the
same peak slip (e.g., “Moderately buried” in Figure 10). When doing the downdip shifting, we filled the origi-
nally non-existent part of the slip distribution seaward of the trench with slip values that smoothly taper to zero at
or before reaching the trench (Figure S5 in Supporting Information S1). The slip distributions of all the eight test
models are shown in Figure S5 of Supporting Information S1 in map and cross-section views.

For the 3-D tsunami modeling, we use a computational domain for the Japan Trench margin that encompasses the
2011 rupture area, extending from 36.5 to 40°N and 140.5 to 144.7°E (Figure S4a in Supporting Information S1).
Because the experiment focuses on assessing the effect of the depth or trench-breaching nature of the slip on the
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the role of rupture depth in tsunami generation using Japan Trench topography, bathymetry, and fault geometry, and

hypothetical variations of a slip model of the 2011 Tohoku-oki earthquake. (a) Sea surface deformation along the profile shown in (d) predicted by 3 of the 8

slip models tested in these experiments. (b) Fault slip distributions for the three models in (a) along the same profile, coded by line color and style. The original
“Trench-breaching” slip model is the average of 44 Tohoku-oki slip models in the literature (Wang et al., 2018). “No trench-breaching” is modified from the original
model by forcing the slip to taper to zero at trench. “Moderately buried” is constructed by shifting the original model downdip while allowing the slip to taper to zero at
trench. (c) Fault geometry along the same profile and tested hypothetical depths of identical peak slip (crosses). (d) Map view of the three slip models in (b), represented
by their (color coded) 15-m contours. () Tsunami runup predicted by the three (color coded) slip models in (d). The observed values (data) are from The 2011 Tohoku
Earthquake Tsunami Joint Survey (TTJS) Group (2011) (http://www.coastal.jp/tsunami2011). (f) Runup predictions by models modified from the original model by
forcing trench slip to be a fraction of the peak slip. (g) Runup predictions by models with the same value but different depths of peak slip. See (c) for peak slip depths.

overall tsunami size at the adjacent coast rather than assessing details of coastal hydrodynamics, it suffices to
use the coarse bathymetry data from the GEBCO (2019) digital atlas which has a grid resolution of 15 arc-sec
or ~500 m. We calculated tsunami propagation and runup using COMCOT with model parameters similar to
those of the 2-D models described at the end of Section 2.2. Simulation time was 2 hr, adequate for modeling
runup along the adjacent coast associated with the leading wave. Despite the simplicity of the model setup and
the low-resolution of the elevation data in the coastal region, our model predicted runup using the averaged slip
model of the 2011 Tohoku-oki earthquake (Wang et al., 2018) compare reasonably well with both the values
of and along-shore variations in the observed runups of this event along the coast facing the main rupture zone
(Figure 10c; Figure S4b in Supporting Information S1).

The results in Figure 10f show that, for fixed peak slip, whether fault slip breaches the trench and by what
degree have little impact on tsunami runup. If anything, the “No trench-breaching” model, which is similar to
a severely seaward skewed rupture model in Figure 8, produces a slightly higher average runup than any of the
trench-breaching models.

The results in Figure 10g indicate that, given the same peak slip, trench-breaching shallow slip does not lead to
the largest average runup. Instead, the buried rupture scenarios produce slightly higher tsunami runups owing
to the effect of elastic thickening. These results further confirm what has been learned from our 2-D synthetic
models discussed in Sections 3 and 4.

The results in Figure 10 collectively show that, in comparison with the slip magnitude, whether or not the slip
is very shallow or trench-breaching is not a major factor affecting tsunami runup. The very large fault slip in the
2011 Tohoku-oki earthquake would have generated a very large tsunami even if the slip were not very shallow or
trench-breaching. Because of the above explained purpose of this modeling experiment, we have used the same
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peak slip for models of different rupture depths and do not address the question whether shallower ruptures tend
to exhibit larger or smaller slip. What geological conditions might or might not give rise to these hypothetical
scenarios is a different matter that is not discussed here.

5.3. Implications for Understanding Tsunami Earthquakes

Tsunami earthquakes produce larger tsunami runups than expected from their seismologically determined earth-
quake size (Kanamori, 1972). Based on independent seismic and geodetic evidence, it is clear that tsunami
earthquakes indeed feature very shallow, and possibly trench-breaching ruptures (e.g., Hill et al., 2012; Sallares
et al., 2021), but our 2-D models (Figures 6—8) and Japan Trench experiment (Figure 10) make it clear that being
shallow is not a sufficient reason for the rupture to be anomalously tsunamigenic.

By inference, our results imply that the disproportionately large tsunamis in these events are due to their fault
slip being disproportionately large. Satake (1994), Sallarés and Ranero (2019), and many others have shown
that failing to account for the very low rigidity of near-trench materials in the common practice of inferring fault
slip from seismic records may greatly underestimate the magnitude of shallow slip. If the underestimated slip is
enlarged by a factor of two or more to account for the low rigidity, it may be more compatible with the observed
tsunami runup (e.g., Geist & Bilek, 2001; Prada et al., 2021; Satake, 1994). However, the cause for the very large
slip is not fully understood because fault zone properties also play a vital role (see Section 2.1.2). Besides, a
self-consistent mechanism must also account for the long-term slip budget of the megathrust and the availability
of elastic strain energy prior to the earthquake. There are also other attempts to explain the geology of tsunami
earthquakes by resorting to unusual geometry and rupture style (e.g., Hananto et al., 2020; Hill et al., 2012;
Pelayo & Wiens, 1992). Explaining tsunami earthquakes is beyond the scope of this paper, but we think our
results have clarified some important concepts and raised important questions for future studies of these events.

6. Conclusions

In this study, we investigate the mechanics of seafloor deformation in megathrust earthquakes and how it influ-
ences tsunami runup. To address the question whether buried rupture is intrinsically less tsunamigenic than
shallow and trench-breaching rupture, we use a finite element model to simulate elastic crustal deformation and
a shallow-water equation model to simulate the ensuing tsunami propagation and runup. Our main findings are
summarized as follows.

1. In a megathrust earthquake, tsunamigenic deformation of the upper plate consists of two components:
rigid-body translation and elastic thickening. Fundamental to tsunami generation is the trade-off between the
two, that is, the enhancement of one component is at the cost of the other. Deformation due to large slip at the
trench is dominated by rigid-body translation, such that the horizontal motion of the sloping seafloor greatly
enhances seafloor uplift near the trench, but it does not necessarily enhance tsunami runup, because seafloor
uplift further landward due to elastic thickening is greatly reduced at the same time (Figures 5-8).

2. The importance of elastic thickening is commonly under-appreciated. For buried ruptures, the updip tapering
of fault slip causes elastic shortening and hence bulging of the seafloor with size and shape dependent on the
slip gradient and rupture depth (Figure 4). Given slip distribution, there is an “optimal rupture depth” that
maximizes elastic thickening and hence the tsunamigenic potential of a buried rupture.

3. Given depth range of a buried rupture, its downdip slip distribution and the resultant variations in slip gradient
greatly affect tsunami runup (Figure 8). For ruptures at a relatively shallow depth, greater seaward skewing
of the slip distribution, that is, greater concentration of slip near the trench, results in a narrow seafloor bulge
near the trench with a gentler land-facing slope which is less potent in causing tsunami runup. The accompa-
nying enhancement of the seaward motion of the sloping seafloor is inadequate to offset this effect.

4. Our synthetic models covering a wide range of geometrical and slip parameters demonstrate that a rupture
buried to an optimal depth produces larger seafloor uplift and tsunami runup than almost all the shallower and
trench-breaching ruptures with the same peak slip (Ref2 in Figures 5-8). Exceptions occur only when very
special rupture geometry is involved, such as a steep frontal thrust cutting through extremely thick trench sedi-
ment (Figure 9). Such exceptions are purely hypothetical, because no such special geometry in real subduction
zones is expected to persist over a very long distance along strike as implied by 2-D models.
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5. Geometrical factors generally do not strongly influence the relative tsunamigenic potential of buried versus
trench-breaching ruptures with the same peak slip, although a very steep near-trench seafloor makes the latter
a little more tsunamigenic by strengthening the rigid-body translation component (Figure 6). Greater fault dip
strengthens elastic thickening and the vertical component of rigid-body translation to enhance seafloor uplift
in both rupture types similarly.

6. The theoretical knowledge learned in this study helps us better understand the generation of very large tsuna-
mis such as during the 2011 M = 9 Tohoku-oki earthquake. We infer that very large tsunamis require very
large slip of the megathrust, not necessarily very shallow and even trench-breaching slip. By hypothetically
applying a Tohoku-oki slip model to greater depths, we demonstrated that, if the same large slip were to occur
20 km deeper without breaching the trench, it would generate tsunami runups along the coast facing the area
of maximum fault slip no less than observed in 2011. The reason for the very large slip in the 2011 event is an
important research subject but is not addressed in this paper.

Data Availability Statement

Tsunami runup data displayed in Figure 10 and Figure S4 of Supporting Information S1 are from The 2011
Tohoku Earthquake Tsunami Joint Survey (TTJS) Group (2011) downloadable from http://www.coastal.jp/
tsunami2011. The source data of Figures 6-10 are available at the public research data repository figshare
(https://doi.org/10.6084/m9.figshare.20427777.v1).
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