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SUMMARY

Observations of historical tsunami earthquakes reveal that ruptures of these earthquakes prop-
agate slowly at shallow depth with longer duration, depletion in high-frequency radiation
and larger discrepancy of My—M; than ordinary megathrust earthquakes. They can effectively
generate tsunami and lead to huge damage to regional populated areas near the coast. In this
study, we use a recently developed dynamic earthquake simulator to explore tsunami earth-
quake generation from a physics-based modelling point of view. We build a shallow-dipping
subduction zone model in which locally locked, unstable patches (asperities) are distributed
on a conditionally stable subduction interface at shallow depth. The dynamic earthquake sim-
ulator captures both quasi-static and dynamic processes of earthquake cycles. We find that
earthquakes can nucleate on these asperities and propagate into the surrounding conditionally
stable zone at slow speeds, generating tsunami earthquakes. A high normal stress asperity,
representing a subducted seamount, can act as an asperity in some events but as a barrier in
other events over multiple earthquake cycles. Low normal stress asperities typically act as as-
perities in tsunami earthquakes. The degree of velocity-weakening in the conditionally stable
zone, which may sustain rupture at different speeds or stop rupture, is critical for tsunami
earthquake generation and affects its recurrence interval. Distributed asperities may rupture
in isolated events separated by tens of years, or in a sequence of events separated by hours to
days, or in one large event in a cascade fashion, demonstrating complex interactions among
them. The recurrence interval on a high normal stress asperity is much larger than that on
low normal stress asperities. These modelling results shed lights on the observations from
historical tsunami earthquakes, including the 1994 and 2006 Java tsunami earthquakes and
2010 Mentawai tsunami earthquake.

Key words: Friction; Seismic cycle; Numerical modelling; Earthquake dynamics; Subduc-
tion zone processes.
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Tsunami earthquakes, as defined by Kanamori (1972), are an un-
usual category of interplate earthquakes along subduction interfaces
that generate much larger tsunami than their surface wave magni-
tudes (M) suggest. Compared to ordinary earthquakes, tsunami
earthquakes have long durations with slow rupture speeds (e.g.
slower than 1.5 kms™) and source spectra depleted in short-period
energy, resulting in large discrepancy between their M,, and M;
magnitudes. They occur at the shallow, near trench region of a
subduction zone.

Well-studied historical tsunami earthquakes include the 1896
Sanriku (Japan) earthquake and the 1946 Aleutian islands earth-
quake (Kanamori 1972), the 1947 Offshore Poverty Bay (New

crombie et al. 2001; Bilek & Engdahl 2007), the 2006 Java earth-
quake (Ammon et al. 2006; Bilek & Engdahl 2007) and the 2010
Mentawai earthquake (Lay et al. 2011). By analysing seismic and
tsunami data, Kanamori (1972) found that the 1896 Sanriku and
1946 Aleutian islands earthquakes (e.g. magnitudes 6.8—7.5), which
are moderate sizes but generate very large tsunamis (i.e. ‘tsunami
earthquakes’), have a source duration on the order of 100 s, strik-
ingly different from ‘ordinary’ earthquakes that have source dura-
tions on the order of 10 s. He proposed that a weak zone near the
trench may be responsible for slow deformation in these two tsunami
earthquakes. As the first tsunami earthquake captured by modern
broadband seismic networks, the 1992 Nicaragua earthquake has
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M of 7 and M,, of 7.6, a characteristic of tsunami earthquakes
in disparity between M; and M, and a very long source dura-
tion of ~100 s (Kanamori & Kikuchi 1993). At this mid-American
subduction zone, the sediments are largely subducted (e.g. no well-
developed accretionary prism), resulting in a relatively weak plate
interface that is responsible for slow rupture propagation (Kanamori
& Kikuchi 1993).

The 1994 and 2006 Java earthquakes were studied by Abercrom-
bie et al. (2001) and Ammon et al. (2006), respectively. Bilek &
Engdahl (2007) studied both earthquakes. By relocating the main
shock and its aftershocks and inverting for the main shock slip
distribution using long-period surface waves and broadband body
waves, Abercrombie et al. (2001) found that the 1994 Java earth-
quake involved slip on a locked patch at ~20 km depth within
a largely decoupled subduction zone. The locked patch coincides
with a subducting seamount identified by Masson ez al. (1990) from
bathymetric and seismic investigations of the Java trench. Aber-
crombie et al. (2001) also concluded that the 1994 Java earthquake
did not include a slow, shallow component of rupture of the kind
observed for the 1992 Nicaragua earthquake. Ammon et al. (2006)
analysed Rayleigh and body waves of the 2006 Java earthquake.
They found that the event had a low rupture speed of 1.0-1.5 kms™!
with an overall duration of ~185 s, and occurred near the up-dip
edge of the subduction interface with 5-6 pulses of moment release
superimposed on a smooth rupture. They argued that the compound
nature of the 2006 Java event suggests the rupture interface involves
localized patches of relatively strong, unstable friction surrounded
by regions of either conditional stability or low frictional strength
material. They noted that localized gravity highs are found in the
vicinity of the rupture zone, which seems to imply that localized
patches for the pulses (e.g. subevents) may correspond to some to-
pographic reliefs on the subducting plane. Bilek & Engdahl (2007)
relocated aftershocks of the 1994 and 2006 Java earthquakes and
compared to slip distributions and bathymetry. They found high
slip for the 1994 event in a region of uplifted topography, which
is consistent with high slip over a subducting seamount proposed
by Abercrombie et al. (2001). For the 2006 event, they did not find
concentrated high slip in a zone of uplifted topography, though the
rupture zone is a region of complex bathymetry on the subducting
plate. Furthermore, they noted that the 2006 event terminates in a
region just west of a large segment of uplifted topography. They
argued that subducted seamounts may act as both slip asperities and
barriers along the Java subduction zone. We speculate that the 2006
Java event ruptured 5-6 localized patches which may correspond
to low-relief topographic highs (as implied by Ammon et al. 2006)
and terminated just west of a large subducting seamount (as pointed
out by Bilek & Engdahl 2007).

Lay et al. (2011) studied the 2010 Mentawai tsunami earthquake
using teleseismic P, SH and Rayleigh waves. They found that the
event ruptured up-dip of the slip region of the 2007 Kepulauan earth-
quake, which is an ordinary megathrust event off-shore of Sumatra.
The rupture has a low rupture speed of ~1.5 kms™' with depleted
short-period energy, characteristics of tsunami earthquakes at the
shallow, near-trench region of subduction zones. By comparing with
the 1994 and 2006 Java tsunami earthquakes that ruptured up-dip
of weakly coupled megathrust zones, they argue that tsunami earth-
quakes may occur at up-dip of both strongly and weakly coupled
portions of a subduction zone. Bell et al. (2014) examined the
lesser-known 1947 Offshore Poverty Bay (OPB) and Tolaga Bay
(TB) earthquakes along the east coast of the North Island, New
Zealand. They show that these two earthquakes share many charac-
teristics with other well-known tsunami earthquakes, including low

amplitude shaking, long durations and anomalously large tsunami.
In particular, the source region of the two earthquakes is directly
imaged by 2-D seismic reflection profiles. They found that the loca-
tions of both the 1947 OPB and TB earthquakes are consistent with
the earthquakes nucleating in the regions of seamount subduction
at shallow depth (<10 km).

These previous studies on the historical tsunami earthquakes pro-
vide some conceptual understanding of observed features of tsunami
earthquakes. Observed features include long duration, slow rupture
speed, depletion in high-frequency radiation, and relatively shal-
low depth. By linking these features with geological and geophysi-
cal observations of the subduction zones (e.g. subducted sediment,
bathymetry, gravity or magnetic anomalies) and frictional instability
consideration (e.g. stable, conditionally stable, and unstable friction
behaviours), these studies suggest a conceptual model of tsunami
earthquakes, that is tsunami earthquakes are associated with rup-
tures on locally locked unstable patches within largely conditionally
stable zones on subduction interfaces at relatively shallow depths.
Frictional stability regimes are typically defined in the framework
of the rate- and state-dependent friction law, in particular veloc-
ity dependence of friction (Scholz 1998). Velocity-strengthening
frictional behaviour is intrinsically stable. Velocity-weakening fric-
tional behaviour is unstable when the effective normal stress applied
on the friction interface is higher than a critical value, but is condi-
tionally stable if the effective normal stress is less than the critical
value. On a conditionally stable friction interface, frictional slip is
stable under quasi-static loading but unstable under dynamic load-
ing with a sufficient velocity jump.

In understanding large tsunami generation due to megathrust
earthquakes, such as the 2011 Tohoku earthquake, Ma (2012), Ma &
Hirakawa (2013) and Ma & Nie (2019) examine effects of dynamic
failure of wedge sediments on seafloor uplift and tsunamigenesis.
They find that dynamic wedge failure provides an alternative mech-
anism for large tsunami generation to large plate-interface slip near
the trench. They also find that dynamic wedge failure can slow down
rupture propagation on subduction interfaces, contributing to slow
rupture speed observed in tsunami earthquakes. By linking earth-
quake source properties with upper-plate elastic properties based
on classical self-similar source theory and P-wave velocity obser-
vations of subduction zones, Sallares & Ranero (2019) and Sallares
et al. (2021) propose that depth-dependent upper-plate elastic prop-
erties may largely determine depth-varying rupture characteristics,
including features associated with tsunami earthquakes. Therefore,
elastic properties of off-fault materials and their response to dy-
namic rupture may also contribute to tsunami earthquake genera-
tion, in addition to frictional properties on the subduction interface.
However, in this study we focus on examining how frictional prop-
erties may determine the features observed in historical tsunami
earthquakes, as the conceptual model suggested from previous stud-
ies has not been quantitively tested. It’s likely that both frictional
properties on subduction zone interfaces and material properties
and response off the plate interface play important roles in tsunami
earthquake generation. Comparing and quantifying their roles are
worthwhile efforts for the scientific community to better understand
mechanisms of tsunami earthquakes and to better assess tsunami
hazards along subduction zones worldwide, which are beyond the
scope of this study.

To examine how well the conceptual model in terms of the
subduction-interface frictional properties works and to further quan-
titatively explore physical controls of these properties on observed
tsunami earthquake features, we resort to physics-based earthquake



generation models. Existing and widely used earthquake genera-
tion models in the community include dynamic rupture models
(e.g. Andrews 1976; Day 1982; Day et al. 2005; Harris et al. 2009,
2018), earthquake cycle models without fully dynamic coseismic
process such as classical earthquake simulators (e.g. Dieterich &
Richards-Dinger 2010; Pollitz 2012; Sachs et al. 2012; Tullis et
al. 2012; Ward 2012) and other quasi-dynamic simulators that ig-
nore wave-mediated stress transfers (e.g. Rice 1993; Ben-Zion &
Rice 1995; Rice & Ben-Zion 1996), and earthquake cycle mod-
els with fully dynamic coseismic process (e.g. Lapusta ez al. 2000;
Lapusta & Liu 2009; Noda & Lapusta 2013). Dynamic rupture mod-
els can explore spontaneous rupture propagation (and arrest) based
on physical laws in continuum mechanics, failure criteria such as
Coulomb failure criterion and friction laws that control the fric-
tional evolution on the fault during rupture propagation. However,
they typically do not capture the nucleation phase of an earthquake
cycle. Furthermore, the initial stress condition, which is critical
in spontaneous rupture propagation, has to be assumed and may
not be consistent with earthquake histories on the fault. Classical
earthquake simulators and other quasi-dynamic simulators do not
capture spontaneous rupture propagation, which is critical in de-
termining the final size of an earthquake rupture. Earthquake cycle
models with coseismic dynamic process (e.g. dynamic earthquake
simulators) would be ideal in addressing the questions raised above.
However, the dynamic earthquake simulator developed by Lapusta
and coworkers (Lapusta ez al. 2000; Lapusta & Liu 2009) are limited
to vertical, planar fault geometry due to the semi-analytical solu-
tion nature of the boundary integral method used in these models.
Therefore, it may not be appropriate to study earthquake behaviours
on shallow-dipping subduction interfaces. Recently, we developed
a dynamic earthquake simulator, based on our dynamic finite ele-
ment method (FEM) EQdyna, which captures both the quasi-static
and dynamic processes of an earthquake cycle (Luo et al. 2020).
As a FEM-based simulator, it can handle complex fault geometry,
with shallow-dipping thrust faults as one example compared with
vertical faults.

In this study, we use the EQdyna-based dynamic earthquake sim-
ulator to quantitatively test the conceptual model for tsunami earth-
quake generation and to explore controls of physical parameters,
including a—b in the rate- and state-dependent friction law (RSF),
normal stress, and distributions and properties of locally locked
patches within conditionally stable zones, on tsunami earthquake
features. We will first briefly introduce the dynamic earthquake
simulator. Our models to be explored are motivated by the obser-
vations in the historical tsunami earthquakes reviewed above. Then
we present main results from these models and discuss implica-
tions of the results. This modelling study with the state-of-art dy-
namic earthquake simulator improves our understanding of tsunami
earthquakes from a physical and quantitative point of view. It also
demonstrates the potential of the dynamic simulator in studying
earthquake cycle and faulting behaviours along subduction zones
that host various slip behaviours, including damaging earthquakes
and tsunamis.

2 METHOD

We use a newly developed dynamic earthquake simulator (Luo et
al. 2020) to simulate slip behaviour on a subduction interface in this
study. The dynamic simulator is based on an explicit finite element
method (FEM) EQdyna that is developed for dynamic rupture sim-
ulations (Duan & Oglesby 2006; Duan & Day 2008; Duan 2010;
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Duan 2012; Liu & Duan 2018; Luo & Duan 2018). To simulate other
quasi-static processes by the dynamic solver EQdyna, including
post-seismic, interseismic and nucleation phases of an earthquake
cycle, the simulator utilizes an adaptive dynamic relaxation tech-
nique (Qiang 1988) and a variable time stepping scheme (Lapusta et
al. 2000). Thus, both the dynamic and quasi-static processes of an
earthquake cycle are modelled in one FEM framework. The transi-
tion between the dynamic and quasi-static processes is controlled by
the maximum slip velocity V.« over the entire fault as an indicator
(Kaneko et al. 2011; Luo et al. 2020). The quasi-static simulation
is terminated and switched to the dynamic simulation when V.«
reaches a threshold value V.. The selection of Vy, is based on the
balance between numerical accuracy and computational efficiency.
We adopted an empirical value of ¥y, = 0.01 ms™" as the thresh-
old for the quasi-static to dynamic transition, consistent with the
choice in Chen & Lapusta (2009). We applied a smaller threshold
of Ve = 0.005 ms™' for the dynamic to quasi-static transition.

In EQdyna, various constitutive friction laws are implemented,
including slip-weakening law, the rate- and state-dependent friction
(RSF) law with aging law, the RSF law with slip law, and the RSF
law with slip law and strong rate weakening (Luo & Duan 2018). In
this study, we adopt the RSF law with aging law (Dieterich 1979),
which is commonly used in exploring major features of earthquake
cycles (e.g. Lapusta et al. 2000; Lapusta & Liu 2009; Erickson &
Dunham 2014; Yu et al. 2018), as shown in the equations below:

. V Vo0
= In—+bIn—/]|, 1
T a*(j0+a nVO+ nL) (1)
de Ve
—=1—-—, 2
dt L @

In RSF eq. (1), the frictional strength 7 is a function of effective
normal stress o, reference slip rate and friction coefficient /4, and
fo, slip rate V, state variable & and characteristic slip distance L.
The coefficients of a and b represent the rate-dependency and the
state-dependency of the frictional strength. In the aging law, the
state variable 6 evolves as a function of V', 0 and L, as shown in eq.
2).

The dynamic relaxation technique to solve quasi-static problems
with a dynamic solver involves an iterative process that may vary
from a few tens to hundreds of iterations, depending on how far the
initial displacement field deviates from the static solution. There-
fore, the computational need is demanding. However, because of
the explicit nature of the dynamic solver EQdyna, we do not solve
systems of equations, which is one convenient way to make the sim-
ulator suitable for parallelization and scaling for large-scale high-
performance computing. Because the simulator is FEM-based, it
can handle fault geometrical complexity, with shallow-dipping ge-
ometry of subduction zone faults as one example compared with
vertical faults, and material heterogeneities. We refer readers to Luo
et al. (2020) for more details of this dynamic earthquake simulator.

3 MODELS

Previous observational studies of tsunami earthquakes have estab-
lished that (1) tsunami earthquakes occur in a largely conditionally
stable frictional environment at relatively shallow depths, proba-
bly due to subducted sediments on subduction interfaces and (2)
locally locked, frictionally unstable patches exist on these shallow
subduction interfaces, which cause earthquake nucleation and prop-
agation. In several of the historical tsunami earthquakes, including
the 1994 Java earthquake, the 1947 Offshore Poverty Bay and To-
laga Bay earthquakes, these locally locked, frictionally unstable
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patches clearly correspond to subducted seamounts (Abercrombie
et al. 2001; Bilek & Engdahl 2007; Bell ef al. 2014). The subduc-
tion of seamounts may increase the normal stress on the interface
(Scholz & Small 1997), which could lead to asperities on an oth-
erwise decoupled, aseismically slipping shallow subduction zone.
Another mechanism that may give rise to asperities within a condi-
tionally stable zone is permeability changes of subducted sediments
(Pacheco et al. 1993). For example, compared to low-permeability
sediments such as water-saturated clays, sediments that are more
permeable such as sand could move more quickly out of the sta-
ble field of frictional behaviour as they are compacted and lithified
(Pacheco et al. 1993), which may generate locally locked patches as
asperities. In this study, we build a relatively simple subduction zone
model, that is a shallow-dipping, planar thrust fault on which two
or three asperities (corresponding to the above two mechanisms)
are surrounded by conditionally stable zones. We use our dynamic
earthquake simulator to simulate slip behaviours on this fault over
multiple earthquake cycles.

3.1 Geometry, boundary conditions and material
properties of the 3-D thrust fault model

In this study, we work on a 3-D pure-thrust fault model with dipping
angle ¢ = 30°. The thrust fault plane intersects the free surface (Z =
0) with the intersecting line along the X-axis on the top of the model
and dips towards ¥ > 0 (Fig. 1). We set up the boundary conditions
as below. The top surface of the model is the free surface. The left
and right boundaries of the model (X = Xy, and X' = Xpx )
are fixed along X-axis: u, = 0. The footwall moves downward
parallel with the fault plane, thus a loading rate of (1/2) V,=
0.5 x 10~ ms™! downward parallel to the fault plane is assigned on
the bottom surface (Z = Z,, ), on the back boundary (Y = Yy ),
and on the footwall part (below the fault) of the front boundary
(Y = Yiax ) The hanging wall moves upward parallel with the fault
surface, hence a loading rate of (1/2)¥,; = 0.5 x 10 ms™' upward
parallel to the fault plane is assigned to the hanging-wall part (above
the fault) of the front boundary (¥ = Yp.x ). We remark that one
may assign unequal parts of V,; on the footwall and hanging wall
model boundaries, which will not affect the strain accumulation on
the fault (and thus the fault evolution). For the FEM mesh, we largely
use hexahedral elements in the model for computational efficiency.
However, to conform the shallow-dipping fault geometry, we use
a degeneration technique (e.g. Hughes 2000; Duan 2010, 2012;
Luo & Duan 2018) to cut a hexahedral element into two wedge
elements along the fault plane. This results in a relationship among
the dimensions of an element around the fault: Ay = Ax cos¢ and
Az = Ax sing. We use the element size along the X-axis (i.e. Ax)
to characterize the spatial resolution of the FEM model, and Ay and
Az are smaller than Ax for shallowly dipping thrust faults. We use
Ax = 200 m in this study (thus Ay = 173 m and Az = 100 m for
the dip angle of 30°). We assume a homogenous elastic medium in
the model to focus on effects of shallowly dipping fault geometry
and heterogeneous friction properties. Material properties and other
relevant parameters are summarized in Table 1.

3.2 Heterogeneous distributions of fault parameters and
various models

Fig. 2 shows the heterogeneous distributions of the frictional pa-
rameters a, b, a—b and L and the effective normal stress on the main

fault (i.e. Plane 1 in Fig. 1) in our base Model 1. Frictional instabil-
ity depends on two friction parameters in RSF, L and the combined
parameter (a—b). If (a—b) > 0 (i.e. velocity strengthening), frictional
slip is always stable. If (a—b) <0 (i.e. velocity weakening), there is
a Hopf bifurcation between an unstable regime and a condition-
ally stable regime (Scholz 1998). In a simple spring-slide model
with spring stiffness £, the bifurcation occurs at a critical value of
effective normal stress 0. = kL /(—(a — b)). Therefore, if other pa-
rameter values are same, moving (a—b) value (still negative) closer
to zero can bring the frictional interface into a conditionally stable
regime from an unstable one. In Model 1, we set up two asperities
Z1 and Z2 on the largely conditionally stable thrust fault, with along
strike dimension of 70 km and along dip of 40 km. The asperity Z1
is a 14 km by 14 km patch with a—b of —0.004 (velocity weaken-
ing, unstable), a relatively large L of 10 mm, and a relatively high
effective normal stress of 50 MPa. We denote this patch as HNS
asperity (high normal stress), which may represent some effects of a
shallow, subducted seamount. We remark that effects of subducted
seamounts could be more complex than increasing effective normal
stress. The asperity Z2 has the same size and the same value —0.004
for a—b as Z1, but a smaller L of 4 mm and a lower effective normal
stress of 20 MPa than Z1. We denote this patch as LNS asperity
(Low Normal Stress), which may represent a permeable sediment
patch (such as sand) that is subducted deeper and becomes locally
locked due to compaction and lithification. Surrounding Z1 and Z2
is the conditionally stable zone with a—b of —0.002 and the same
values of L and the effective normal stress as in Z2. This zone is
further surrounded by a velocity-strengthening zone (frictionally
stable, i.e. Plane 2 in Fig. 1) on the boundary and outside of the
main fault (i.e. Plane 1 in Fig. 1). As demonstrated in the depth pro-
files of these fault parameters (Figs 2f~h), the transitions between
the different zones, in terms of these parameter values, are gradual.
The effective normal stress below 5 km depth (10 km along dip dis-
tance) is a constant of 20 MPa (i.e. assuming over-pressurization)
except within Z1 (50 MPa), and gradually decreases toward the free
surface (Fig. 2g). Existence of fluid and fluid over pressurization,
which give rise to low effective normal stress, are observed to be
associated with slow earthquakes and slow slip events along sub-
duction zones (Kimura et al. 2012; Kitajima & Saffer 2012; Bassett
et al. 2014). Correspondingly, the initial shear fault stress is calcu-
lated as the product of normal stress and initial friction coefficient.
We remark that these are initial fault stresses before simulations and
they evolve spontaneously over multiple earthquake cycles.

Many variations of the base model can be designed to examine
effects of the model parameters. In this study, we focus on the
base model to quantitively test the conceptual model suggested
from the observations of the historical tsunami earthquakes. We
also construct additional models to demonstrate effects of various
model parameters, and model parameters of these models are nearly
the same as those in Model 1 except those explicitly given below.
In Model 2, the main fault is longer along the strike (to 70 km)
and the two asperities are further separated by the conditional stable
zone. This model is to examine effects of the distance between the
two asperities. In Model 3, we increase the a—b value from —0.002
to —0.001 in the conditional stable zone. This model is to examine
effects of the property of the conditional stable zone (i.e. the degree
of velocity-weakening). In Model 4 and 5, the main fault lengths
are further extended to 120 km, with a larger conditional stable
zone surrounding the two asperities of the same sizes as in Model
1. These two models are designed to explore rupture durations.
We also simulate a fault model (i.e. Standard) in which the same
value of a—b (—0.004) is distributed on the whole main fault, which
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Figure 1. A schematic diagram that shows the 3-D thrust fault model, with dip angle of ¢ = 30°, and boundary conditions for the model. Plane 1 (blue)
is the main fault with velocity-weakening frictional property that can host earthquake ruptures, which is surrounded by a velocity-strengthening area (Plane
2, green) that creeps. Top boundary is free surface. Left (Xmin) and right (Xmax) boundaries are fixed in x-direction, and are free in other directions. Half
of the plate convergence rate is applied to the other boundaries as indicated by arrows, including front (Ymax), back (Ymin), and bottom (Zmin) boundaries,

according to thrust faulting, to load the model.

Table 1. Basic model parameters in this study.

Parameters Value

P wave speed, V), 6000 ms!
S wave speed, V 3464 ms!
Shear modulus, p 32 GPa
Poisson’s ratio, v 0.25
Density, p 2670 kgm
Reference slip velocity, Vo 10¢ ms™!
Steady state friction coefficient, fo 0.6
Loading rate, V), 10 ms™!
Element edge length in x direction, Ax 200 m
Time step (dynamic simulation) 0.005 s

results in ordinary earthquakes for a comparison with the tsunami
earthquakes simulated in this study. In Model 6, there are two LNS
asperities located downdip of one HNS asperity in order to explore
interactions among several asperities.

There are several considerations in setting up the parameters on
the fault. First, a velocity-weakening zone must be larger than the
critical nucleation patch size 4* for earthquakes to occur within
the zone. An estimate of the nucleation size #* for 3-D mode II
earthquakes (Rubin & Ampuero 2005; Chen & Lapusta 2009) is:

_r ublL
2 (1—v)(a—bYo

*

(€)

where L, a, b and o are the parameters as in eq. (1), u and v are shear
modulus and Poisson’s ratio, shown in Table 1. Given the parameter
values discussed above, 4* is about 13 km for both the HNS and
LNS asperities, and the size of them (14 km) is a little larger than
h* so that earthquakes can nucleate on them. The reason for us to
choose a larger L (10 mm) for HNS compared with L (4 mm) for
LNS is to make 4* the same because of higher effective normal
stress 50 MPa on HNS compared with 20 MPa for LNS.

Second, one needs to resolve the cohesive zone near the rupture
tip during the dynamic rupture process (e.g. Day ez al. 2005). Within
this zone, shear stress and slip rate vary dramatically and resolv-
ing this zone is critical for simulating dynamic rupture propagation.
For numerical methods such as FEMs, this requires several elements
within the cohesive zone, and thus imposes a constraint on the ele-
ment size of a model (Day et al. 2005; Duan & Day 2008). On the
other hand, reducing element size can significantly increase com-
putational cost in 3-D modelling, and therefore we need to strike a
balance between the model size and the element size. This consider-
ation also plays an important role in our choice of parameter values
above. The size of the cohesive zone A, for mode II earthquakes
under the RSF law can be estimated as (Lapusta & Liu 2009):

nL

Ag=Ci—m
0 C'(l—u)ba

“)
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Figure 2. Distributions of model parameters on the main fault (Plane 1 in Fig. 1) for Model 1. (a), (b), (c) are a, b and a—b in the rate-and-state friction law,
respectively. (d) effective normal stress. (e) characteristic slip distance L. (f), (g) and (h) show these parameters along a depth profile indicated by a black
dashed line in (a)—(e). In this model, two unstable patches Z1 and Z2 with a—b of —0.004 are embedded in a conditionally stable zone with a—b of —0.002. Z1
(HNS) has a high effective normal stress of 50 MPa, while other parts of the fault plane have a low effective normal stress of 20 MPa, including Z2 (LNS).
(1) Simulated maximum slip rate on the fault over multiple earthquake cycles in the model over 200 yr, showing various slip behaviours, including different
rupture patterns in the earthquakes. High slip rate peaks (~1 ms™!) represent the earthquakes and they are labeled by the asperities on which a dynamic rupture
nucleates and/or propagates, with the delayed hours between two ruptures labeled in parentheses for example 7 hr (7 h) or 8 hr (8 h). Usually, the maximum slip
rate mainly occurs over two asperities instead of the conditionally stable zone on the fault plane. Circled by two dashed boxes are two earthquakes that initiate

from Z1 and Z2, respectively, with further analyses shown in Figs 3 and 4.

where C| is a constant, equal to 9 77/32 if the stress traction distri-
bution is linear within the cohesive zone. For the given parameter
values above, the element size of Ax = 200 m used in this study
will give a ratio of % ~2.4 for dynamic ruptures on the HNS and
LNS asperities, which resolves the cohesive zone (Day et al. 2005;
Duan & Day 2008).

Finally, we also need to consider time steps in earthquake cycle
simulation that also exert an important control on computational
cost. For the dynamic phase, it requires that the length of the time
step At should be restricted by the Courant-Friedrich-Lewy (CFL)
condition (Courant et al. 1967), in order to keep the numerical
simulation stable. For the quasi-static phases of an earthquake cycle,
the length of the time step varies to ensure both computational
efficiency and numerical stability, as the slip rates evolve on the
fault (Luo et al. 2020).

4 RESULTS

We first present the results of earthquake cycle simulations from
the base Model 1, focusing on earthquakes generated spontaneously

over multiple earthquake cycles, in particular comparing features of
these earthquakes with the observations from the historical tsunami
earthquakes reviewed in the Introduction section. Then we discuss
the results from Model 2 and Model 3, focusing on changes from
Model 1 to demonstrate effects of the seperation distance between
asperities and friction property of the conditional stable zone. In
addition, we designed three other models (Model 4, Model 5 and the
Standard model) to explore the normalized duration of simulated
events. Finally we examine interactions of three asperities from
Model 6.

4.1 The base Model 1: earthquakes nucleated from the
HNS and LNS asperities

We examine the rupture pattern, recurrence interval, rupture speed,
final slip, moment rate, stress drop, and induced coseismic seafloor
displacement and velocity of earthquakes over multiple earthquake
cycles from this model in this subsection.



4.1.1 Earthquake pattern and recurrence interval

Fig. 2(i) provides an overview of the earthquake sequence from the
base Model 1 over ~200 yr. A maximum slip rate on the order of
0.1 ms™! or larger in this plot indicates a seismic event, while max-
imum slip rates on the order of the loading rate 10 ms™' suggest
relatively steady-state interseismic phases. A maximum slip rate
well above the loading rate, but below the seismic rate, suggests
some slow-slip events from the model. We focus on the seismic
events as labelled by the asperities on which a dynamic rupture
nucleates and/or propagates. We can identify seven earthquake se-
quences (counting two continuously ruptured events delayed by
hours as one earthquake sequence). We find that LNS Z2 ruptures
more frequently than HNS Z1 and Z1 has a longer recurrence inter-
val of ~75 yr than Z2 (~30 yr on average). These features appear
to be related to the difference in effective normal stress between
Z1 and Z2, suggesting that effective normal stress may modulate
rupture nucleation and recurrence interval. Higher effective normal
stress on Z1 makes it stronger and requires a longer time of loading
for rupture nucleation, compared with Z2.

4.1.2 Rupture speed and slip

Fig. 3 shows characteristics of two representative events (indicated
by dashed boxes in Fig. 2i) from the earthquake sequence. The
bigger event that nucleates on Z1 also ruptures Z2, while the smaller
one that nucleates on Z2 does not break Z1 in the event. For the
given value of a—b = —0.002 in the conditionally stable zone, all
ruptures nucleated on either Z1 or Z2 can continue propagating into
the conditionally stable zone, though no earthquake can nucleate
within the zone. In the two events, the average rupture speed is slow,
~1.9 kms™' in the former (Fig. 3a) and ~1.3 kms™! in the latter
(Fig. 3b), comparable with observed rupture speeds in historical
tsunami earthquakes. Relatively large slip occurs on the asperities,
with a maximum final slip of about 2 m on Z1 in the bigger event
(Fig. 3c) and a smaller maximum final slip of about 0.8 m on Z2
in the smaller event (Fig. 3d), while slip in the conditonally stable
zone is small.

4.1.3 Moment release

The contrast in slip between the asperities and the conditionally
stable zone is also reflected in seismic moment rate (Figs 3¢ and f).
The bigger event has two discrete moment rate peaks, corresponding
to rupture of the two asperities. The smaller event only has one
moment-rate peak, corresponding to rupture of LNS asperity Z2.
Moment release from the conditionally stable zone is low in both
events. The total released moment in the bigger event is 4.59 x 10"
Nm, corresponding to M,, 7.05. It is 1.47 x 10" Nm in the smaller
event, corresponding to M,, 6.72. Multiple discrete moment rate
peaks have been observed in the 2006 Java tsunami earthquake, and
the inverted finite fault slip model for this M,, 7.8 earthquake shows
that several asperities are separated tens of kilometres from one
another near the trench and have been ruptured one by one from the
east to the west (Ammon et al. 2006). The bigger event in our model
shows that this feature in tsunami earthquakes can be generated from
ruptures of discrete asperities within a conditionally stable zone
under favourable conditions, including (1) the conditionally stable
zone can sustain spontaneous rupture and (2) discrete asperities
are ready to be ruptured (e.g. shear stress level is close to shear
strength).
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4.1.4 Stress drops

The average stress drop values from the two events are low (Figs 3g
and h). It is 1.26 MPa in the bigger event and 0.90 MPa in the
smaller event. Even though the stress drop value over the asperity
Z1 is as high as 10 MPa, the stress drop on the conditionally stable
zone is very low, resulting in the low average stress drop. Low stress
drop has been observed in historical tsunami earthquakes. Kikuchi
& Kanamori (1995) analyzed the broad-band body waves of the
1992 Nicaragua tsunami earthquake and found that the average
stress drop was 1.1 MPa. Abercrombie et al. (2001) inverted the
coseismic slip pattern of the 1994 Java earthquake and calculated
that the average stress drop was as low as 0.3 MPa. In addition, we
find that the stress drop distributions are very complex after two
dynamic events, shown in Figs 3(g) and (h), that several oval shape
stress drop circles exist on the fault plane. The stress distribution
before a dynamic event is heterogeneous because of slip history
including earthquakes, afterslip and slow slip events. The stress
drop on Z1 asperity is much higher than that on Z2 asperity, which
might be related with a higher effective normal stress on Z1. The
stress drop difference can also help explain the longer earthquake
recurrence interval on Z1 asperity than Z2, as the recurrence time
interval is proportional to (stress drop)/(stress loading rate) and
stress loading rate may be assumed a constant.

4.1.5 Seafloor displacement

Fig. 4 shows the maximum seafloor displacements and velocities at
selected stations generated in the two representative events from the
model. For the bigger earthquake nucleating on Z1, the maximum
vertical displacement and velocity are 0.52 mand 0.18 ms~' (Figs 4a
and b), respectively, and strong vertical displacement is observed
over a large area, which would contribute to tsunami generation.
In addition, the earthquake ruptures through the shallow velocity
strengthening zone all the way to the seafloor (Fig. 3a), resulting in
horizontal seafloor displacment and veloicty perpendicular to the
trench (along Y-axis) of as high as 0.40 m and 0.21 ms™', which
could trigger landslide near the trench and contribute to tsunami
generation. For the smaller earthquake nucleating on Z2, the maxi-
mum vertical displacement and velocity are 0.22 m and 0.04 ms™
(Figs 4c and d), respectively, and relatively a smaller area on the
seafloor has experienced strong veritcal displacement. It appears
that rupture of the shallow HNS asperity contributes signiciantly
to both vertical and horizontal seafloor displacements, and thus
tsunami generation. In addition, a uniform velocity structure is
used in this study to focus on heterogeneous friction and effective
normal stress effects. If a shallow lower velocity layer is adopted
in the model, seafloor displacement would be larger, increasing the
potential of tsunami generation.

4.1.6 HNS as both barrier and asperity

From the earthquake cycle simulation, we found the HNS asperity
acts as not only an asperity in some earthquakes (e.g. three out of the
seven), but also a barrier in other earthquakes (e.g. four out of the
seven). It is the same asperity in terms of its geometry (e.g. size) and
frictional properties (e.g. a, b and L in RSF), but it can act as both
an asperity and barrier to earthquake ruptures in its life span. This
is likely due to different stress conditions spontaneously evolved
over earthquake cycles. Whether or not a rupture can break a high-
strength patch is sensitive to local conditions that vary with time
due to past rupture and loading history. Theoretically, this imposes
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Figure 3. Rupture propagation, slip distribution, moment rates and stress change distribution of two earthquakes in Model 1 (illustrated by dashed boxes in
Fig. 2i). Panels (a) and (b) coseismic rupture time contours in seconds, panels (c) and (d) coseismic final slips, with two white boxes representing the locations
of Z1 and Z2 asperities, panels (e) and (f) released moment rates and panels (g) and (h) shear stress changes (negative as stress drops distributed within the
zero stress change contours) for the earthquake nucleated on Z1 HNS asperity and ruptured Z2 cascadingly during the 144th year (left-hand panel) and for the
earthquake nucleated on Z2 LNS asperity during the 176th year (right-hand panel) (Fig. 2i), respectively.
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Figure 4. Seafloor deformation from two earthquakes in Model 1 (illustrated by dashed boxes in Fig. 2i). Panels (a) and (b) maximum seafloor displacement
and velocity for the earthquake nucleated on Z1 HNS asperity in Model 1 and panels (d) and (e) show maximum ground surface displacement and velocity for
the rupture nucleated on Z2 LNS asperity in Model 1. The horizontal dashed lines represent the trench separating the hanging wall and footwall. Letters h and
v in the legends denote the ground surface parallel and ground surface vertical motions, respectively.

a significant limit to our ability to predict earthquakes (and also
earthquake early warning) in terms of their final sizes. But what we
may achieve is to understand possible rupture scenarios and patterns
from physics-based modelling of earthquake cycles such as one in
this study. By comparing modelled results against observations such
as seismicity patterns, we may still be able to assess likelihood of a
larger versus smaller earthquake on a fault system.

4.2 Effects of separation distance between asperities and
friction properties of the conditionally stable zone

Figs 5 and 6 show parameters of Model 2 and Model 3, and the
earthquake sequences from them, respectively. In Model 2, the fault
is extended along the strike and the two asperities are 15 km fur-
ther apart along the strike than in Model 1. In Model 3, the a—b
value is increased to —0.001 for the conditionally stable zone (thus
closer to zero) from —0.002 in Model 1. Figs 7 and 8 show rupture
characteristics and seafloor displacements of one earthquake from
Model 2 and Model 3 (labelled by dashed boxes in Figs 5 and 6),
respectively.

4.2.1 Separation distance between asperities

Compared with Model 1, Model 2 shows that the larger horizontal
distance between the two asperities has minor effects on recurrent
interval (Fig. Se), average rupture velocity (Fig. 7a), and maximum
slip (Fig. 7b) on the fault. The two peaks of moment rate are sep-
arated further in time (Fig. 7¢) and strong seafloor displacement
is distributed over a larger area (Fig. 7d) in Model 2 because of
the longer fault dimension. The total moment release in Model 2
is not significantly larger than that in Model 1 (Fig. 7¢), which is
consistent with a weak contribution to moment release from the
conditionally stable zone. The moment magnitude of this event in
Model 2 is M, 7.11.

4.2.2 Friction properties on the conditionally stable zone

Model 3 shows that the degree of velocity-weakening in the con-
ditionally stable zone has obvious effects on rupture characteristics
and seafloor displacement. The recurrence intervals of earthquakes
on Z1 and Z2 are about 58 and 22 yr, respectively, in Model 3
(Fig. 6e), which are shorter than those in Model 1 (about 75 and
30 yr, respectively, Fig. 21). This is understandable in the sense that
a weaker velocity-weakening conditionally stable zone may creep
at a larger rate and thus loads the two asperities more rapidly. For
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Figure 5. Model parameters on the fault and simulated earthquake sequences in Model 2. (a) a value, (b) b value, (c) a—b value and (d) effective normal stress.
(e) Simulated maximum slip rate on the fault over earthquake cycles. The dashed line box is an earthquake that initiates from Z1 at the 68th year, with more
details shown in Fig. 7. The two patches Z1 and Z2 are separated further apart in Model 2 than in Model 1.

the weaker velocity-weakening conditionally stable zone, even the
rupture nucleated from the HNS asperity propagates very slowly at
an average speed of about 1.2 kms™ (Fig. 8a) and the rupture prop-
agation spontaneously ceases within the conditionally stable zone.
This makes the cascade failure of several asperities difficult to hap-
pen within one event. The maximum final slip of this earthquake
is about 1.8 m (Fig. 8b), smaller than the final slip of 2.2 m of the
relatively large earthquake in Model 1. In addition, the earthquake
magnitude (M,, 6.8) and total moment (Fig. 8c) are lower than those
of the earthquake in Model 1 (Fig. 3e), because the rupture size
is limited due to a weaker velocity weakening conditionally sta-
ble zone. Correspondingly, the seafloor displacement is relatively
smaller within a smaller area (Fig. 8d).

4.3 Normalized source duration and spectrum of tsunami
earthquakes

4.3.1 Normalized durations of historical tsunami earthquakes

To compare source durations of different sizes of tsunami earth-
quakes, previous studies have proposed to use the normalized source
duration, which is calculated by dividing the source duration of an
earthquake with the cube root of its moment A/, normalized to an
M,, = 6.0 event (Kanamori & Anderson 1975; Houston et al. 1998;
Campus & Das 2000; Bilek & Lay 2002). We calculate the nor-
malized durations for well-studied historical tsunami earthquakes
occurred along Japan, Alaska, Peru, Kuriles, Nicaragua, Java and
Mentawai margins based on their estimated source durations and
moments (Table 2) and plot them in Fig. 9(a). The observed range
of the normalized duration for these tsunami earthquakes is from
9 to 23 s (Fig. 9a), much higher than the standard subduction zone
thrust mechanism earthquakes of around 5 s (Bilek & Lay 2002;
Bilek & Engdahl 2007). We remark that the source time functions of
these well-known historical tsunami earthquakes are usually com-
posed of several discrete moment rate release peaks, suggesting
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ruptures on a series of asperities within the conditionally stable
zone (Abercrombie et al. 2001; Ammon et al. 2006; Lay et al.
2011).

4.3.2 Normalized durations in our models

We run more models with various fault dimensions and a—b values
in the conditionally stable zone to explore the normalized source
duration of earthquakes in our models. Fig. 10 shows three of them.
Model 4 and Model 5 have a larger dimension of the main fault than
Models 1-3, with different configurations of the two patches Z1 and
72 between the two models. The a—b value within the conditionally
stable zone in Models 4 and 5 is the same as that in Models 1
and 2 (i.e. —0.002). Model ‘Standard’ is a reference model for an
ordinary earthquake with an a-b value of —0.004 on the entire main
fault. In conducting our numerical experiments, we find that the
normalized source duration of the simulated earthquakes in our
models is very sensitive to the a—b value within the conditionally
stable zone. We test the a—b values of —0.004, —0.003, —0.0017,
—0.0015 (models not shown), in addition to —0.002 and —0.001
in the above models. The normalized source durations from these
models are summarized in Fig. 9(b), which clearly shows that for the
models we run in this study, using a—b value of —0.002 to —0.003 can
reproduce long normalized source durations observed in historical
tsunami earthquakes with a range from 9 to 23 s. All other values

of a—b produce the normalized source duration at or below the
minimum value observed in historical tsunami earthquakes. We can
understand these results by some qualitative analyses. When a—b is
low (—0.004) on the conditionally stable zone, the fault zone is more
velocity weakening, which results in a fast rupture propagation,
similar to an ordinary earthquake with a low normalized source
duration. When a—b is high (e.g. —0.0017, —0.0015 and —0.001)
on the conditionally stable zone, the fault zone is more velocity
strengthening, which strongly inhibits the rupture propagation and
also results in a low normalized duration. We remark that the narrow
range of a—b here corresponds to the model parameter values in this
set of models, including normal stress and L values, etc. If we
use different values of other parameters, the range of (a—b) may be
different. In addition, the narrow range may allow us to place a good
constraint on this parameter from observations if other parameters
can be constrained by other means.

4.3.3 Difference in source durations

Here we provide more detailed analyses on rupture propagation
and source duration of earthquakes from the three models shown
in Fig. 10. Model 4 is based on Model 2 and the main fault is
further extended to 120 km with a larger conditionally stable zone
to the right of the LNS asperity (Fig. 10a). We intend to set up an
environment that earthquakes could unilaterally rupture from the
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Figure 7. Rupture characteristics and seafloor displacement of an earthquake (indicated by a dashed box in Fig. 5¢) from Model 2. (a) Rupture time contour
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seafloor displacement. Black dashed curve in (c) is moment rate of the earthquake nucleated on Z1 in Model 1 (i.e. shown in Fig. 3e) for comparison with the

earthquake in this model (red curve).

HNS asperity Z1 to the LNS asperity Z2 and further to the right
into the conditionally stable zone for a long source duration. How-
ever, earthquakes that ruptured Z1 and Z2 asperities are not able
to propagate much into the conditionally stable zone, resulting in a
low normalized source duration of about 10 s, near the low end of
the observed range, as shown by the red solid circle in Fig. 9(b).
There are two close peaks of the moment release: the large one re-
lating to the Z1 rupture and the small tail relating to the Z2 rupture
(Fig. 11a), generating a compact source time function. In Model
5, the fault length is the same as in Model 4, but the Z1 and Z2
asperities are located at the same depth (along dip direction) and
distributed symmetrically along the strike direction (Fig. 10b). For
a representative event in Fig. 11(c), the rupture propagation results
in a long-normalized source duration around 23 s near the high end
of the observed range, shown by the red solid diamond in Fig. 9(b).
This event has a long source time function (~100 s) composing of
two well-separated moment rate peaks released from ruptures on Z2
and Z1 (Fig. 11c), separated by 55 s in between. Due to the high fault
strength on HNS asperity, the triggering process of the Z1 asperity is
slow, which contributes to the long time interval (55 s) between the
two subevents. In the ‘Standard” model (Fig. 10c), the source time
function is very compact and simple (composing of only one mo-
ment rate peak, Fig. 11e), resulting in a normalized source duration
of only 5 s (Fig. 9b). The contrast in the source duration between
Model 4 (Fig. 11a) and Model 5 (Fig. 11c) suggests that the config-
uration (distribution) of locally locked velocity-weakening patches

is very important for tsunami earthquake generation, in particular
for very long source duration events. A favourable distribution of
these patches will allow a rupture to propagate continuously and
slowly, resulting in a long source duration.

4.3.4 Spectra analysis

We also calculate the spectra for three simulated events discussed
above, based on their source time functions, along with the reference
spectra using w-squared spectra under the same seismic moments
and stress parameters of 3 MPa (Figs 11b, d and f). The simulated
events in Model 4 and Model 5 are both depleted in short period
moment relative to the reference spectra (Figs 11b and d), which is
consistent with the observed tsunami earthquakes (Abercrombie et
al. 2001; Ammon et al. 2006; Lay et al. 2011). Especially, for the
simulated event in Model 5, the spectrum is even depleted at the fre-
quency band lower than 0.01 Hz (Fig. 11d), resulting in a compound
and unsmooth spectrum near low frequency. This characteristic is
observed in the Java 2006 event (Ammon et al. 2006), and appears
to be related to the discrete moment release peaks in the source
time functions. On the other hand, the spectrum for the ordinary
earthquake is much closer to the reference spectrum especially at
frequency band lower than the corner frequency (Fig. 11f).
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Figure 8. Rupture characteristics and seafloor displacement of an earthquake (indicated by a dashed box in Fig. 6¢) from Model 3. (a) Rupture time contour
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asperities, (c) released moment rate and (d) maximum seafloor displacement.

Table 2. Source parameters for historical tsunami earthquakes.

Normalized
No Region Date My, Moy (Nm)  Duration (s) duration (s)
1 Japan 1896/06/15 8.0 1.2e21 100 10.1
2 Alaska 1946/04/01 8.2 2.3e21 100-150 10.2
3 Peru 1960/11/20 7.6 3.4e20 125 19.3
4 Peru 1996/02/21 7.5 1.9¢20 50 9.4
5 Kuriles 1963/1020 7.8 6.0e20 85 10.8
6 Kuriles 1975/06/10 7.5 2.0e20 80-100 16.6
7 Nicaragua 1992/09/02 7.7 4.2¢20 125 18.0
8 Java 1994/06/02 7.6 3.5¢20 85 10.2
9 Java 2006/07/17 7.8 6.7¢20 185 233
10 Mentawai 2010/10/25 7.8 6.7¢20 90 114

References: 1. Kanamori (1972); 2. Tanioka & Satake (1996); 3. Johnson & Satake (1997); 4.
Pelayo & Wiens (1990); 5. Ihmlé et al. (1998); 6. Pelayo & Wiens (1992); 7. Ihmlé (1996); 8.
Abercrombie ef al. (2001); 9. Ammon et al. (2006) and 10. Lay et al. (2011)

4.4 Interaction between HNS and downdip LNS asperities

The 2010 M,, 7.8 Mentawai tsunami earthquake occurred up-dip of
the 2007 M,, 7.9 earthquake (Lay et al. 2011), and the 2006 Java
tsunami earthquake involved 56 pulses of moment release super-
imposed on a smooth rupture, suggesting multiple separated asper-
ities were ruptured in the event (Ammon ef al. 2006). These events

demonstrate interactions among asperities distributed on subduc-
tion surfaces. Two asperities, which are separated mainly along the
horizontal direction, may rupture in one event in the above models,
in which earthquakes could initiate on either of the asperities. In
Model 6, we add one more LNS asperity and arrange the two LNS
asperities Z2 and Z3 to be downdip (on the two sides) of the HNS
Z1 (Fig. 12) to examine interactions of multiple asperities, whereas
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other aspects of Model 6 are the same as Model 1.

Fig. 12(e) shows earthquake sequences from this model over
~170 yr. It appears that two down-dip LNS asperities Z2 and Z3 can
rupture more frequently. The recurrence interval on each of the two
is about 20 yr, while the HNS Z1 is locked. About every 70 yr, the
shallow HNS asperity Z1 can be triggered by ruptures on Z2 and/or
73, with a time delay from several hours to several days, as shown
at 2nd yr, 69th yr, and 149th yr (Fig. 12¢). For example, in the 69th
yr, a rupture first occurs on Z3. After ~4 d, Z2 ruptures, followed
by a failure on Z1 then to the whole fault zone (including rerupture
of Z3 and Z2). Fig. 13 shows some snapshots for this earthquake
sequence. It appears the triggering of Z2 is caused by afterslip of
the event on Z3. Although the event on Z3 4 d earlier could not
trigger slip on the HNS Z1 immediately, its afterslip weakens Z1
(Fig. 13b). The rupture that starts on Z2 4 d later finally breaks the
HNS Z1 (Fig. 13c¢), then propagates onto the entire fault, including
the Z2 and Z3 asperities that just ruptured earlier (Fig. 13d).

5 DISCUSSION

Our models in which two or three asperities with unstable velocity-
weakening properties are surrounded by a conditionally stable zone

can reproduce slow rupture propagation and long normalized du-
ration events, characteristic features of tsunami earthquakes. These
results demonstrate that rupture of locally locked, unstable patches
(asperities) within a conditionally stable zone at shallow part of
subduction interfaces is a viable conceptual model for tsunami
earthquake generation, and high normal stress asperities due to
subducted seamounts can act as either barriers (stopping ruptures)
in some events or ‘true’ asperities (rupturing with large slip) in other
events.

It appears that asperities (locally locked, unstable patches) are
important in tsunami earthquake generation within a conditionally
stable environment at shallow depth. Otherwise, earthquakes can-
not nucleate (and thus no earthquakes) in this environment. Further-
more, our models show that the value of a—b in the conditionally sta-
ble zone is also critical in tsunami earthquake propagation. Overall,
it should be negative (thus velocity-weakening) to sustain rupture
propagation. Within this range (<0), a smaller value (i.e. a-b = —
0.004, indicating stronger velocity weakening) will result in events
close to ordinary rupture propagation (i.e. at rupture speeds of ordi-
nary earthquakes) while a larger value (i.e. a—b =-0.0017, -0.0015
or—0.001, implying weaker velocity-weakening) will slow down the
rupture speed after rupture fronts propagates into this zone, and it is
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Fig. 9(b). (e) and (f) Moment rate and spectrum for an earthquake, in the Standard model, that ruptures the whole fault zone with normalized duration of 5

s shown by the black star in Fig. 9(b).

more difficult to rupture several well-isolated asperities within one
earthquake. These results also suggest that the dynamic earthquake
simulator may be used to infer frictional properties on subduction
interfaces by matching observations, such as slow rupture propaga-
tion and long source duration of tsunami earthquakes.

Model 6 demonstrates a complex rupture pattern among three as-
perities. If there are more asperities in a model than those in Model
6, we expect more complex interactions among asperities. In par-
ticular, under favourable conditions, a rupture may break a series of

distributed asperities in a cascade fashion, resulting in a large event.
The 2006 Java tsunami earthquake involves 5—6 pulses of moment
release (Ammon et al. 2006), and these moment-release pulses may
be an example of failure of a series of distributed asperities in a
conditionally stable zone in one earthquake. From the results of
Models 1-6 in this study, it’s more likely for LNS asperities to fail
in a cascade fashion, though the first asperity in the sequence may be
a HNS asperity (Figs 2i and 12e) and occasionally a HNS asperity
may fail later in the sequence (Figs 2i and 5e). Therefore, it’s likely
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the 5-6 asperities involved in the 2006 Java tsunami earthquake
are mostly LNS asperities. However, these LNS asperities are not
necessarily caused by lithified permeable sediments as conceptual-
ized in our models. Because the rupture area is a region of complex
bathymetry on the subducting plate (Ammon et al. 2006), they are
likely low-relief topographic highs on the subducting interface, and
thus more like the LNS asperities (because of low-relief) rather than
the HNS in our models.

Our models show that an HNS asperity may act as an asperity in
one earthquake but a barrier in another earthquake. For example,
the HNS Z1 acts as a barrier in most of earthquakes, illustrated
by events labeled by Z2 only (Fig. 2i). Even Z1 ruptures some
hours after Z2 fails, Z1 still acts as a barrier so that an event on
Z?2 does not evolve into a larger one that ruptures both Z2 and Z1.
This barrier effect of an HNS asperity may be its ‘normal’ role
in earthquake generation on subduction interfaces. For example,
the 2006 Java tsunami earthquake terminates just west of a large
segment of uplifted topography (Bilek & Engdahl 2007), which
may be an HNS formed by a subducted seamount. However, the
HNS Z1 also acts as an asperity in some other events, illustrated
by events labelled by Z1 (and Z2, Figs 2i and 11). Therefore, the
same HNS may act as a barrier in some earthquakes but as an
asperity in other events. Its ‘normal’ barrier role may lead to a
misperception that it is aseismic, and thus an underestimation of the
potential risk of earthquakes and tsunami hazards around such areas.
Because of its barrier effect in many events, the recurrence interval
of earthquakes on an HNS asperity is longer than that on other LNS
asperities. The asperity role (i.e. its failure in earthquakes) of a HNS

is clearly demonstrated in the 1994 Java earthquake (Abercrombie
et al. 2001; Bilek & Engdahl 2007) and the 1947 Offshore Poverty
Bay and Tolaga Bay earthquakes (Bell ef al. 2014), and subducted
seamounts may act as the HNS asperities in these events.

It is worth to further discuss the choices of the model parameter
values in this study. As we point out earlier, the narrow range of a—b
(i.e. —0.002 to —0.003) that quantitatively reproduces the observed
normalized source durations of tsunami earthquakes corresponds
to the chosen values of the other model parameters in this set of
models, including normal stress and L values etc. For example, if
we choose different values of the effective normal stress (e.g. higher
than 20 MPa for most part of the subduction plane), the range of a—b
on the conditional stable region to reproduce the observed source
durations of tsunami earthquakes could be slightly different. How-
ever, the conclusion about a narrow range of a—b for the observed
source durations will hold.

We use a uniform velocity structure in the elastic models of this
study to focus on effects of heterogeneous stress and frictional prop-
erties. If typical subduction zone structure is included, such as low-
velocity shallow layers (in particular accretionary prisms at accre-
tionary margins), we expect larger seafloor displacement, and thus
greater tsunami generation potential than our models show. Several
former studies have shown that the low elastic moduli and wave
speeds of hanging wall materials could also cause a long duration
of tsunami earthquakes (Ma & Beroza 2008; Lotto et al. 2017; Lotto
et al. 2018; Sallares & Ranero 2019; Sallares et al. 2021). In addi-
tion, potential plastic yielding in low-velocity accretionary prisms
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Figure 13. Snapshots of slip rate on the main fault during the dynamic event occurred at the 69th year, outlined by a dashed box in Fig. 12(e) for Model 6.

could also slow down rupture propagation and generate larger ver-
tical seafloor displacement, contributing to tsunami generation (Ma
2012; Ma & Hirakawa 2013). Coffey et al. (2021) also proposed that
coseismic slip on splay faults may actually produce large tsunami
in the 1947 Poverty Bay (New Zealand) earthquakes. These factors
may need to be taken into account and systematically compared
in studying specific tsunami earthquakes or a specific subduction
zone in the future. However, we limit this study to examine effects
of subduction-interface frictional properties on tsunami earthquake
characteristics in generic models.

Considering computational cost, we utilize an element size 0f 200
m (on the fault plane) in this study, which gives a ratio of the cohesive
zone width over element size approximately 3 in the dynamic events
from the models (Fig. S1). To verify that the results and conclusions
from the 200 m element size models are robust, we conduct another
simulation of Model 1 with a finer element size of 100 m (Figs
S1 and S2). The slip/stress variations within the cohesive zone are
well captured using the 200m element size, compared with those
using the 100 m element size. In addition, we compare the rupture
time contours of the first two dynamic events simulated using the
200 and 100 m element sizes (Fig. S2). The rupture time contours
from the 200 m element size are close enough to those from the
100 m element size, suggesting the 200 m element size results are
robust. We remark that our early studies (e.g. Duan & Day 2008)

show that our finite element code EQdyna, on which the dynamic
earthquake simulator is developed, can resolve the cohesive zone
at a rupture front with about three elements, though four or more
elements will be better. In addition, slow rupture propagation in
tsunami earthquakes, which is the focus of this study, limits the
Lorentz contraction effect from happening in our models. These
may explain why we obtain good results with the 200 m element
size.

6 CONCLUSIONS

This modelling study on tsunami earthquake generation advances
our understanding of physics of tsunami earthquakes and demon-
strates capability of a newly developed dynamic earthquake simula-
tor in studying physics of subduction zone processes. The physics-
based models in this study show that the conceptual model in which
locally locked asperities are distributed in a conditionally stable
shallow subduction interface works well in generating tsunami
earthquakes. These asperities allow earthquakes to nucleate, and
the conditionally stable friction environment surrounding the as-
perities gives rise to slow rupture propagation, long normalized
duration and spectrum depleted in high frequency, characteristic
features of tsunami earthquakes. The level of velocity-weakening
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of the conditionally stable zone is critical to sustain rupture at slow
speeds. High normal stress asperities, likely caused by subducted
seamounts and other significant topographic highs, can act as barri-
ers in some earthquakes while as asperities in other events in which
large slip occurs on them. Their failures can propagate into wide
areas of the conditionally stable zone and may trigger ruptures of
other nearby asperities. Low normal stress asperities are relatively
easy to be ruptured in a cascade fashion, generating a large tsunami
earthquake with multiple seismic moment release pulses.

The dynamic earthquake simulator captures the dynamic rupture
process of an earthquake cycle, in addition to other quasi-static
processes that are typically the focus of traditional earthquake sim-
ulators. The capability allows us to examine spontaneous rupture
propagation in the context of earthquake cycles, and thus to explore
various slip behaviours (such as creep, slow-slip and earthquakes)
and their interactions along subduction zones. Inclusion of the dy-
namic rupture process is critical to accurately capture dynamic in-
teractions among locally locked asperities and thus final earthquake
sizes. Because the dynamic simulator is based on an explicit finite
element method, it does not need to solve systems of equations and
thus has great potential to be further parallelized to make use of ever-
increasing computing powers of modern high-performance comput-
ers. This needs collaboration between seismologists and computer
scientists. We will work in this direction so that we can address
scientific questions along large subduction zones worldwide.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. (a) Slip rate snapshot for one dynamic event in Model 1
simulated using grid size of 200m. (b) Slip and shear stress profiles
at the same moment of the snapshot in (a) along a dashed line in
strike direction. (c) Slip rate snapshot for a corresponding dynamic
event in Model 1, while simulated using grid size of 100 m. (d) Slip
and shear stress profiles at the same moment of the snapshot in (c)
along a dashed line in strike direction.

Figure S2. Comparison of rupture time contours (where slip rate
first arrives at 0.001 ms™ on the fault plane) for the first dynamic
event (a) and the second dynamic event (b) in Fig. 2(i) simulated by
200 m (black contours) and 100 m (red contours) grids.
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