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A B S T R A C T   

The world’s most devastating local and ocean-wide tsunamis are generated by subduction zone earthquakes, but 
the mechanisms for powerful seafloor uplift and tsunami generation during seismic rupture propagation remain 
poorly understood. In particular, great earthquakes near the trench can generate outsize tsunamis that rival those 
produced by giant trench-breaking ruptures. Solving this conundrum is key to better assessing seismic and 
tsunami hazards at subduction zones. Here, we inspect high-resolution bathymetry, seismic reflection profiles, 
and tsunami-earthquake rupture models at global subduction zones to identify the structural control on tsunami 
excitation by coseismic seafloor uplift. We find that tsunami run-ups of trench-breaking ruptures correlate with 
the width of the outer wedge of the frontal accretionary prism, which consists of active imbricate or conjugate 
faults above the shallow megathrust. The prevalence of high-angle faults in the outer wedge provides the 
mechanism for more efficient seafloor uplift and thus tsunami wave excitation than coseismic slip on the shallow 
décollement. We calibrate a power-law relationship with outer-wedge width and seismic moment to estimate the 
maximum tsunami run-up along major subduction zones. The tsunami excitation potential is among the highest 
at the northern Sumatra (Indonesia), Hikurangi (New Zealand), and western Makran (Iran) accretionary margins, 
and the lowest at the Costa Rica and Valdivia (Chile) erosive margins. The structural control of tsunami exci
tation is important to characterize the rupture style and tsunami magnitude of future seismicity at subduction 
zones, offering crucial information for seismic and tsunami hazard preparedness and rapid run-up assessment 
during the early-warning stage, especially at well-identified seismic gaps.   

1. Introduction 

The recycling of oceanic plates at subduction zones is a key part of 
plate tectonics, enabling many geochemical cycles that make our planet 
inhabitable. The subduction of oceanic material occurs at a shallow 
angle in the lithosphere and is resisted by frictional forces. The wide area 
offered by subduction megathrusts releases more than 90% of global 
seismicity and powers Earth’s largest earthquakes and tsunamis (Fig. 1a 
and Table S1). The Rim of Fire, which extends around the Pacific Rim to 
the Java-Sumatran arc in Southeast Asia, produced many of the largest 
earthquakes and tsunamis of the past century, including the 1960 
moment magnitude (Mw) 9.5 Valdivia, Chile and the 1964 Mw 9.2 
Alaska giant earthquakes. Seismically triggered tsunami waves cause 
great loss of life and property and have been described as the scourge of 

the Pacific [Lockridge, 1985]. 
After several decades of relative quiescence, giant earthquakes 

reoccurred in the 21st century with the 2004 Mw 9.2 Sumatra-Andaman 
earthquake on the Sunda megathrust [Chlieh et al., 2007; Ammon et al., 
2005; Lay et al., 2005], the 2010 Mw 8.7 Maule earthquake at the 
Chilean subduction zone [Moreno et al., 2010; Weiss et al., 2019], and 
the 2011 Mw 9.1 Tohoku-Oki megaquake along the Japan Trench [Lay 
and Kanamori, 2011; Wei et al., 2012; Simons et al., 2011]. More great 
and giant earthquakes are expected at many remaining seismic gaps of 
global subduction zones [McCann et al., 1979; Heaton and Kanamori, 
1984; Thatcher, 1989] or at their boundary [Herman and Furlong, 
2021] and they will be almost certainly be accompanied by trans- 
oceanic tsunami waves. Understanding the relationship between seis
micity and tsunami-genesis is a major challenge in tectonophysics 
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[Satake and Tanioka, 1999; Polet and Kanamori, 2000; Geersen, 2019]. 
This is exemplified by the conundrum of tsunami earthquakes that occur 
close to the trench and generate tsunami waves comparable to that of 
larger-magnitude earthquakes [Kanamori, 1972; Kanamori and Kikuchi, 
1993; Kanamori et al., 2010]. Tsunami earthquakes have occurred in 
many sections of the Pacific Rim (Fig. 1a and Table S1) and represent a 
major category of subduction seismicity. Current models of subduction 

seismicity suggest a depth-dependent rupture behavior controlled by 
chemical and geothermal gradients and structural boundaries [e.g., 
Hyndman et al., 1997; Song and Simons, 2003; Lay et al., 2012; Obara 
and Kato, 2016; Gao and Wang, 2017; Bilek and Lay, 2018; Shi et al., 
2020; Barbot, 2020]. The seismogenic zone underlies the inner wedge 
and the arc or continental crust, bounded by the 100 and 350◦C iso
therms of unstable friction for quartz-rich gouge [Blanpied et al., 1991, 

Fig. 1. a) Tsunami earthquakes since 1800 and great or giant earthquake since 1900 along global subduction margins. Black-barbed lines represent subducting 
boundaries (solid-accretionary; broken-erosive). Colored symbols show hypocenter location of each earthquake from the USGS catalog, with tsunami earthquakes 
(green), blind earthquakes (blue) and trenchbreaking ruptures (red), defined in the inset. Open symbols show events at erosive margins. 
b) Maximum tsunami run-up measurements against seismic moment magnitude generated by tsunami earthquakes (green), blind ruptures (blue) and great or giant 
trench-breaking earthquakes (red). The colored symbols are the same as in a). c) Same as b) but for the median tsunami run-up. The global tsunami run-up dataset is 
from NOAA (National Geophysical Data Center / World Data Service: NCEI/WDS Global Historical Tsunami Database. NOAA National Centers for Environmental 
Information. doi:https://doi.org/10.7289/V5PN93H7 [access date on 18 June 2020]). See also Table S1. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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1995; Scholz, 1998]. Long-term and short-term slow-slip events, 
whether or not associated with low-frequency earthquakes and tremors, 
occur in stable-weakening regions promoted by regional meta
morphism, high temperature, and the presence of fluids [Bürgmann, 
2018; Behr and Bürgmann, 2021; Condit et al., 2020; Kirkpatrick et al., 
2021]. The brittle-ductile transition occurs below the cold nose, un
derneath the volcanic arc when it exists [Wada and Wang, 2009; Qiu 
et al., 2018; Weiss et al., 2019; Barbot, 2020; Luo and Wang, 2021]. The 
seismogenic and tsunamigenic potentials of the megathrust underneath 
the shallow accretionary prism is less well understood. Observations of 
trench-breaking slip during the 2004 Sumatra-Andaman [e.g., Singh 

et al., 2008; Dean et al., 2010; Hüpers et al., 2017] and the 2011 
Tohoku-Oki [Fujiwara et al., 2011; Ito et al., 2011; Kido et al., 2011; 
Kodaira et al., 2012] earthquakes, of shallow slow-slip events [Wallace 
et al., 2016; Todd et al., 2018; Saffer and Wallace, 2015; Araki et al., 
2017] and low-frequency earthquakes [Ito and Obara, 2006; Obana and 
Kodaira, 2009; Nakano et al., 2018], and of tsunami earthquakes, pro
vide direct evidence for unstable fault slip near the trench. The relative 
scarcity of shallow megathrust seismicity may be explained by distrib
uted deformation in the thrust-and-fold belt of the outer wedge [Li et al., 
2015; Sathiakumar et al., 2020; Shi et al., 2020] or by the complex 
evolution of the frictional properties of the overlying sediment, mostly 

Fig. 2. Anatomy of a subduction zone in cross-section. a) Typical cross section of ocean-continent subduction zone with the accretionary prism abutting the con
tinental shelf. The seismogenic zone extends from the paleo-prism to the top of the cold nose. The frictional properties of the inner- and outer-wedge is more complex 
and non-stationary. b) Typical cross-section for the Sunda and Java subduction zones, with a large basin separating the accretionary prism from the continent or arc 
crust. c) Accretionary prism decomposed into the paleo-, inner-, and outer-wedge. d) Similar section for the Sunda and Java subduction zones. e) Typical structure of 
the outer wedge from a forearc high to the trench, with landward- and seaward-vergent thrusts and folds. 

Q. Qiu and S. Barbot                                                                                                                                                                                                                          



Earth-Science Reviews 230 (2022) 104054

4

clay [Brantut et al., 2008; Ujiie and Tsutsumi, 2010; Tsutsumi et al., 
2011; Ikari and Kopf, 2017; Aretusini et al., 2021]. Several mechanisms 
have been proposed to explain large shallow slip on the décollement 
during trench-breaking ruptures, including thermal pressurization 
[Sibson, 1977; Wibberley and Shimamoto, 2005; Ishikawa et al., 2008; 
Noda and Lapusta, 2013], hydraulic lubrication [Brodsky and Kanamori, 
2001; Di Toro et al., 2006], frictional heating [Hirono et al., 2008; 
Tanaka et al., 2006], and flash weakening [Beeler et al., 2008; Rice, 
2006], but an explanation for the elevated tsunami potential of shallow 
ruptures is still elusive. 

Various source mechanisms can be invoked to explain extreme 
tsunami wave heights. Efficient seafloor uplift can be explained by in
elastic deformation within the outer wedge [Ma and Hirakawa, 2013; 
Kozdon and Dunham, 2014; Lotto et al., 2017; Ma and Nie, 2019], 
enhanced deformation due to low rigidity of the frontal wedge [Bilek 
and Lay, 1999; Polet and Kanamori, 2000; Sallares and Ranero, 2019], 
submarine slump failure [Kanamori and Kikuchi, 1993; Ward, 2001], 
hanging wall plasticity [Seno, 2000; Tanioka and Seno, 2001; Hill et al., 
2012], structural control from seafloor roughness at sediment-starved 
trenches [Polet and Kanamori, 2000; Geersen, 2019], or exceptionally 
large shallow megathrust slip [Satake and Tanioka, 1999; Satake et al., 
2017; Lay et al., 2011b]. Despite this progress, a simple explanatory 
framework for the generation of earthquakes and exceptionally large 
tsunamis at the shallow portion of subduction zones is still missing. 

To shed new light on the problem, we draw insights from a global 
catalog of run-up of seismically triggered tsunamis comprising a wide 
range of tectonic settings spanning different plate age, geometry, 
convergence rates, and sediment fluxes (Fig. 1b). The distribution of 
maximum and median tsunami run-up as a function of earthquake 
magnitude can be grouped into three earthquakes categories based 
solely on the location and extent of the rupture: First, the blind ruptures 
that do not extend to the trench, e.g., the 2005 Mw 8.6 Nias-Simeulue 
and the 2014 Mw 8.1 Iquique events, and that generate only moderate 
or minor tsunami waves; second, the trench-breaking ruptures of great 
and giant earthquakes that generate substantial tsunamis; and third, the 
tsunami earthquakes that are confined to the frontal portion of the 
accretionary prism and break to the trench, which generate similar-sized 
tsunamis to that of category-two events. These results highlight that 
tsunami-genesis is not only controlled by earthquake size, but also by the 
proximity of earthquake ruptures to the trench and the structural fabric 
of the hanging wall. 

Seismic imaging of active margins over the past decades has 
increased our understanding of the structure and mechanical properties 
of accretionary wedges (Fig. 2), illuminating at least three mechanically 
distinct segments [von Huene et al., 2009; Wang et al., 2006; Wang and 
Hu, 2006; Kimura et al., 2007; Wang et al., 2010; Watt and Brothers, 
2020]. The actively deforming outer wedge is a thrust-and-fold belt, 
characterized by the presence of numerous parallel or conjugate faults 
overlain by folds, that sits under steep seafloor topographic slopes 
[Mandal et al., 1997; Seno, 2000; Wang et al., 2006; Singh et al., 2008; 
Kopp et al., 2009; Kamei et al., 2012; Zhu et al., 2013]. The outer wedge 
includes a frontal prism near the trench, which is often the most 
intensely deforming segment. The inner wedge encompasses a thicker 
pile of sediment under mild seafloor slopes and undergoes little internal 
deformation contemporaneously. The basal layer of the inner wedge 
includes more lithified sediment due to higher temperature and pres
sure. The third offshore segment of subduction margins lies under the 
continental or arc shelf or under forearc basins and represents the frontal 
keel of the crust from the overriding plate. The inner and outer wedges 
are separated by a dynamic backstop while a static backstop bounds the 
inner wedge and the continental or arc crust [Watt and Brothers, 2020]. 
In this study, we argue that tsunami-genesis is largely controlled by the 
overlap of seismic ruptures with the outer wedge of the accretionary 
prism (Fig. 2e). The high-angle splay faults of the outer wedge provide 
an efficient mechanism to transfer sub-horizontal slip on the megathrust 
to seafloor uplift and tsunami excitation. The down-dip width of the 

outer wedge controls the number of splay faults involved during rupture, 
individual fault slip, and the resulting coseismic seafloor uplift. 

To investigate the structural control of tsunami excitation, we review 
multiple geophysical, seismo-geodetic, and high-resolution bathymetric 
datasets. We delineate the inner and outer wedges of accretionary 
prisms by interpretation of seismic horizons in vertical cross-sections 
and by mapping surface faults and folds. In the following section, we 
analyze the morphology surrounding the rupture areas of historical and 
more recent tsunami earthquakes. We find that the rupture width, 
moment magnitude, and tsunami run-up of tsunami earthquakes are 
positively correlated with the width of the outer wedge. This relation
ship allows us to discuss tsunami hazards at other subduction zones 
based on morphological data. In a subsequent section, we calibrate an 
empirical model of maximum tsunami run-up of trench-breaking rup
tures based on the width of the outer wedge and the earthquake moment 
magnitude using data from historical great and giant earthquakes. We 
conclude by making predictions of maximum tsunami run-up for hy
pothesized trench-breaking ruptures at global subduction zones based 
on the morphology of the outer wedge. Our model indicates the highest 
tsunami run-up for tsunami earthquakes at the Western Makran (Iran), 
Western Aleutian, Lesser Antilles, Hikurangi (New Zealand), and Cas
cadia subduction zones, although there is notable trench-parallel vari
ability. Detailed seismic imaging of the outer wedge at megathrust 
seismic gaps will be key to better mitigate the tsunami risks induced by 
subduction seismicity. 

2. Relationship between tsunami earthquakes and the outer 
wedge 

We start by describing the structural setting of well-documented 
tsunami earthquakes to delineate their relationship with the outer 
wedge. We assemble high-resolution bathymetric data and multi- 
channel seismic profiles and use slip distribution models to constrain 
the rupture location. The bathymetric data is from high-resolution 
multi-beam surveys or coarser datasets [Ryan et al., 2009]. For each 
case, we consider several bathymetric and topographic profiles going 
through the maximum coseismic slip region and we identify a repre
sentative trench-perpendicular seismic profile that may be offset along 
strike from the rupture area in some cases. Considering the bathymetry 
and the subsurface horizons, we map the faults and folds in the accre
tionary prism. For each case, we define the outer wedge in the accre
tionary prism as the region spanning from the trench to a bathymetric 
slope break or outer ridge that encompasses multiple active faults and 
folds above the megathrust (e.g., Fig. 3). In the following subsections, 
we present our seismic and structural analyses for each subduction 
margin where a tsunami earthquake occurred. We start the analysis in 
Northern Sumatra, Mentawai, and Java in Southeast Asia. We then 
examine events around the Pacific Ocean, starting in New Zealand, 
Northern Japan, Kuril, and the Aleutian, continuing with the Nicaragua 
and Peru subduction zones (Fig. 1a). 

2.1. 1907 Mw 7.8 Nias tsunami earthquake at the Sunda Trench 

On January 4, 1907, the Simeulue and Nias Islands were rattled by a 
shallow megathrust rupture with a surface wave magnitude (Ms) be
tween 7.5 and 8.0. The rupture triggered a tsunami with a 20 m 
maximum tsunami run-up that killed hundreds of people [Kanamori 
et al., 2010; Martin et al., 2019]. The shaking came from two ruptures 
separated by an hour that generated different levels of ground shaking. 
The first event to the south was characterized by low levels of ground 
shaking, which is typical for a tsunami earthquake. The later Ms. 7 event 
to the north was responsible for the strong shaking on the Nias island 
[Martin et al., 2019]. Similar slow and fast two-stages ruptures have also 
been reported in the 2006 Java [Fan et al., 2017] and the 1963 and 1975 
Kuril tsunami earthquakes [Fukao, 1979]. Combining the near- and far- 
field tsunami observations with forward tsunami modeling, Martin et al. 
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[2019] estimated a ~220 km rupture extending along the shallow Sunda 
megathrust with ~21 m of maximum slip offshore the Simeulue and 
Nias islands (Fig. 3). 

The Sunda-Andaman Trench that delineates the boundary between 
the India-Australian plate and the Sunda peninsula of the Eurasian plate 
is an accretionary margin [Clift and Vannucchi, 2004] accumulating 
thick sediment from the Bengal Fan, a sink of Himalayan erosion. Along 
the northern half of the Sunda Trench, these sediments form a wide 
accretionary prism characterized by a plateau separating a forearc basin 
from the frontal section. Among various seismic profiles available in the 
region [e.g., Dean et al., 2010; Moore and Curray, 1980; Singh et al., 
2008], the one from Moore and Curray [1980] may be the most repre
sentative of the Nias section. The seismic profile reveals the horizontal 
bedding planes of incoming sediment followed by accretion and 
underplating within the accretionary prism. Near the frontal prism, the 
tilted seismic horizons and fault scarps suggest active deformation. The 
outer wedge can be recognized from its steep slopes, fault scarps, and 

internal deformation. The inner boundary of the outer wedge is marked 
by a slope break bounding the virtually undisturbed sub-horizontal 
sediment layers of the inner wedge. Considering these structural 
boundaries, we estimate an outer wedge horizontal width of 30 km. 

The high-slip region of the 1907 tsunami earthquake overlaps with 
many surficial ridges and fold axes, and is largely confined within the 
outer wedge (Fig. 3). The location of the rupture suggests that some 
internal structures of the outer wedge may be involved with the 
anomalously large tsunami waves. The maximum slip region offshore 
Simeulue Island to the north is associated with a much denser and wider 
distribution of ridges and fold axes than that of the first, more moderate 
slip region to the south. The strong shaking of the second event in the 
1907 tsunami earthquake sequence may have been caused by the acti
vation of more splay faults within the outer wedge. These observations 
suggest that the structure of the outer wedge exerted some control on 
tsunami excitation during the 1907 tsunami earthquake doublet. 

Fig. 3. Structural and tectonic setting of the 1907 Mw 7.8 Nias tsunami earthquake, Sumatra, Indonesia. a) Slip distribution of the 2005 Mw 8.6 Simeulue-Nias 
earthquake (black contours) [Hsu et al., 2006] and location of seismic profiles. Scarps and fold axes (bold black lines, broken if more uncertain) are highlighted 
in the map. The dark-red barbed line represents trench axis. The red contour delineates the estimated 1907 Mw 8.2 effective rupture patch from Martin et al. [2019]. 
b) Bathymetry along profiles Nias1 and Nias2 outlined in a). The red horizontal bars show the estimated slip within the outer wedge [Martin et al., 2019]. c) 
Interpretation of representative seismic profile L3 Moore and Curray [1980] showing the outer wedge in relation to the lower and middle slopes. Additional profiles 
for the Nias region include L7 and L9 [Moore and Curray, 1980]. Figs. 3-11 follow the same layout. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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2.2. 2010 Mw 7.8 Mentawai tsunami earthquake at the Sunda Trench 

Farther south along the Sunda megathrust, a tsunami earthquake 
ruptured the shallowest section of the megathrust on October 25, 2010 
offshore Pagai (Fig. 4). The 2010 Mw 7.8 Mentawai earthquake was 
characterized by a very slow (1~1.5 km/s) and long-duration 
(100~150 s) rupture depleted in high-frequency seismic radiation 
[Lay et al., 2011a; Yue et al., 2014]. The rupture generated an anoma
lously large tsunami with >16 m of maximum run-up that claimed 509 
deaths on the Pagai Islands [Hill et al., 2012]. Seismo-geodetic models 
place large coseismic slip (about 8 m) close to the trench [Yue et al., 
2014; Hill et al., 2012; Li et al., 2016]. The rupture generated a localized 
tsunami wave that was reported mainly on Pagai and Sipora Islands, 
with a maximum tsunami runup >16 m reported on Sibigau Island, 
offshore the southern Pagai Island [Hill et al., 2012]. 

Moderate and minor tsunamis were also reported on the Mentawai 
Islands, Sumatra, and other parts of the Indian Ocean. 

The morphology of the Sunda Trench varies along strike with a major 

structural boundary at the Investigator Fracture Zone, where a fossil 
ridge is subducting obliquely. The fossil ridge is a topographic high that 
impedes sediment transport farther south [Whittaker et al., 2013; 
Pasyanos et al., 2014]. North of this basin boundary, the sediment pileup 
above the oceanic crust is about 1.5 km thick or higher. Southeast of 98◦, 
the sediment thickness drops to half a kilometer, affecting the sediment 
flux on the Sunda Trench. The high-quality seismic profile CGGV020 
[Hananto et al., 2020] that crosses the rupture area of the 2010 Mw 7.8 
Mentawai tsunami earthquake reveals a severely deformed outer wedge 
with numerous faults, folds, and high-angle splay faults branching from 
the megathrust, forming shallow pop-up structures, i.e., bi-vergent 
thrusts (Fig. 4c). Considering the bathymetric change of slope boun
ded by an outer arc high, the density of surface fold axes, and the seis
mically imaged internal deformation, we estimate an outer-wedge 
horizontal width of 35 km. As the large coseismic slip of 8 m on the 
shallow megathrust is not sufficient to generate the tsunami run-up 
observed on Pagai Island [Hananto et al., 2020], the uplift of extra 
volume of water close to the trench from plastic deformation was 

Fig. 4. Structural and tectonic setting of the 2010 Mw 7.8 Mentawai tsunami earthquake, Sumatra, Indonesia. a) Slip distribution (red contours) of the 2010 
Mentawai tsunami earthquake [Hill et al., 2012] and location of seismic and bathymetric profiles. b) Bathymetry along profiles Pagai1 and Pagai2. c) Interpretation 
of representative seismic profile CGGV020 [Hananto et al., 2020] showing the structure and extent of the outer wedge. PU represents a pop-up block bounded by 
conjugate bi-vergent thrusts. For other definitions, see the caption of Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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proposed to fit the coastal waves observed on nearby islands [Hill et al., 
2012]. Detailed seismological, morphological, and tsunami waveform 
analyses suggest that the rupture of bi-vergent frontal thrusts likely 
controlled the outsize tsunami of the Mentawai event [Yue et al., 2014; 
Li et al., 2016; Bradley et al., 2019; Hananto et al., 2020]. 

The combination of seismic profiles and bathymetry data indicates 
that most of the 2010 Mw 7.8 Mentawai tsunami earthquake rupture 
patch was confined within the frontal accretionary wedge, and pre
sumably activated forward and backward-vergent faults of the outer 
wedge. While the details of the rupture propagation within these bi- 
vergent splay faults remain poorly constrained in the absence of sea
floor observations, the spatial overlap of the Mentawai tsunami earth
quake rupture with the outer wedge of the Sunda megathrust and 

disproportional large run-up indicate a structural control of tsunami 
excitation. 

2.3. 1994 Mw 7.8 and 2006 Mw 7.7 tsunami earthquakes at the Java 
Trench 

A large thrust earthquake with a local magnitude (Ms) of 7.2 
occurred near the Java Trench on June 2, 1994 [Abercrombie et al., 
2001; Bilek and Engdahl, 2007]. Detailed broadband body-wave anal
ysis suggests that it was a Mw 7.6 rupture dipping ~12◦ to the north and 
located at depth of ~16 km [Abercrombie et al., 2001]. The rupture 
generated a devastating tsunami that caused severe damage and a large 
death toll in Southern Java [Maramai and Tinti, 1997]. The tsunami was 

Fig. 5. Structural and tectonic setting of the 1994 Mw 7.8 Java tsunami earthquake, Java, Indonesia. a) Slip (red contours) distribution of the 1994 Java tsunami 
earthquake from the USGS FFM database [Hayes, 2017] and location of seismic profiles [Lüschen et al., 2011]. b) Bathymetry along profiles Java1 and Java2. c) 
Interpretation of representative seismic profile BGR06–303 Lüschen et al. [2011], which offers a better resolution than nearby profile BGR06–305. OT represents an 
out-of-sequence thrust. For similar definitions, see the caption of Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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characterized by wave heights greater than 5 m along the coastline and a 
maximum run-up of ~9.5 m at Rajekwesi [Maramai and Tinti, 1997]. 
The seismic rupture may have propagated slowly (~80-90 s) to the 
trench, with a deficiency in high-frequency seismic radiation and a 
maximum slip area located northeast of the hypocenter [Abercrombie 
et al., 2001]. A more recent model [Hayes, 2017] suggests a rather more 
compact slip distribution concentrated near the hypocenter (Fig. 5). The 
earthquake triggered many normal-faulting aftershocks in the subduct
ing plate [Abercrombie et al., 2001], indicating that the rupture reached 
the trench and brought the outer-rise to failure [Sladen and Trevisan, 
2018]. These observations imply that a majority of the coseismic slip of 
the 1994 Java rupture took place near the frontal prism of the Java 
Trench (Fig. 5c). 

The Java arc forms the southern boundary of the Sundaland where 
an older section of the Indo-Australian plate subducts beneath the 

Eurasian plate. The subduction margin is also characterized by a plateau 
separating the forearc basin from the frontal accretionary wedge, but the 
bathymetric highs are not prominent enough to form forearc islands, as 
offshore Sumatra. The seismic profiles offshore eastern Java and Bali 
illuminate several high-angle faults branching from the basal mega
thrust [Lüschen et al., 2011]. Based on the presence of oblique seismic 
reflectors and the steep topography, we estimate a 40 km wide outer 
wedge (Fig. 5c). The 1994 rupture was almost entirely confined within 
the outer wedge, with large coseismic slip coinciding with the location 
of a high-angle mega-splay fault in the BGR06–305 profile [Lüschen 
et al., 2011]. This wide fault may have produced an efficient pathway to 
convert slip on the megathrust to vertical seafloor displacement, 
contributing to the devastating tsunami waves along the Java coastline. 
The sub-horizontal décollement underlying the outer wedge would 
require more coseismic slip to uplift the seafloor without activating any 

Fig. 6. Structural and tectonic setting of the 2006 Mw 7.7 Java tsunami earthquake, Java, Indonesia. a) Slip (red contours) distribution of the 2006 Java tsunami 
earthquake from the USGS FFM database [Hayes, 2017] and location of seismic profiles [Kopp et al., 2009]. b) Bathymetry along profiles Java1 and Java2. c) 
Interpretation of representative seismic profile SO137–03 [Kopp et al., 2009]. OT stands for the out-of-sequence thrust. For similar definitions, see the caption of 
Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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hanging wall structure [Geist and Oglesby, 2014]. 
Northwest of the 1994 event on the Java Trench, another Mw 7.7 

tsunami earthquake ruptured the shallow megathrust in 2006 [Ammon 
et al., 2006; Fujii and Satake, 2006; Fritz et al., 2007; Bilek and Engdahl, 
2007]. It generated a destructive regional tsunami that killed more than 
600 people and affected more than 300 km of the southern coastline of 
Java (Fig. 6). The international tsunami survey team reported a peaky 
wave (~21 m) at the southern coast of Nusa Kambangan, with ~5–7 m 
wave height fairly uniformly distributed along 200 km of the sur
rounding coastline [Fritz et al., 2007]. A recent slip model places the 
majority of the coseismic slip distribution on the shallow megathrust 
near the trench [Hayes, 2017], which is further supported by the 

triggering of outer-rise aftershocks [Sladen and Trevisan, 2018]. Back- 
projection of the radiated seismic waves reveals a variable-speed 
rupture propagating at ~1 km/s in the first 60 s, then at 2.7 km/s in 
the remaining 100 s [Fan et al., 2017]. Furthermore, the back-projection 
of the tsunami wave indicates that the source of the wave crest coincides 
with the high-frequency radiation in the outer wedge, suggesting the 
activation of high-angle splay faults. 

Taking the nearby seismic profile SO137–03 [Kopp et al., 2009] as a 
representative cross-section, the source of the 2006 rupture coincides 
with a well-developed thrust-and-fold belt within a 40 km-wide outer 
wedge (Fig. 6c). The internal structure of the outer wedge consists of 
parallel imbricate thrust faults splaying off the basal décollement. The 

Fig. 7. Structural and tectonic setting of the 1947 Mw 7.1 Poverty Bay tsunami earthquake, New Zealand. a) Estimated rupture region (red box) [Bell et al., 2010] 
and location of seismic profiles (brown-solid lines) [Barker et al., 2009]. The shaded gray area shows the 2014 slow-slip event region [Wallace et al., 2016]. b) 
Bathymetry along profiles NZ1–3. c) Interpretation of representative seismic profile 05CM-4 [Barker et al., 2009]. Other profiles include 05CM-01, 38 [Barker et al., 
2009]. See the caption of Fig. 3 for more details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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inner wedge is squeezed underneath the plateau that separates the 
forearc basin from the steep outer wedge. As evidenced by the coinci
dence between the source of the tsunami wave crest and high-frequency 
seismic radiations with the high-angle splay faults of the outer wedge, 
we conclude that the high-angle thrust faults likely slipped during the 
seismic rupture to generate the destructive tsunami waves that broke at 
Nusa Kambangan. The majority of high coseismic slip occurred within 
the frontal prism. 

2.4. 1947 Mw 7.1 tsunami earthquake at the Hikurangi Trench 

Two earthquakes with an estimated Mw <6 occurred on March 25 
and May 17, 1947 offshore Poverty Bay and Tolaga Bay, New Zealand, 
respectively (Fig. 7). These two seismic events exhibited slow rupture, 
long duration, and low-frequency radiation, and took place in the weak 
sediment of the shallow accretionary prism [Eiby, 1982; Bell et al., 
2010]. They generated abnormally large tsunami waves (~10 m) that 
caused damage to coastal structures between Anaura Bay and Mahia 
Peninsula [Eiby, 1982]. Based on seismological, magnetic, and geodetic 
data and on tsunami modeling, two slip scenarios have been proposed 
for these events: a uniform 2.6 m coseismic slip and a variable slip 
distribution with a maximum slip reaching 5–6 m [Bell et al., 2010]. 
However, the proposed models require an extremely slow rupture 
~150–300 m/s and the predicted tsunami heights underestimate the 
observations, suggesting the presence of another tsunami excitation 
mechanism. 

The Hikurangi subduction zone offshore North Island, New Zealand 
is the southern termination of the Tonga-Kermadec intra-oceanic sub
duction zone where the over-thickened oceanic crust of the Hikurangi 
Plateau subducts obliquely underneath the eastern edge of the Indo- 
Australian plate [Nicol and Beavan, 2003; Wallace et al., 2009]. 
Contrarily to the Kermadec segment to the north, the Hikurangi margin 
is an accretionary margin. Seismic imaging offshore North Island illu
minates many reverse faults that splay from the subduction interface 
[Barnes et al., 2002; Mountjoy and Barnes, 2011]. In particular, the 
seismic profile 05CM-04 [Barker et al., 2009] crosses the rupture area of 
the 1947 Mw 7.2 Poverty Bay tsunami earthquake and reveals a strongly 
deformed outer wedge with numerous high-angle splay faults that sole 
into the basal plate interface. Based on the distribution of active faults 
and bathymetric features, we estimate an outer-wedge width of 18 km 
(Fig. 7c). The separation of a steep frontal prism from a flatter inner 
wedge by the rest of the outer ridge is a distinctive feature of the 
Hikurangi accretionary prism that is imaged in other seismic profiles 
[Barker et al., 2009]. As the inferred coseismic slip area of the 1947 
tsunami earthquakes is fully encompassed by the outer wedge, we sug
gest that some of the high-angle thrust faults may have slipped during 
the ruptures, resulting in anomalously high tsunami waves along the 
coast. 

2.5. 1896 Mw 8.0 Sanriku tsunami earthquake at the Japan Trench 

The June 15, 1896 Sanriku, Japan earthquake generated a large 
tsunami that claimed about 20,000 lives [Satake et al., 2017]. The 
earthquake was estimated by a local magnitude at Ms. 7.2 using global 
surface wave data [Abe, 1994], but was revised at Mw 8–8.2 based on 
aftershock activity [UTSU, 1994]. Although the shaking of the Sanriku 
earthquake was weak, it generated a disproportionately high tsunami of 
tsunami magnitude (Mt) 8.6 with maximum run-up of 38 m [Abe, 1979; 
Satake et al., 2017]. Early tsunami modeling constrains the rupture as a 
50 x 210 km area located underneath the shallow accretionary prism 
[Tanioka and Sataka, 1996]. However, new tsunami wave height and 
tide gauge data analysis indicates that the slip distribution of the 1896 
tsunami earthquake and the 2011 Mw 9.1 Tohoku earthquake may be 
complementary, with about 20 m of coseismic slip on a deeper portion in 
1896 and 20–36 m of coseismic slip on the shallower section in 2011 
[Satake et al., 2017]. Although the inferred slip of the 1896 and 2011 

earthquakes differ remarkably at the same location, they produced a 
comparable tsunami run-up along the coast of Miyako and Kuji [Choi 
et al., 2012; Satake et al., 2017]. These observations suggest that other 
tsunami excitation mechanisms were involved during the shallow 
rupture. 

The Japan Trench is an erosive margin that forms the boundary 
between the Okhotsk and Pacific plates where the subduction thickens 
the Japanese island arc [Takahashi et al., 2003; Miura et al., 2005]. The 
accretionary prism of the Japan Trench is conveniently decomposed into 
the lower, middle, and upper slopes [Kodaira et al., 2012; Nakamura 
et al., 2013; Boston et al., 2017; Kodaira et al., 2017]. The frontal prism 
is tucked below the lower slope and the outer wedge extends below the 
lower and middle slopes. The inner wedge sits below the upper slope and 
forms a dynamic backstop of Pliocene-Pleistocene and Miocene sedi
ment [Kodaira et al., 2017]. The deformation style varies greatly along 
strike with a mega-splay normal fault bounding the outer wedge 
offshore Miyagi and a large thrust offshore Sanriku [Tsuji et al., 2013]. 
We take the seismic profile D19 of Kodaira et al. [2017] and the multi- 
beam bathymetric profile SO251A [Fujiwara et al., 2017] as represen
tative cross sections for the 1896 Mw 8 Sanriku tsumami earthquake 
(Fig. 8). The rough plate interface is cut by many normal faults inherited 
from bending of the outer rise. The outer wedge is split by two major 
high-angle thrust faults branching from the megathrust: one bounds the 
frontal prism and manifest itself by active scarps; the other is farther 
landward and is covered by a kilometer of sediment cut by normal faults 
near the slope break. Based on the extent of major splay faults and the 
steep bathymetry, we estimate a 35 km wide outer wedge. The rupture 
width of the 1896 Mw 8 Sanriku tsunami earthquake is consistent with 
the outer wedge, suggesting that the activation of thrust faults in the 
outer wedge contributed to the large tsunami that inundated the Sanriku 
coast in 1896. 

2.6. 1963 Mw 7.8 and 1975 Mw 7.5 tsunami earthquakes at Kuril 
Trench 

On October 20, 1963 an earthquake with Ms. 8.2 ruptured at shallow 
depth of the megathrust far offshore the Kuril Island [Fukao, 1979]. The 
full sequence included many low-angle thrust foreshocks and after
shocks [Fukao, 1979]. The slow rupture, shallow depth, low-frequency 
radiation, and long duration (~100 s) determined from long-period 
surface wave, along with the disproportional tsunami are hallmarks of 
a tsunami earthquake [Kanamori, 1972]. The largest aftershock 
occurred farther seaward, close to the trench, and generated a surpris
ingly large tsunami, but with a much shorter (~60 s) duration than that 
of the mainshock [Fukao, 1979]. Due to its slow rupture and large 
tsunami, this aftershock itself is characterized as a tsunami earthquake 
[Kanamori, 1972; Fukao, 1979]. This is the first observation of a trench- 
breaking earthquake triggering another tsunami earthquake. 

Along the same trench, southwest of the 1963 tsunami rupture 
sequence, another shallow (~15 km) Ms. 7.0 earthquake rattled the 
megathrust offshore east Hokkaido, Japan on June 10, 1975 (Fig. 8) 
[Fukao, 1979]. The rupture area is farther offshore of previous tsunami 
events, i.e., 11 August 1969 Ms. 7.9 and 17 June 1973 Ms. 7.7 [Fukao, 
1979]. The relocated hypocenter depth is at ~3 km, indicating an 
extremely shallow rupture [Fukao, 1979]. A comparison of rupture 
characteristics, tsunami run-up, and spectral amplitude ratio at long 
period between these nearby events indicated that the shallow 1975 
rupture was a tsunami earthquake with a dimension of ~100 × 60 km 
[Fukao, 1979]. 

The 1963 and 1975 tsunami earthquakes share many commonalities 
in rupture characteristics. The initial rupture phase is characterized by 
thrust motion on a gently dipping megathrust <5◦ constrained by the 
first arrivals, but a large change in dipping angle from 20 to 45◦ is 
necessary to explain the polarity of seismic waves [Fukao, 1979], similar 
to the change in dipping angle revealed by the rupture speed and the 
back-projected tsunami waves during the 2006 Mw 7.8 Java tsunami 

Q. Qiu and S. Barbot                                                                                                                                                                                                                          



Earth-Science Reviews 230 (2022) 104054

11

earthquake [Fan et al., 2017]. The change in dip angle and the efficient 
tsunami excitation suggest that the rupture of both 1963 and 1975 
events initiated and propagated to the shallow megathrust and then 
activated the high-angle faults in the outer wedge [Fukao, 1979]. 

The accretionary wedge of the Kuril Trench follows a similar 
nomenclature as the Japan Trench with a middle terrace separating the 
lower and middle slopes [Okamura et al., 2008; Klaeschen et al., 1994]. 
While high-quality seismic data for the 1963 tsunami earthquake 
rupture region seem lacking, the seismic profile Kuril line 3 [Klaeschen 
et al., 1994] crosses the 1975 tsunami earthquake rupture area (Fig. 8). 
The profile highlights numerous steep thrust faults branching from the 
megathrust at shallow depth and slope-break area in the 15 km wide 
outer wedge. The shallow hypocentral depth of the 1963 and 1975 
events and the steep branching rupture proposed by Fukao [1979] 
coincide with the high-angle (18–48◦) thrusts faults of the outer wedge 

(Fig. 8). We suggest that some of these thrust faults ruptured during 
these two earthquakes, resulting in the unexpectedly large tsunami. 

2.7. 1946 Mw 8.2 Unimak tsunami earthquake at the Aleutian Trench 

On April 1st, 1946, a Ms. 7.4 seismic rupture unzipped the shallow 
megathrust offshore Unimak Island, Aleutian (Fig. 9), producing a Mt. 
9.3 tsunami [Johnson and Satake, 1997] that killed 167 people and 
generated a 42 m tsunami wave at Scotch Cap [Fryer et al., 2004]. The 
tsunami size was larger than that of the neighboring events, i.e., the 
1957 Mw 8.6 (Mt 9.0) Aleutian and 1964 Mw 9.2 (Mt 9.1) Alaska 
earthquake, despite the lower moment magnitude, which is character
istic of a tsunami earthquake [Kanamori, 1972; Johnson and Satake, 
1997]. Various explanations for the anomalous tsunami waves have 
been proposed. The near-field tide gauge data is compatible with a 80 x 

Fig. 8. Structural and tectonic setting of the 1896 
Mw 8.0 Sanriku, 1963 Mw 7.8 and 1975 Mw 7.5 
tsunami earthquakes, at Japan and Kuril subduction 
zones, respectively. a) Footprints of the 1896 (red 
box) [Satake and Tanioka, 1999], 2003 Mw 8.2 
[Koketsu et al., 2004], 2011 Mw 9.0 [Wei et al., 
2012] earthquake ruptures and location of seismic 
profiles [Kodaira et al., 2017; Klaeschen et al., 1994; 
Okamura et al., 2008]. b) Bathymetry along profiles 
SO251A [Tsuru et al., 2002], Kuril1, and Kuril2. c) 
and d) Interpretation of representative seismic pro
files D19 in Japan [Kodaira et al., 2017] Kuril-3 
[Klaeschen et al., 1994], respectively. Other profiles 
include TH03, D02 [Kodaira et al., 2017]. OT repre
sents an out-of-sequence thrust. For additional in
formation, see the caption of Fig. 3. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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145 km Mw 8.2 rupture with ~10 m of coseismic slip on two shallow 
patches [Johnson and Satake, 1997]. However, the resulting model 
cannot explain the second peaky wave recorded at a Honolulu, Hawaii 
tide gauge. Explaining near- and far-field tsunami waveform records 
requires a 40-60 x 160 km rupture of magnitude Mw 8.1 [Tanioka and 
Seno, 2001], slightly narrower than that estimated by Johnson and 
Satake [1997]. Tanioka and Seno [2001] also warn that additional 
sediment uplift due to deformation within the wedge may lower the 
coseismic slip estimate of the megathrust. Alternatively, a submarine 
landslide is also a possible mechanism for the peaky wave measured by 
42 m at Scotch Cap and 6 m at Sanak Village [Fryer et al., 2004]. 

The Aleutian Trench marks the subduction of the Pacific plate below 
the North American plate. The Unimak segment corresponds to the 
transition between the continental arc bounding the Bering Shelf and the 
Aleutian Island Arc to the west, which is accompanied by a transition of 
geodetic coupling on the plate interface [Fournier and Freymueller, 
2007; Li and Freymueller, 2018] and of internal structure of the accre
tionary prism [von Huene et al., 2016; von Huene et al., 2021]. Along 
the Aleutian Island Arc, the upper and lower slopes of the accretionary 
wedge are separated by the Aleutian Terrace [Miller et al., 2014]. Off the 
Bering Shelf, the lower, middle, and upper slopes form a more 

continuous structure. However, a major splay fault zone bounding the 
frontal prism can be found along the Aleutian Trench [von Huene et al., 
2021]. The source area of the 1946 Unimak tsunami earthquake was 
imaged across multiple seismic profiles but RV Ewing line 1237 [Miller 
et al., 2014], located on the western end of the 1946 rupture, provides 
better resolution at depth (Fig. 9). At the Unimak segment, the outer 
wedge stretches for 50 km from the trench to the Lone Hill outer arc 
high, characterized throughout by highly tilted seismic horizons. An 
active scarp on the lower slope above a large splay fault marks the 
boundary of the frontal prism. Another major splay fault can be found in 
the middle of the outer wedge, below the middle slope. The epicenter of 
the 1946 Unimak earthquake sits above the central splay fault of the 
outer wedge [von Huene et al., 2021]. The location of splay faults is 
consistent with the narrow fault rupture and the extra uplift region 
proposed in previous tsunami studies [Tanioka and Seno, 2001]. 

2.8. 1992 Mw 7.7 Nicaragua tsunami earthquake at the Middle- 
American Trench 

A tsunami earthquake ruptured the Middle-American trench offshore 
Nicaragua on September 2nd, 1992 (Fig. 10) with a local magnitude Ms. 

Fig. 9. Structural and tectonic setting of the 1946 Mw 8.2 Aleutian tsunami earthquake, Kuril. a) Estimated rupture region (red box) [Satake and Tanioka, 1999] and 
location of seismic profiles [Miller et al., 2014]. b) Bathymetry along profiles Aleutian1 and Aleutian2. c) Interpretation of representative seismic profile 1237 [Miller 
et al., 2014]. Other profiles include 203, 205 [von Huene et al., 2016], 207 [Miller et al., 2014]. For the remaining definitions, see the caption of Fig. 3. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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7–7.3 and moment magnitude Mw 7.6-. 
7.7 [Piatanesi et al., 1996; Satake, 1994]. It slowly ruptured the 

shallow megathrust with a disproportionately long duration of ~100 s 
[Satake, 1994]. Body- and surface-wave analyses indicate a bilateral 
rupture over a 200 x 100 km area [Ide et al., 1993]. The quake generated 
tsunami waves with 9 m maximum run-up along the coast of Nicaragua, 
claiming 170 lives. Tide gauge data is compatible with 3 m of coseismic 
slip distributed over a 250x40 km area [Satake, 1994]. A variable slip 
distribution with larger slip northwest and southeast of the hypocenter 
was also suggested for this event [Piatanesi et al., 1996]. The seismic 
and tsunami wave data indicate that the initial tsunami waves were 
confined in a ~ 40–50 km wide area near the trench. 

The Mid-American Trench is an erosive margin [Clift and Vannucchi, 
2004] where the Cocos plate subducts underneath the North American 
and Caribbean plates. We use the NIC20 seismic profile [Sallares et al., 
2013; McIntosh et al., 2007] that crosses the 1992 Nicaragua earthquake 

rupture area as a representative cross-section (Fig. 10c). The section 
below the continent shelf is decomposed into the lower, middle, and 
upper slopes [Sallares et al., 2013]. The middle and upper slopes are 
overlain by at least a kilometer of surficial sediment cut by numerous 
normal faults, indicative of mass wasting. The lower slope is separated 
from the middle slope by a scarp, presumably the result of active folding 
or thrust faulting. The outer wedge conflates with the 22 km-wide 
frontal prism beneath the lower slope, with little sign of localized 
deformation. The distinctively undeformed outer wedge of the 
Nicaragua margin may explain the relatively small tsunami run-up of the 
1992 tsunami earthquake (Fig. 1b and c). 

2.9. 1996 Mw 7.5 Peru tsunami earthquake at the Peru Trench 

On February 21st, 1996, a tsunami earthquake rattled the Peruvian 
subduction zone megathrust offshore the northern coast of Peru at depth 

Fig. 10. Structural and tectonic setting of the 1992 Mw 7.7 Nicaragua, Central America tsunami earthquake. a) Slip model (yellow contours) retrieved from the USGS 
FFM database [Hayes, 2017] and location of seismic profiles [Sallares et al., 2013; McIntosh et al., 2007]. b) Bathymetry along profiles Nicaragua1 and Nicaragua2. 
c) Interpretation of representative seismic profile NIC20 [Sallares et al., 2013] at a representative cross-section. Other available seismic profiles include NIC50 and 
100 [McIntosh et al., 2007], and NIC220 [Ranero and von Huene, 2000]. OT stands for out-of-sequence thrust. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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of ~10 km (Fig. 11). It ruptured with a gentle dipping thrust mechanism 
and a magnitude of Ms. 6.6 and Mw 7.5, respectively [e.g., Satake and 
Tanioka, 1999; Ihmĺe et al., 1998]. It triggered a large localized tsunami 
wave reaching 1–5 m that claimed 12 lives in Peru [Satake and Tanioka, 
1999; Heinrich et al., 1998]. The tsunami information at the near- and 
far-field tide gauges in Galapagos Island and Hawaii suggest a tsunami 
magnitude Mt. 7.8 [Satake and Tanioka, 1999]. Seismological analysis 
indicates a bilateral trench-parallel rupture over ~110 km in length with 
the majority of coseismic slip confined to 30x30 km area south of the 
hypocenter, lasting ~50 s [Ihmĺe et al., 1998]. Reconciling the tsunami 
waves measured by tide gauges at Chimbote and Salaverry, Peru re
quires a rupture with 2–4 m of coseismic slip on a 150 × 40–80 km area 
[Satake and Tanioka, 1999]. 

The Peruvian subduction zone is an erosive margin at the boundary 
between the Nazca and South American plates. We take the seismic 
profile Peru 2 of von Huene et al. [1985] that crosses the high coseismic 
slip area of the 1996 earthquake as a representative section (Fig. 11c). 
The 17 km wide outer wedge stretches from the trench axis to an outer 
arc high. More thrusts can be found landward, but they are overlain by 
horizontal sediment layers indicating little ongoing deformation in the 

inner wedge. Several imbricate faults cut the outer wedge, with a high 
fault density in the frontal prism. The seismic and tsunami modeling 
determined slip models place the majority of the coseismic slip in a 
confined area near the trench, which correlates remarkably well with 
the faults and folds structure of the outer wedge. Some high-angle splay 
faults may have been activated during the 1996 rupture to amplify the 
tsunami waves. 

3. Structural control on tsunami excitation 

A structural analysis of the berthing ground of tsunami earthquakes 
(Figs. 3-11 summarized in Fig. S1) illuminates their relationship with the 
outer wedge of accretionary prisms at subduction zones. We present a 
quantitative summary of the structural observations in Table S2 and 
Fig. 12. The location of tsunami earthquake ruptures is generally subject 
to epistemic uncertainties associated with the limited resolution of 
seismo-geodetic inversions near the trench [Sathiakumar et al., 2017]. 
To mitigate the uncertainties associated with smoothing of the coseismic 
slip distributions, we define the rupture width in the trench- 
perpendicular direction as the distance where the slip is larger or 

Fig. 11. Structural and tectonic setting of the 1996 Mw 7.5 Peru tsunami earthquake, at the Peru trench. a) Slip (red contours) model retrieved from the USGS FFM 
database [Hayes, 2017] and location of seismic profiles [von Huene et al., 1985]. We tied the finite-fault model to the trench. b) Bathymetry along profiles Peru1 and 
Peru2. c) Interpretation of representative seismic profile Peru2 [von Huene et al., 1985] at a representative cross-section. OT stands for out of sequence thrust. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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equal to 10% of the maximum coseismic slip. We find that tsunami 
earthquake ruptures overlap with the outer wedge between 25 and 
100%, and above 50% in most cases. There is little correlation between 
the estimated rupture width of tsunami earthquakes and the resulting 
earthquake moment magnitude and tsunami maximum run-up, pre
sumably because of the presence of several other controlling variables. 
For example, earthquake size is otherwise controlled by the along-strike 
length of rupture, the overall stress drop, and the rigidity of the sur
rounding rocks [Nanjundiah et al., 2020]. 

In contrast, we find correlative outer-wedge width and maximum 
tsunami run-up: the wider the outer wedge, the higher the tsunami run- 
up. The correlation between outer wedge width and maximum tsunami 
run-up holds independently of the inferred slip distribution of tsunami 
earthquakes, so it eliminates many uncertainties inherent to seismo- 
geodetic inversions. This is exemplified by the 1907 Nias, Indonesia 
and 1946 Unimak, Aleutian tsunami earthquakes of the same moment 
magnitude (Mw 8.2) that ruptured in outer wedges of 30 and 50 km 
width, respectively, generating widely different tsunami waves of 20 
and 42 m maximum run-up, respectively. Based on the data currently 
available, tsunami earthquakes that develop within an outer wedge 
narrower than 25 km, such as during the 1947 Poverty Bay and Toko
maru, 1975 Kuril, 1992 Nicaragua, 1996 Peru, generate tsunami waves 
smaller than 10 m. In contrast, tsunami earthquakes that occur within a 
well-developed outer wedge, such as the 1907 Nias, 1963 Kuril, 1896 
Sanriku, 1946 Unimak, 1994 and 2006 Java, 2010 Mentawai 

earthquakes, generate larger tsunami waves. The correlation between 
outer-wedge width and tsunami run-up can be surprising given the 
various other possible controlling factors, such as the efficiency of sea
floor uplift during rupture, the water depth at the source, and the to
pology of near-coastal bathymetry [Geist, 2002]. 

Based on these findings, we propose that an important factor for 
tsunami excitation is the overlap of seismic ruptures with the outer 
wedge at subduction margins. The outer wedge is the most actively 
deforming section of the hanging wall through faulting and folding. 
Deformation of the outer wedge takes place on imbricate, conjugate, or 
even bi-vergent faults that absorb a fraction of the relative convergence. 
As convergence is distributed among several structures that convert 
shortening into uplift, the long-term loading is reduced on the under
lying megathrust [Sathiakumar et al., 2020], correspondingly increasing 
the recurrence time of tsunami earthquakes, making them less frequent 
than earthquakes of similar size at greater depths. In addition, the outer 
wedge is often associated with steeper slopes that transfer horizontal 
motion to apparent uplift of the seafloor more effectively. The high- 
angle thrust faults within and the steeper seafloor slopes on top of the 
outer wedge may be responsible for the efficient excitation of tsunami 
waves, explaining the tsunamigenic potential of shallow earthquakes 
relative to similar-sized earthquakes that rupture deeper sections of the 
megathrust below the inner wedge or the crust. Efficient seafloor uplift 
may be facilitated when a seismic rupture propagates from the basal 
décollement to high-angle splay faults in the outer wedge, whether or 

Fig. 12. Empirical relationships among run-up (Fig. 1), moment magnitude (Mw, Fig. 1), percentage of slip within the outer wedge, outer-wedge width, and effective 
rupture width for tsunami earthquakes since 1800. See also Fig. S2 and Table S2. A ~ 0.2 uncertainty in Mw reflects the variability from independent estimates. 
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not the rupture initiated within or outside the outer wedge. 
The correlative relationship between outer-wedge width and 

maximum tsunami run-up for tsunami earthquakes of moment magni
tude from 7.1 to 8.2 allows us to place bounds on the tsunami run-up 
generated by future tsunami earthquakes based on the structural 
setting of the shallow accretionary prism. The results of Figs. 12d and 
14a can be explained by a power-law relationship between maximum 
tsunami run-up of tsunami earthquakes and outer-wedge width. Simi
larly, the relationship between seismic moment of tsunami earthquakes 
and outer-wedge width can be explained by a power-law, although these 
data show more scatter (Fig. 12e). 

4. Empirical model of maximum tsunami run-up for trench- 
breaking ruptures 

The analysis of tsunami run-up from tsunami earthquakes illumi
nates a structural control of tsunami excitation that may operate for all 
types of trench-breaking ruptures. Activation of distinct structures in the 
outer wedge have also been observed to excite disproportional tsunami 
waves in great and giant earthquakes. For instance, mega-splays were 
involved in the rupture of the 1944 Mw 8.0 Tonankai [Park et al., 2002; 
Moore et al., 2007], 2004 Mw 9.2 Sumatra-Andaman [Singh et al., 2008; 
DeDontney and Rice, 2012], 2010 Mw 8.8 Maule [Lieser et al., 2014; 
Melnick et al., 2012], and the 1964 Mw 9.3 Alaska [Suleimani et al., 
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Fig. 13. Delineation of the outer wedge (yellow region) at global subduction zones, organized in descending order of outer wedge width (see also Fig. 20b and 
Table S3). The source of each seismic profile is labeled for each region and is also provided in Table S4. Accretionary and erosive margins are indicated by filled and 
open circles, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2008; Chapman et al., 2014; Suleimani and Freymueller, 2020] earth
quakes. Seafloor bathymetric and geodetic measurements around the 
2011 Mw 9.1 Tohoku-Oki earthquake provide direct evidence of short
ening and uplift in the outer wedge [Ito et al., 2011; Fujiwara et al., 
2011; Strasser et al., 2013]. These observations suggest that internal 
deformation of the outer wedge is an important factor for tsunami 
excitation. However, the tsunami waves produced by giant trench- 
breaking earthquakes are also controlled by the size of the earthquake. 

To estimate the maximum tsunami run-up of trench-breaking rup
tures for a wide range of magnitudes, we propose an empirical rela
tionship between run-up, outer-wedge width, and seismic moment, as 
follows 

hmax = h0

(
w
w0

)n(
M0

m0

)m

(1)  

where hmax is the maximum tsunami run-up, h0 is a reference value, w is 
the outer wedge width with reference value w0 = 1 km, M0 is the seismic 
moment with reference m0 = 1x1018 N m. The model does not describe 
the tsunami run-up of blind ruptures. We calibrate the model using the 
data for tsunami earthquakes presented in Fig. 12d and for the 2004 Mw 
9.2 Sumatra-Andaman, 2006 Mw 8.3 Kuril, 1964 Mw 9.2 Alaska, 2011 
Mw 9.1 Tohoku, 2001 Mw 8.4 Southern Peru, 2010 Mw 8.8 Maule, 2015 
Mw 8.3 Illapel, and 1960 Mw 9.5 Valdivia trench-breaking giant 
earthquakes. For each case, we gather representative seismic profiles 
and identify the outer wedge boundaries based on the presence of active 
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faults and folds and topographic slopes, following the approach detailed 
in Figs. 3 to 11 for tsunami earthquakes. The structural setting and our 
estimation of the outer wedge boundaries are presented in Fig. 13 and 
Table S3. We optimize the parameters h0 = 0.36 x 10±0.93 m, n = 0.963 
± 0.04 and m = 0.254 ± 0.007 using weighted least squares to obtain a 
reduced chi square of 1. In contrast, if we only consider a sensitivity of 
tsunami run-up to seismic moment (by forcing n = 0 and optimizing the 
other parameters) or to outer-wedge width (this time by forcing m = 0), 
we obtain reduced chi squares of 2.5 and 4, respectively (Supplementary 
Fig. S2). However, other factors such as local topology of bathymetry 
and earthquake source heterogeneity could also affect the maximum 
run-up, thus the model predicted errors are possibly underestimated. 

We compare the model prediction with the tsunami run-up for the 8 
trench-breaking ruptures covering moment magnitudes from 8.3 to 9.5 

in Fig. 14b. The variability in the maximum run-up prediction is due to 
trench-parallel variations of outer wedge width and inherent un
certainties in model prediction associated with the uncertainties of 
model parameters. The predictions fall within a few percents of the 
observed maximum run-up. These findings are in striking contrast with 
the comparison with blind ruptures (Fig. 14c). For all the 1945 Mw 8.1 
Makran, 2005 Mw 8.5 Nias, 2007 Mw 8.4 Bengkulu, 

1946 Mw 8.3 Nankai, 2007 Mw 8.0 Peru, 2014 Mw 8.1 Iquique, 1995 
Mw 8.0 Colima and 2012 Mw 7.6 Costa Rica earthquakes, the pre
dictions are above the tail end of the observed tsunami run-up distri
bution. These results provide another indication that breaking the outer 
wedge greatly affects the tsunami potential. We conclude that a com
bination of the outer-wedge width and earthquake moment magnitude 
constitutes a useful basis to produce quantitative predictions of 

Fig. 14. Comparison between predicted and 
observed maximum tsunami run-up for a) tsunami 
earthquakes, b) great or giant trench-breaking 
earthquakes, and c) blind earthquakes. The numbers 
on the horizontal axis show the descending order of 
the outer wedge width of subduction zones (Fig. 20). 
The boxplots illustrates the statistical distribution of 
tsunami run-up measurements for each event: The 
middle bar shows the median run-up with the lower 
and top whisker show quartiles. The dots beyond 
thesewhiskers indicate outliers under Tukey’s defi
nition. Error bars (one sigma) show our model pre
dictions. We provide multiple predictions in places 
where the outer wedge width varies drastically along 
strike. See also Table S3 and S4.   
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maximum tsunami run-up at subduction zones. 

5. Implications for tsunami hazard at remaining seismic gaps 

As the correlation with outer-wedge width provides useful estimates 
of maximum runup for tsunamis triggered by tsunami earthquakes and 
trench-breaking ruptures within a wide range of moment magnitudes, 
we survey the morphology of global subduction zones to shed light on 

tsunami hazards at remaining seismic gaps. We conduct structural an
alyses of the Hikurangi, Makran, Lesser Antilles (Fig. S3), Sumatran 
(Fig. S4 and S5), Nankai (Fig. S7), Ryukyu (Fig. S6), Aleutian (Fig. S9), 
Cascadia, Northeast Japan (Fig. S8), Chile (Figs. S15, S16, and S17), 
Colombian (Fig. S13), Manila, Middle-American (Figs. S10, S11, and 
S12), and Peruvian (Fig. S14) subduction zones based on available 
seismic profiles. Several parallel profiles across the Makran, Sunda, and 
Nankai trenches document lateral variations of outer wedge geometry. 

Fig. 15. Tectonic background, estimated 1700 Mw 9 
earthquake rupture, and representative seismic pro
files in the Cascadia subduction zone. a) Map view of 
seismic profiles location, outer wedge width, and 
major potentially impacted cities. Colored area with 
labels show the historical earthquake ruptures 
[Satake et al., 2003]. The seismic profiles include 
Lines 1, 2, and 4 [Davis and Hyndman, 1989] and 
89–09 [Clowes et al., 1997]. b) and c) Seismic pro
files from Line 103 and Line 107 [Flueh et al., 1998], 
respectively.   
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All the interpreted profiles are summarized in Fig. 13, but we provide 
more details for the subduction zones with high run-up potential 
exposing large coastal populations: the Cascadia subduction zone 
offshore the Pacific Northwest, the Makran subduction zone offshore 
Iran and Pakistan, the Sunda and Manila trenches in Southeast Asia, and 
the Nankai Trough in Southwest Japan. 

5.1. Cascadia subduction zone 

The Cascadia subduction zone is an accretionary margin at the 
boundary between the Juan de Fuca and the North American plates 
exposing the states of Oregon, Washington, and British Columbia to a 
potentially giant megathrust earthquake [Goldfinger et al., 2003a, 
2003b], perhaps similar to the 1700 Mw 9 rupture [Satake et al., 2003]. 
The structure of the shallow subduction zone is determined by numerous 
seismic profiles [e.g., Flueh et al., 1998; Davis and Hyndman, 1989; 

Clowes et al., 1997]. The outer wedge of the accretionary prism is 
characterized by a series of seaward, mixed, and landward-vergent 
steeply dipping thrusts [Watt and Brothers, 2020]. 

As representative examples, we focus on Lines 103 and 107 [Flueh 
et al., 1998] that show a stack of imbricate landward-vergent thrusts in 
the shallow section (Fig. 15). The presence of seabed scarps and inclined 
sedimentary strata and folds indicate active deformation and delineate 
the outer wedge. Based on seismic horizons and bathymetry, we esti
mate an outer-wedge width of ~43 km for Line 103 and of ~25 km for 
Line 107 (Fig. 15 and Table S3). These dimensions correspond to a 
maximum run-up along the coast of the Pacific Northwest between ~25 
m and ~70 m for a hypothetical Mw 9.0 earthquake. The range is 
consistent with the most likely and the maximum possible run-up, 
respectively, predicted by inundation models based on a range of 
earthquake rupture scenarios [e.g., Witter et al., 2013]. 

Our model implies along-strike variations of tsunami run-up based 

Fig. 16. Tectonic background, estimated 1946, 1944 
and 1854 earthquake ruptures and representative 
seismic profiles in the Nankai Trough. a) Map view of 
seismic profiles location and inferred outer wedge 
dimension. Colored area with labels show the his
torical earthquake ruptures. b) and c) Interpretation 
of representative seismic structures, also shown in 
Fig. 13. The seismic profiles include KR01–14-1, 
KR01–14-2, and ODKM-LineB [Tsuji et al., 2015], 
and Line 5 [Park et al., 2002; Kamei et al., 2012].   
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on the evolving structure of the outer wedge that may help refine 
deterministic scenarios of rupture propagation and tsunami excitation. It 
is possible that the rupture of numerous splay faults in the outer wedge 
during trench-breaking earthquakes is more commonplace than previ
ously thought, with important implications for tsunami run-up. In that 
case the current hazard map including inundation distance, flow depth, 
current speed, and maximum wave height may need to be refined to 
make large run-up a more likely scenario. This is particularly crucial for 
coastal cities, e.g., Ocean Shores, West port, Long Beach, and Seaside 
that are exposed to local tsunamis and to those triggered by distant 
earthquakes. 

5.2. Nankai Trough 

The Nankai Trough in Southwest Japan is an accretionary margin 

between the Philippine Sea and the Eurasian plates, which recently 
ruptured during the 1854 ML = 8.4 Tokai, 1944 Mw = 8.1 Tonankai, and 
1946 Mw = 8.3 Nankai mega-quakes [Kumagai, 1996]. The structure of 
the arc is well constrained by seismic profiles [Leggett et al., 1985; 
Moore et al., 1990; Park et al., 2000; Kodaira et al., 2000; Takahashi 
et al., 2003; Ito et al., 2009]. We use seismic lines KR01–14-1, KR01–14- 
2, and ODKM-LineB [Tsuji et al., 2015], and Line 5 [Park et al., 2002; 
Kamei et al., 2012] as representative examples (Figs. 16 and S6). The 
shallow structure is spatially coherent, showing sub-parallel seaward- 
vergent thrusts cutting through the sedimentary strata down to the 
megathrust within a ~30 km-wide outer wedge. 

Our model predicts a maximum run-up between ~15 and ~25 m, 
and between ~30 to ~60 m for hypothetical Mw 8 and Mw 9 earth
quakes, respectively. This range is compatible with the probabilistic 
tsunami hazard analysis (PTHA), which indicates a maximum tsunami 

Fig. 17. Tectonic background, historical earthquake 
(Mw ≥6.8), and representative seismic profiles in the 
Manila trench. a) Map view of seismic profiles loca
tion, outer wedge, and major cities. Colored area 
shows the tsunami wave energy path from a hypo
thetical earthquake rupture, and red circles show the 
historical earthquakes (Mw ≥ 6.8) [Qiu et al., 
2019a]. b) and c) Interpretations of representative 
seismic profiles A-A’ and MGL0905–23 [Eakin et al., 
2014], also shown in Fig. 13. Additional profiles 
includeLine 973 [Lin et al., 2009], MGL0905-25A 
[Eakin et al., 2014], and C-C′, B-B′, J-J’, F-F′ and E- 
E’ [Hayes and Lewis, 1984]. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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wave height along the Nankai coastline >30 m [Goda et al., 2018]. The 
difference may come from varying assumptions regarding the shallow 
rupture propagation. Our model assigns more tsunami excitation po
tential from the rupture of splay faults in the hanging wall of the outer 
wedge. The larger predicted tsunami waves are relevant for tsunami 
hazards at major coastal cities, e.g., Kushimoto, Gobo, Wakayama and 
Osaka. 

5.3. Manila trench 

The Manila trench is an eroding margin between the Sunda and the 
Philippines Sea plate along the Luzon arc and the northwestern 
Philippines. Geodetic measurements suggest a locked megathrust [Hsu 
et al., 2012, 2016] and the absence of Mw >7.6 historical megathrust 
earthquakes suggest a seismic gap. The total length of the Manila sub
duction zone of ~1000 km is similar to the rupture length of the 2004 
Mw 9.15 Sumatra-Andaman earthquake [Chlieh et al., 2007]. Tsunami 
deposits found around the South China Sea [Yang et al., 2018; Sun et al., 
2013; Yu et al., 2009] and the western Luzon [Ramos et al., 2017] are 

compatible with an ocean-wide tsunami triggered by a giant earthquake 
at the Manila subduction zone some thousand years ago [Qiu et al., 
2019a]. Understanding tsunami hazards on the Manila trench is relevant 
for many highly populated coastal cities around the South China Sea, e. 
g., Macau and Hong Kong, Tainan and Kaohsiung, and Laoag and Vigan 
(Fig. 17). 

We use various seismic profiles [Hayes and Lewis, 1984; Lin et al., 
2009; Eakin et al., 2014] to characterize the shallow structure of the 
Manila subduction zone. The outer wedge is characterized by many 
active high-angle imbricate thrusts revealed by internal deformation 
and seabed scarps (Fig. 17). The outer wedge of the southern segment 
(13–19◦N) is narrower than in the northern one (19–22◦N), corre
sponding to a variation of the maximum run-up prediction from ~20 to 
80 m for a hypothetical Mw 9 earthquake (Fig. 14). Our prediction is 
larger than previous PTHA results for select offshore hazard points 
[Nguyen et al., 2014; Li et al., 2016, 2018a]. The difference can be 
attributed to previous models assuming the rupture of a single splay 
fault [Qiu et al., 2019a] or only the basal megathrust [Huang et al., 
2009]. If more high-angle faults rupture during a trench-breaking 

Fig. 18. Tectonic background, historical earthquakes and representative seismic profiles in the Sunda trench. a) Map view of seismic profiles location and inferred 
dimension of the outer wedge. Colored areas show the extent of the 1797 and 1833 [Natawidjaja et al., 2006], 2007 Bengkulu [Tsang et al., 2016], and the 2010 
Mentawai [Hill et al., 2012] earthquakes. b) Interpretation of representative seismic profile CGGV10 [Qin and Singh, 2018], also shown in Fig. 13. 
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rupture, our run-up prediction may be more appropriate and inundation 
map for major cities around the South China Sea may need to be refined 
accordingly. This is especially important for the southern coast of China, 
where large tsunami wave energy is focused as the effect of the reflection 
and refraction by the continental slope and shelf [Qiu et al., 2019a; Li 
et al., 2018b]. 

5.4. Sunda trench 

The Sunda megathrust features a complex recurrence pattern of large 
earthquakes called seismic super-cycles with highly clustered events 

separated by a long quiescence period [Sieh et al., 2008]. The mega
thrust recently broke in a piecemeal fashion, starting with the 2004 Mw 
9.2 Sumatra-Andaman earthquake that ruptured the Andaman and Aceh 
sections, continuing with the 2005 Mw 8.6 Nias-Simeulue, 2007 Mw 8.4 
Bengkulu, and 2010 Mw 7.8 Pagai earthquakes to the south [e.g., Qiu 
et al., 2018]. The Mentawai seismic gap did not yet rupture during the 
current super-cycle. The seismic profile CGV10 [Qin and Singh, 2018] 
offshore Padang, Sumatra and the Mentawai Island reveals a mix of 
seaward- and landward-vergent high-angle thrust faults above the 
Sunda megathrust along a ~30 km-wide outer wedge (Fig. 18), similar 
to farther south in the epicentral region of the 2010 Mw 7.8 Mentawai 

Fig. 19. Tectonic background, historical earthquakes and representative seismic profiles in the Makran trench. a) Map view of seismic profiles location and inferred 
dimension of the outer wedge. Colored area shows the 1945 historical earthquake rupture [Byrne et al., 1992]. b) and Interpretation of representative seismic profiles 
2 Grando and McClay [2007] and 116 Smith et al. [2012], also shown in Fig. 13. Additional available profiles include 1 [Grando and McClay, 2007] and chamak5, 8, 
and 9 [Ellouz-Zimmermann et al., 2007]. 
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tsunami earthquake (Fig. 4). 
Our model predicts ~10 m of maximum run-up in the Mentawai 

segment for a hypothetical Mw 7 tsunami earthquake, slightly smaller 
than the ~16 m run-up of the 2010 Mw 7.8 event, but more than twice 
that of the 2005 Mw 8.6 Nias-Simeulue blind rupture [Briggs et al., 
2006; Borrero et al., 2011]. Historically, the Mentawai segment 
ruptured in the 1797 Mw 8.5–8.7 and the 1833 Mw 8.6–8.9 great 
earthquakes, resulting in >5 m and > 3–4 m run-up, respectively 
[Natawidjaja et al., 2006]. For hypothetical Mw 8 and Mw 9 earth
quakes in this segment, the model predicts a maximum run-up of 
~15–30 m and ~50 m in the coastal area, respectively. It is possible that 
the 1797 and 1833 events were blind ruptures, similar to the 2005 Mw 

8.6 Nias-Simeulue earthquake [Briggs et al., 2006; Qiu et al., 2019b], 
explaining their lower run-up. If the next Mw 8+ earthquake of the 
Mentawai seismic gap is trench-breaking, the deformation of the outer 
wedge may create larger tsunami waves than the recent blind earth
quakes have produced. Adjusting the PTHA accordingly may be 
important to mitigate tsunami hazard in the major coastal cities of 
Padang, Pariaman, and Painan. 

5.5. Makran subduction 

The Makran subduction zone accommodates the relative motion 
between the Arabian and Eurasian plates exposing the coast of Iran and 

Fig. 20. Maximum run-up prediction based on hypothetical tsunami earthquakes (yellow circles for Mw 7 and orange squares for Mw 8) and Mw 9 trench-breaking 
earthquakes (red triangles) at global subduction zones based on Eq. 1. a) Run-up prediction at global subduction zones organized by descending order of the outer 
wedge width. The representative seismic profile used to estimate the outer wedge width for each region is given in Fig. 13 and Table S4. b) The maximum run-up 
prediction from a hypothetical Mw 9 trench-breaking earthquake at global subduction zones in map view (red triangles in a)). The numbers are the same in a). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Q. Qiu and S. Barbot                                                                                                                                                                                                                          



Earth-Science Reviews 230 (2022) 104054

25

Pakistan to seismic and tsunami hazards. Historical earthquake and 
tsunami records date back to 326 BCE [Heidarzadeh et al., 2008], the 
most recent event being the 1945 Mw 8.2 earthquake [Heidarzadeh and 
Satake, 2017] that caused >4000 casualties and generated ~12–13 m 
tsunami waves along the Pakistan coastline [Heidarzadeh and Satake, 
2015]. The Makran subduction zone developed one of the widest (>400 
km) accretionary wedge of all subduction zones [Kopp, 2002; Schlüter 
et al., 2002]. The thick sediment cover of >7 km hosts many imbricate 
thrusts and folds within a remarkably wide (~55–70 km) outer wedge 
(Fig. 19). Accordingly, our model associates among the highest run-up 
potential worldwide (Fig. 14). Overall, the width of the outer wedge 
in the west segment offshore Iran is slightly larger than that of the 
eastern segment offshore Pakistan, but the latter exhibit significant 
variation along strike. This results in a large range of run-up prediction 
for a given earthquake magnitude (Fig. 14c). 

Our model predicts a maximum run-up between ~12 m to 40 m for a 
hypothetical Mw 8 earthquake in eastern Makran, essentially covering 
the wave height range triggered by the 1945 event or estimated 
maximum wave height range from the conventional PTHA analysis 
[Hoechner et al., 2016; Rashidi et al., 2020]. The Makran subduction is 
currently locked, no major earthquake with Mw >7 having occurred 
since 1945, and the corresponding accumulated strain may rupture as 
Mw 8–9 earthquakes [Lin et al., 2015; Smith et al., 2013; Sultan and 
Ahmed, 2017; Penney et al., 2017]. For a hypothetical Mw 9 trench- 
breaking earthquake, the model implies a maximum run-up between 
28 and 80 m. This prediction can help mitigate tsunami hazard in the 
major coastal cities or ports, i.e., Chabahar, Gwadar, and Karachi. 

5.6. Global subduction zones 

The survey of outer wedge geometry at global subduction zones re
veals a wide range of outer wedge widths from ~5 to 90 km (Fig. 13), 
associated with correspondingly widely different tsunami hazards from 
potential tsunami earthquakes and trench-breaking ruptures. Adopting 
the empirical relationship between outer-wedge width, seismic moment, 
and maximum tsunami run-up of trench-breaking ruptures (Eq. (1)), we 
obtain an assessment of tsunami hazard at global subduction margins 
(Fig. 20). Given a local configuration of the outer wedge, the tsunami 
potential of future seismicity depends chiefly on the type of rupture, i.e., 
trench-breaking or blind. Large-magnitude (7.0≤Mw≤8.2) trench- 
breaking ruptures are tsunami earthquakes with a tsunami excitation 
potential controlled dominantly by the width of the outer wedge. We 
provide an estimate for hypothetical Mw 7.0 and Mw 8.0 tsunami 
earthquakes at subduction margins. The run-up caused by giant 
(8.2≤Mw≤9.5) trench-breaking ruptures depends also on the actual 
seismic moment. We offer an estimate of tsunami run-up for a hypo
thetical Mw 9 trench-breaking rupture. The actual seismic moment of 
future ruptures depend on their capacity to propagate up-dip into the 
outer wedge and to break contiguous along-trench segments, which 
cannot be predicted based on current knowledge. The predicted 
maximum tsunami run-up depends on the outer wedge width, which is 
most developed at the Western Makran, Aleutian, Lesser Antilles, 
Southern Hikurangi and Cascadia trenches, with estimates varying 
overall from 10 to 100 m for Mw 9.0 earthquakes and from 1 to 40 m for 
tsunami earthquakes. The Mentawai section of the Sunda megathrust, 
eastern Makran, Ryukyu, and Manila trench have a smaller outer wedge, 
implying estimated tsunami run-up between 4 and 20 m for tsunami 
earthquakes. Subduction margins with a poorly developed outer wedge, 
such as the Middle-American, Nicaraguan, Colombian, and North Chil
ean trenches, are associated with the lowest tsunami run-up predictions. 
However, each subduction margin exhibits lateral variations in outer 
wedge structure implying great variability of tsunami hazards along 
trenches. For example, the outer wedge varies between ~16 and 43 km 
width in Cascadia, implying run-up between ~4 and 70 m depending on 
the source location and the magnitude of the earthquake. 

6. Discussion 

Several forms of structural control of tsunami excitation have been 
tested [Satake and Tanioka, 1999], including the incoming seafloor 
roughness, the sediment vertical thickness in the outer wedge and 
frontal prism, and the accretionary versus erosive nature of sedimentary 
prisms [Geersen, 2019]. However, the vertical thickness of the outer 
wedge may not be a systematic controlling factor for tsunami excitation 
[Geersen, 2019]. The efficiency of seafloor uplift depends on the pres
ence of high-angle faults, not on how thick a sediment layer they cross. 
In contrast, the total coseismic slip on activated faults for a given stress 
drop is controlled by the down-dip width of rupture [Kanamori and 
Anderson, 1975] and slip amplitude may be continuous between the 
basal décollement and the overlying splay faults. This implies that the 
width of the outer wedge is a more relevant factor than its vertical 
thickness. Tsunami earthquakes have also been associated with sub
ducted seamounts [Abercrombie et al., 2001; Bell et al., 2010]. How
ever, several other types of subducted seafloor features — horsts, 
grabens, ridges, abyssal hills, and fracture zones — can deform the base 
of the outer wedge. In principle, any morphological gradient at the plate 
interface may be associated with permanent deformation of the over
lying sediment by folding or faulting, creating a network of fractures in 
the hanging wall [Wang and Bilek, 2011]. Additional deformation 
comes from shortening of sediment as is typical in thrust-and-fold belts, 
creating splay faults that provide additional pathways for rupture 
propagation to the seafloor with more efficient tsunami excitation than 
slip on the basal décollement [Hubbard et al., 2015; Bradley et al., 
2019]. 

Wider outer wedges are often found at accretionary margins where 
the convergence is slow and the incoming sediment input is high, for 
example at the Makran, Cascadia, and Hellenic subduction zones [Clift 
and Vannucchi, 2004; von Huene et al., 2009; Scholl et al., 2015; Seno, 
2017]. Conversely, subduction zones with a fast convergence and a 
limited sediment supply often result in a poorly-developed sediment 
prism and thus a narrower outer wedge. These relationships imply a 
tectonic control on the size of tsunami earthquakes and tsunami exci
tation. For example, the smallest magnitude tsunami earthquakes with 
the lowest maximum tsunami run up — the 1963 Mw 7.8 and 1975 Mw 
7.5 Kuril, 1960 Mw 7.5 Peru, and the 1992 Mw 7.7 Nicaragua tsunami 
earthquakes — occurred at erosive margins (Fig. 1). However, the 1896 
Mw 8.0 Sanriku tsunami earthquake at an erosive margin is a notable 
exception, as it produced some of the largest tsunami run up ever 
observed. Tsunami earthquakes in fact occur at both erosive and 
accretionary margins. A similar conclusion can be drawn for giant, 
trench-breaking earthquakes with outsize tsunami waves. While a ma
jority of these ruptures occurred at accretionary margins, like for the 
1964 Mw 9.2 Alaska earthquake, some occur at erosive margins, like the 
2011 Mw 9.1 Tohoku earthquake. 

The accretionary versus erosive nature of subduction zones therefore 
provides only limited quantitative predictive power of tsunami excita
tion. Although the largest outer wedges are most often found at accre
tionary margins and the narrowest ones at erosive margins, there are 
notable exceptions (Fig. 13). For example, some of the largest outer 
wedges are found along the Manila and Luzon erosive margins. 
Conversely, a narrow outer wedge can be found along the Cascadia and 
Eastern Makran accretionary margins. Erosive or accretionary margins 
reflect a deficit or surplus of sediment flux, respectively, not directly the 
size of the outer wedge and the presence of active faults in the handing 
wall. As outer-wedge width can vary greatly among or along trenches, a 
more useful approach is to directly image the structural layout based on 
seismic profiles and high-resolution bathymetry. 

Our proposed model for tsunami excitation provides new insights to 
help mitigate tsunami hazards at global subduction zones. First, we 
highlight that the cradle of tsunami earthquakes is the outer wedge of 
the sedimentary prism where many active structures — faults and folds 
— provide an efficient seafloor vertical displacement mechanism during 
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seismic ruptures. Empirical power-law relationships between outer 
wedge width, maximum tsunami run-up, and tsunami earthquake 
moment magnitude provide simple but rapid estimates of expected 
maximum tsunami run-up that can be used for a tsunami early warning 
if the structure of the outer wedge is well established. Numerical 
modeling of tsunami propagation can also be used to assess run-up, but 
these calculations can be time consuming, wasting precious time for 
early-warning and decision making in a possible crisis situation. Second, 
our predictions of the maximum tsunami run-up associated with giant, 
trench-breaking ruptures can inform the design of coastal infrastructure 
for long-term mitigation of tsunami hazards. Evacuation routes and 
flood zones should extend horizontally to the topographic contour line 
standing above the anticipated maximum run-up height. The maximum 
tsunami run-up can be obtained from Eq. (1) by considering a hypo
thetical giant earthquake, for example, of moment magnitude 9.0, and 
incorporating the structural layout of the outer wedge along the margin. 
Remarkable differences in maximum tsunami-height predictions arise 
between narrow, e.g., along the Mid-American and N. Chile trenches, 
and wide, e.g., the Makran, Aleutian, Lesser Antilles, and Cascadia, 
margins, with peak waves of about 20 and 100 m, respectively. There 
remains fundamental uncertainties about the exact earthquake magni
tude a particular subduction zone can expect and when such event is 
likely to occur. However, the 2004 Mw 9.2 Sumatra-Andaman and 2011 
Mw 9.1 Tohoku-Oki mega-quakes have shown the potential of seismic 
ruptures to propagate to the trench and to extend laterally across mul
tiple segments, which could occur at other subduction zones. 

Conceptual models of subduction zone seismicity must evolve to 
incorporate the complexity of fault networks in the outer wedge and aim 
for more specific descriptions of frontal deformation than generic terms 
such as “plastic deformation”, “damage”, or “compliant zone” near the 
trench. The structure of accretionary prisms is readily described by 
seismic profiles at virtually all major subduction zones. These surveys 
reveal networks of imbricate, conjugate, forward-, backward- or bi- 
vergent high-angle faults and associated folding of the thrusted sedi
ment that produce more efficient seafloor deformation than coseismic 
slip along the basal décollement. Currently available data are sufficient 
to draw a simple scenario of tsunami excitation in the outer wedge 

(Fig. 21) whereby rupture propagation along one or several of these 
structures is responsible for the triggering of exceptionally large tsunami 
waves. 

Future efforts in rupture dynamics and tsunami modeling should 
incorporate the effect of faulting and folding in the outer wedge. Further 
improvement in prediction of seismic and tsunami hazards will neces
sitate three-dimensional imaging of the outer wedge to better under
stand the rupture pathway from the megathrust to hanging wall faults. 
An important remaining unknown is the structural and rheological 
controls on up-dip rupture propagation that turns blind ruptures into 
giant, trench-breaking earthquakes. A related challenge is understand
ing the nucleation and propagation of ruptures within the complex 
setting of the frontal accretionary wedge and shallow megathrust. 

7. Conclusions 

Tsunami earthquakes occur in the complex structural setting of the 
outer wedge of accretionary prisms at subduction zones. The presence of 
active deformation structures off the plate interface allows rupture 
propagation on high-angle faults that displace the seafloor more effec
tively than slip on the shallow dipping décollement. Active faults of the 
outer wedge include forward-, backward-, and bi-vergent thrusts 
permitting shortening and accretion as well as normal faults that 
accompany gravitational collapse. Additional seafloor deformation may 
occur due to folding, presumably accommodated by flexural slip along 
active axial surfaces. As shortening in the hanging wall reduces the long- 
term slip on the plate interface, the frequency of tsunami earthquakes 
that accommodate this motion on the shallow décollement is lower than 
that of deeper earthquakes with a similar moment magnitude. Further
more, slip on high-angle faults within a low-rigidity sediment matrix 
may explain the unusual characteristics of tsunami earthquakes with 
slow rupture propagation and low stress drop, yet high potency density 
and relatively large seafloor displacements. These effects may be further 
amplified by the characteristically steep seafloor slopes of the outer 
wedge that can transfer horizontal motion to vertical displacements of 
the seafloor. 

The structure of the outer wedge controls the tsunamigenic potential 

Fig. 21. Conceptual model of tsunami excitation in the outer wedge of the accretionary prism at subduction margins. The yellow area represents the inner wedge 
bounded by the dynamic and crystalline backstops and characterized by subhorizontal sediment bedding planes. The pink area consists of many foreward-, backward- 
, or bi-vergent thrust and folds, forming potential pathways for rupture propagation, large seafloor vertical displacement, and efficient tsunami excitation. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of tsunami earthquakes and larger trench-breaking ruptures. At first 
order, the wider the outer wedge, the stronger the tsunami excitation. A 
power-law relationship with seismic moment and outer-wedge width 
(Eq. 1) allows us to predict the maximum tsunami run-up of tsunami 
earthquakes and giant, trench-breaking ruptures at any particular seg
ments of subduction zones based on the characteristics of the outer 
wedge. These empirical relationships can form the basis of tsunami 
hazard mitigation by providing rapid estimates of floods caused by a 
seismically triggered tsunami. Estimates of tsunami run-up should be 
particularly useful at subduction zones where paleoseismic data indicate 
a seismic gap. 

Further concerted efforts are required to grapple with the scourge of 
the Pacific. Better understanding of seismic and tsunami hazards at 
subduction margins will necessitate more detailed seismic imaging of 
the outer wedge to delineate the three-dimensional extent of active 
deformation structures and their mechanical connection with the basal 
décollement. Numerical simulations of seismic and tsunami cycles 
should resolve the mechanical complexity of shallow accretionary 
prisms to better constrain the dynamics of tsunami excitation. Further 
experimental studies of the mechanical properties of faults and soft 
sediment deformation are needed to elucidate the conditions for 
nucleation and rupture propagation in the fluid-rich, low-temperature, 
and low-strength environment of the outer wedge. Nevertheless, the key 
to unlock the mechanics of tsunami excitation at subduction zones will 
reside at the interface between structural geology and rock mechanics. 
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