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A B S T R A C T   

The great 1957 Aleutian Islands earthquake ruptured ~1200 km of the plate boundary along the Aleutian 
subduction zone and produced a destructive tsunami across Hawaiʻi. Early seismic and tsunami analyses indi
cated that large megathrust fault slip was concentrated in the western Aleutian Islands, but tsunami waves 
generated by slip in the west cannot explain the large observed runup in Hawaiʻi far to the southeast. Recently 
mapped 1957 geologic deposits on eastern Aleutian Islands suggest occurrence of very large nearby slip. Jointly 
modeling tsunami runup along the eastern Aleutian and Hawaiian Islands together with tide gauge recordings 
across the Pacific resolves 12-26 m shallow slip along 600 km of the eastern Aleutian Islands in addition to 
modest, deeper western slip inferred from seismic records. The eastern near-trench slip results in an MW 8.3-8.6 
tsunami earthquake component of the MW 8.6-8.8 rupture, comparable in size to the adjacent 1946 Aleutian 
tsunami earthquake to the east. The reexamination of the 1957 rupture confirms the tsunami hazards posed by 
the eastern Aleutian subduction zone to Hawaiʻi and lays the groundwork for investigation of large prehistoric 
earthquakes through modeling tsunami runup inferred from stratigraphic observations to constrain their rupture 
processes.   

1. Introduction 

The Central North Pacific location of Hawaiʻi results in direct expo
sure to tsunamis generated at the Aleutian subduction zone along ~3000 
km of the boundary between the Pacific and North America plates. Much 
of the subduction zone ruptured in several great earthquakes during the 
last century (Fig. 1). These include the 1946 MW 8.6 Aleutian Islands, 
1965 MW 8.7 Rat Islands, and 1957 MW 8.6±0.2 Aleutian Islands rup
tures (Sykes, 1971; Sykes et al., 1980), all of which generated destruc
tive tsunamis. The curvature of the Aleutian arc, combined with the 
strong trench-perpendicular radiation pattern for tsunamis produced by 
under-thrusting earthquakes, make the eastern Aleutian Islands along 
the 1946 and the eastern half of the 1957 rupture zones a primary po
tential tsunami source for Hawaiʻi (Butler, 2012; Butler et al., 2014, 
2017). Models based on geodetic data suggest current creeping of the 
deeper plate boundary along Unimak Island and Unalaska Island and 
moderate slip deficit accumulation along Umnak Island (Fig. 1), but 

geodetic observations have limited resolution of shallow megathrust 
coupling due to block motion of the upper plate and the large distance 
from the stations to the shallow plate boundary near the trench (Cross 
and Freymueller, 2008; Freymueller et al., 2008; Elliott and Freymu
eller, 2020). The phase in the earthquake cycle of the subduction zone 
further complicates interpretation of geodetic data for plate coupling 
given the time needed for detectable strain to accumulate after prior 
ruptures (Govers et al., 2017). This emphasizes the importance of his
torical record and prehistoric evidence of large earthquakes in the re
gion for tsunami hazard assessment. 

The 1946 rupture was a “tsunami earthquake”, which generated an 
unusually large tsunami for its earthquake magnitude (Kanamori, 1972; 
Polet and Kanamori, 2000; Lay and Bilek, 2007). The faulting involved 
relatively slow slip of at least 8 m, and possibly much more, along the 
shallow plate boundary (Pelayo, 1990; López and Okal, 2006), in a re
gion for which recent geodetic slip deficit is not detected (Li and Frey
mueller, 2018). The resulting tsunami produced 42 m runup at Scotch 
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Cap on Unimak Island as well as 10.4 m runup at Hāʻena, Kauaʻi; 16.4 m 
in Waikolu Valley, Molokaʻi; and 8.1 m in Hilo, Island of Hawaiʻi (López 
and Okal, 2006; Walker, 2004). This important event demonstrates the 
potential for strongly tsunamigenic shallow rupture in the eastern 
Aleutian Islands and severe tsunami impacts in Hawaiʻi as a conse
quence. The 9 March 1957 event, the second largest earthquake to strike 
the United States in the last 300 years and one of the eight largest 
earthquakes around the world since 1900, involved a much longer 
rupture than the adjacent 1946 event (Fig. 1), with an aftershock zone 
extending ~1200 km along the Aleutian arc (Sykes et al., 1980; Tape 
and Lomax, 2022). The tsunami produced runup of 16.2 m at Wainiha 
Bay, Kauaʻi; 9.1 m at Kaʻena Point, Oʻahu; and 4.3 m at Hilo, Island of 
Hawaiʻi (Walker, 2004). The non-uniform large-slip distributions infer
red from modeling of early far-field seismic observations and near and 
far-field tide-gauge records were almost all placed in the western half of 
the aftershock zone (Johnson and Satake, 1993; Johnson et al., 1994), 
which faces westward from Hawaiʻi. The strong trench-perpendicular 
radiation of tsunami waves from a western Aleutian Arc rupture 
cannot account for the large runup observed along the Hawaiian Islands. 

Field observations and tide gauge records from the eastern Aleutian 
Islands provide strong evidence for large tsunami excitation in the 
eastern portion of the 1957 rupture. Observed sandy tsunami deposits 
and drift logs extend 800 m inland to 18.5 m elevation at Stardust Bay, 
Sedanka Island and suggest runup exceeding 23 m at Driftwood Bay, 
Umnak Island (Witter et al., 2016; 2019). Wrack lines delineating 
highest debris deposits from the 1957 tsunami reach 32 m on Unalaska 
Island and 18 m on the Pacific side of Chuginadak Island, the largest of 
the Islands of Four Mountains (Griswold et al., 2019). Tsunami modeling 
from rupture offshore Unalaska Island requires approximately 20 m of 

shallow slip to account for the Stardust Bay deposits as well as the tide 
gauge recording on the north side of Unalaska Island (Nicolsky et al., 
2016). The tsunami also left behind sandy deposits and extensive runup 
evidence along the Hawaiian Islands that add to the already diverse 
observations (Walker 2004; La Selle et al., 2020). Griswold et al. (2019) 
combined 10 to 20 m uniform slip along the eastern Aleutian Islands at 
less than 15 km depth with western slip inferred from tide gauge records 
by Johnson et al. (1994) to explain features of the Aleutian Islands de
posits as well as runup observations at two sites on Kauaʻi. The inferred 
eastern rupture together with the western slip from earlier models 
suggests an MW of 8.8-9.0 for the 1957 earthquake, approaching an 
estimate of 9.1 based on the total aftershock area (Kanamori, 1997); 
however, a self-consistent fault-slip distribution that can account for 
both seismic and tsunami records has not yet been published for the 
event. 

We propose an improved rupture model for the 1957 earthquake that 
adopts prior seismological constraints from Johnson et al. (1994) on the 
faulting in the western rupture zone. Joint modeling of tsunami deposit 
and runup observations in the eastern Aleutian and Hawaiian Islands as 
well as tide gauge recordings across the Pacific provides constraints of 
slip in the eastern rupture zone. The tsunami modeling of Nicolsky et al. 
(2016) and Griswold et al. (2019) as well as the inferred long dislocation 
time resulting in weakened seismic wave excitation and a paucity of 
shallow aftershock activity adjacent to the 1946 rupture zone strongly 
suggest a tsunami earthquake component in the eastern Aleutian 
Islands. Modeling of near and far-field tsunami observations proves 
effective in differentiating slip from the shallow and deeper megathrust 
as well as constraining the extent and distribution along strike (Yama
zaki et al., 2018; Bai et al., 2022). Reproduction of the diverse tsunami 

Fig. 1. Aftershock zones of great Aleutian earthquakes in the 20th century. Red solid line with pink fill indicates aftershock zone of the 1957 Aleutian Islands 
earthquake from Sykes et al. (1980), with the red dotted line indicating the relocated aftershock zone from Tape and Lomax (2022). Blue bars denote observed 
maximum runup from the resulting tsunami compiled by Nicolsky et al. (2016). Red dashed lines delineate relocated aftershock zones of the 1946 Aleutian Islands 
tsunami earthquake and the 1965 Rat Islands earthquake (Tape and Lomax, 2022). Arrows and labels indicate Pacific plate convergence direction and rate relative to 
a fixed North American/Bering Sea plate. The inset locates the map region along the Aleutian-Alaska plate boundary. The approximate extent of the proposed 
Unalaska seismic gap in the shallow megathrust of the eastern portion of the 1957 rupture zone is indicated in green (Sykes et al., 1980; House et al., 1981). 
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observations, especially when short-period waves from near-trench slip 
are involved, poses a challenge to commonly used shallow-water models 
for non-dispersive long waves. We utilize a non-hydrostatic approach to 
more precisely account for wave shoaling on continental and insular 
slopes and propagation across the ocean in fitting the tsunami obser
vations, thereby minimizing model errors from being projected into the 
fault-slip distribution (Li et al., 2016; Yamazaki et al., 2023). 

2. Tsunami Observations and Modeling 

2.1. Tsunami Observations 

The 1957 Aleutian Islands earthquake produced a destructive 
tsunami with tide gauge, geologic, and runup observations across the 
north Pacific that have not been fully utilized in prior studies of the 
event. Fig. 2 shows the locations of selected observations to constrain 
the fault-slip distribution through tsunami modeling. Along the Aleutian 
Islands, the observations include the Unalaska and Attu tide gauge re
cords to the east and west of the epicenter as well as geologic records at 
Chuginadak Island, Driftwood Bay, and Stardust Bay along the east
ernmost 400 km of the aftershock zone (Witter et al., 2016, 2019; 
Griswold et al., 2019). The tsunami runup is estimated by the positions 
of drift logs stranded far inland and high above the shoreline. The logs 
are likely transported inland by tsunamis because no trees grow on the 
islands. Sandy deposits, recording the tsunami inundation, were exam
ined in trenches and sediment cores, and described in the field. The 
positions of trenches, cores, and drift logs were measured using real-time 
kinematic Global Navigation Satellite System (RTK GNSS) survey in
struments with ±1.5 cm horizontal and ±3 cm vertical accuracy. Ele
vations are referenced to the mean tide level, which is determined at 
each site from water level measurements using pressure transducers and 
the National Tidal Datum Epoch. 

In the Hawaiian Islands, three north-facing coastal wetlands, Ana
hola, Kahana, and Pololū were surveyed for deposits of tsunamis (La 
Selle et al., 2020). Sandy deposits were examined in sediment cores, and 
described in the field. Handheld GPS units provided all core locations 
within a horizontal error of ± 4 m. An RTK GNSS survey instrument was 
used to measure core elevations in Anahola Valley. Core elevations in 
Kahana and Pololū Valleys were inferred from LiDAR data. All site el
evations refer to the local mean sea level. Independent runup observa
tions are available near the three survey sites for validation of the 
modeled results (Walker, 2004). Additional runup comparisons are 
included for north Kauaʻi in the direct path of tsunami waves originating 
from rupture immediately west of Chuginadak Island and near Hilo at 
the eastern end of the island chain because of its tide gauge record. The 
observed runup heights reference the local tide level during the 1957 
tsunami, but in the absence of precise geographic measurements, their 
locations were interpreted from field notes and coalesced with any 
nearby historical observations for cataloging tsunami hazards around 
each island (Walker, 2004). The Aleutian and Hawaiʻi observations are 
supplemented by tide gauge records at Yakutat, Neah Bay, San Fran
cisco, and Newport Bay along the North America west coast to provide 
180◦ azimuth coverage of the tsunami. 

2.2. Tsunami Modeling 

The non-hydrostatic model NEOWAVE includes a depth-averaged 
vertical velocity term in the nonlinear shallow-water equations to 
describe tsunami generation from seafloor deformation, wavenumber- 
dependent shoaling on seafloor slopes, and frequency dispersion dur
ing trans-oceanic propagation (Yamazaki et al., 2009, 2011). The ver
tical inertia in the nonhydrostatic flow is important for accurate 
prediction of coastal runup on steep topography (Bai et al., 2023b). A 
shock-capturing scheme approximates breaking waves as bores or hy
draulic jumps that can account for energy dissipation without pre
defined mechanisms or empirical coefficients. These model capabilities, 

Fig. 2. Location map for tsunami observations and computational grids. 
(a) Level-1 and 2 grids for North Pacific and regional computations with 
epicenter (red star) and tide-gauge (T) locations. (b) Level-2 to 5 grids for 
eastern Aleutian Islands with additional geologic (G) record locations. (c) Level- 
2 to 5 grids for major Hawaiian Islands with additional runup (R) re
cord locations. 
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which are important for reproduction of near and far-field wave dy
namics, have been benchmarked against mathematical and numerical 
models as well as laboratory and field measurements (Yamazaki et al., 
2023). The non-hydrostatic approach also provides a direct interface 
with fault-slip models for computation of tsunami generation. Imple
mentation of prescribed subfault dislocation and rise time with an elastic 
half-space solution from Okada (1985) provides the time history of earth 
surface deformation. The vertical displacement is adjusted for horizontal 
translation of the local slope to update the digital elevation model and 
define the tsunami excitation (Tanioka and Satake, 1996), which is 
embedded in the seafloor kinematic boundary condition as forcing for 
the quasi three-dimensional flow. 

The modeling involves up to five levels of two-way nested compu
tational grids with increasing resolution to the selected sites with tide 
gauge, runup, and deposit observations of the tsunami generated by the 
1957 Aleutian Islands earthquake (Fig. 2). The level-1 grid covers the 
north Pacific from Kamchatka to North America including Hawaiʻi. The 
2-arcmin resolution gives rise to optimal dispersion properties in NEO
WAVE for modeling transoceanic propagation of tsunamis (Li and 
Cheung, 2019). A series of level-2 grids resolve the shelf and slope 
complex along the Aleutian Islands, the major Hawaiian Islands, and 
segments of the North America west coast at 30 arcsec. The level-3 to 5 
grids telescope from 6 to 0.3 arcsec resolution at the observation sites, 
except for Chuginadak Island, which is resolved at 15 arcsec of the 
available bathymetry. Manning’s numbers of 0.025 and 0.035 describe 
subgrid roughness of the seafloor and terrain consistent with recom
mendations from Kotani et al. (1998) and Bricker et al. (2015). The 
digital elevation model includes GEBCO for the Pacific Basin and 
high-resolution datasets for the Aleutian and Hawaiian Islands and US 
west coast available from NOAA NCEI. The local mean-sea level defines 
the datum of the digital elevation model as well as the initial sea-surface 
elevation for tsunami modeling. 

2.3. Comparison of Model Results and Observations 

The well-positioned tsunami deposits and runup observations in the 
eastern Aleutian and Hawaiian Islands are complementary for con
straining 1957 coseismic rupture processes and allow reconciliation of 
modeled slip placement along strike and down dip. Tsunami deposits 
provide lower-bound estimates of runup. Prior studies have suggested a 
1-m flow depth as the threshold to produce preservable sediment de
posits (Namegaya and Satake, 2014). This serves as general guidance in 
matching modeled flow depth with the deposit records at the Aleutian 
sites, which are of central importance in constraining slip offshore. The 
Hawaiʻi runup observations compiled by Walker (2004) might be offset 
from the record locations and include maximum water heights on land, 
and that requires special attention when being fitted with modeled 
runup in supplementing the Aleutian deposits to infer the slip distribu
tion. The tide range is 1.2 m at the Aleutian deposit sites and 0.6 m in 
Hawaiʻi and its effects are secondary in the much larger runup computed 
from the local mean sea level. 

The tide-gauge records provide time information to complement the 
deposit and runup observations of the tsunami event. The leading wave 
amplitude can confirm the overall seismic displacement, while the phase 
allows assessment of the total rupture sequence and adds secondary 
constraints on the rupture length and depth. The arrival time, however, 
could be influenced by ocean-layer stratification and compressibility as 
described by Tsai et al. (2013) or instrumentation errors from ground 
shaking in the near field as observed by Cox (1980). Stilling-well tide 
gauges, which were commonly used at the time, are known to dampen 
and lag short-period tsunami signals resulting in smoother recorded 
waveforms (Satake et al., 1988). In addition, tide gauges might be 
relocated due to retrofitting or expansion of dock facilities. Their current 
locations and the harbor configurations used in the modeling might 
differ from those in 1957. The tide gauge records require careful inter
pretation when comparing with modeled results for validation of 

rupture models inferred from the observed Aleutian and Hawaiʻi runup. 

3. Model Results 

3.1. Starting models from previous studies 

We seek a fault-slip distribution for the 1957 Aleutian Islands 
earthquake through an iterative refinement procedure, which begins 
with published models from seismic and tide gauge data inversion 
(Johnson et al., 1994). Comparison of computed tsunamis with deposit, 
runup, and tide-gauge observations guides refinements to the fault-slip 
distribution for another round of computations until satisfactory 
agreement is achieved. Early models for the slip distribution were 
mapped onto our finite-fault grid (Figs. 3a and 3b), which includes 3 
rows by 12 columns of subfaults representative of the megathrust 
interface geometry from Hayes (2018) along the 1957 aftershock zone 
(Fig. 1). The three rows of 100-km long subfaults with 30, 60, and 60 km 
width and 15◦, 20◦, and 25◦ dip correspond to the near-trench, central, 
and down-dip plate boundary depth ranges, classified as Domains A, B, 
and C (Fig. 3c), which tend to host tsunami, large-slip, and moderate-slip 
earthquakes across the megathrust, respectively (Fig. S1; Lay et al., 
2012). For the eastern Aleutian arc, the upper plate crust in contact with 
the slab is confined to depths less than about 15 km, roughly corre
sponding to the 30-km along-dip Domain A. Seismic imaging has shown 
that low P velocities exist in the upper plate outer forearc along Domain 
A, whereas much higher velocities exist along the mantle/slab contact 
for deeper Domains B and C (e.g., Lizarralde et al., 2002). The 
finite-fault grid captures dominant features of the great earthquake in 
matching the available observations. A finer grid is used in joint 
modeling of higher-quality seismic and tsunami records to resolve time 
histories of fault-slip processes in greater detail for recent events (e.g., 
Bai et al., 2022, 2023a). 

The seismic data are surprisingly limited for this event, but P-wave 
recordings indicate source radiation over at least 180 to 240 s prior to PP 
arrivals (Johnson et al., 1994), with no indication of very strong late 
arrivals. The three to four minutes of available signal likely do not span 
the entire source process for a fault rupturing 800 km eastward from the 
hypocenter. For a conventional rupture velocity of 2.5 km/s, the P-wave 
windows may only capture radiation from slip within 600 km or so from 
the hypocenter, so it is unclear whether there is later P-wave radiation. 
Inversions by Johnson et al. (1991) of tide gauge observations and of one 
of the few on-scale long-period seismic recordings of multiple great 
circle surface waves provided slip distributions approximated by 
tsunami-inferred model 1957-J1994-T in Fig. 3a and seismically infer
red model 1957-J1994-S in Fig. 3b. We adopt full-width interface failure 
over 150 km for the tsunami-inferred model as in Johnson et al. (1994) 
and assume deeper, 120-km wide rupture for the seismically inferred 
model as is commonly observed for large interplate earthquakes. How
ever, direct constraints on the along-dip rupture distribution are totally 
lacking from the seismic recording. Assuming an average rigidity of 37.5 
GPa, model 1957-J1994-T has a seismic moment of 1.13 × 1022 Nm (MW 
8.64) and model 1957-J1994-S has half of that moment at 5.56 × 1021 

Nm (MW 8.43). These early slip models locate almost all seismic moment 
and slip in the western half of the aftershock zone (Fig. 1). 

NEOWAVE can model tsunami generation from rupture propagation 
as well as multiple faulting at different times (Bai et al. 2023a), but the 
observations do not provide good constraints on source rupture velocity. 
We assume 40 s rise time and simultaneous rupture to model the tsunami 
at sites with tide gauge, runup, and deposit observations. Fig. 4 shows 
the computed wave amplitude across the North Pacific and the 
tide-gauge signals comparison. The tide-gauge records from Johnson 
et al. (1994) and Nicolsky et al. (2016), which have arbitrary reference 
times or a notable offset from the earthquake time, are shifted to align 
with computed arrivals, as done in the prior studies. For both models in 
Fig. 3, the tsunami is strongest westward from Hawaiʻi with rapid 
reduction toward the east, where most of the observations are located. 

Y. Yamazaki et al.                                                                                                                                                                                                                              



Earth and Planetary Science Letters 637 (2024) 118691

5

The larger moment of the tsunami-inferred model generates more en
ergetic waves (Fig. 4a), notably at the Attu and Unalaska tide gauges 
immediately west and east of the rupture, respectively (Fig. 4c). The 
predicted waveforms tend to overestimate the recorded amplitude and 
period at stations along the North America west coast. The Hilo 

tide-gauge comparison shows the best agreement, whereas prior models 
with similar slip from Johnson and Satake (1993) and Johnson et al. 
(1994) under-predicted the amplitude by a factor of 2, likely due to 
low-resolution computations. The seismically inferred model gives 
improved agreement with the predominately long-period signals at Attu, 

Fig. 3. Finite-fault grid and starting models for the 1957 Aleutian Islands earthquake. (a) Model 1957-J1994-T adapted from inversion of tide-gauge tsunami 
observations. (b) Model 1957-J1994-S adapted from inversion of a seismic record. Both models are based on Johnson et al. (1994) with uniform slip indicated by 
black labels and color-coded in meters. (c) Schematic cross-section scaled appropriately for the subduction zone. The red circle indicates the epicenter; labels 1-12 
and A-C indicate columns and rows of subfaults 100 km along-strike and 30, 60 and 60 km wide down-dip. 
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supporting the assumed deeper western rupture, but underestimates the 
records at Unalaska Island and Hilo. The less energetic waves for this 
model lead to more comparable results at the west coast tide gauges. 
Both models, which do not produce any inundation beyond the beach 
area, completely fail to reproduce runup and deposit observations in the 
eastern Aleutian and Hawaiian Islands (Figs. S2 and S3). 

The poor comparison with observations east of the earthquake from 
both models confirms the need for tsunami excitation in the eastern 
aftershock zone. The observed large eastern Aleutian runup and weak 
late seismic radiation suggest a tsunami earthquake component with 
large near-trench slip that generates dispersive tsunami waves across the 
ocean. The tide-gauge waveform inversion underlying 1957-J1994-T is 
very likely distorted by the full-width subfaults and linear non- 
dispersive modeling used by Johnson et al. (1994). Li et al. (2016) 
showed a non-hydrostatic model with finer subfaults is necessary to 
resolve large near-trench slip of a tsunami earthquake. The seismically 
inferred 1957-J1994-S is not dependent on alignments or interpretations 
of tsunami data and its slip distribution within the western aftershock 

zone is capable of reproducing the tsunami record at Attu to the west. 
Domain A ruptures in the eastern aftershock zone provide a viable 
explanation for the lack of late strong seismic waves as the low seismic 
velocities on the crust/slab contact can lower rupture velocity and slip 
velocity, yielding low P-wave radiation even for very large slip. Pre
liminary modeling indicated that Domain A ruptures can reconcile 
runup observations along the Aleutian and Hawaiian Islands more 
readily than deeper Domain B or C ruptures, or wider Domain A+B or 
A+B+C ruptures. We therefore start our iterative modeling using 
1957-J1994-S as a base model and seek simple fault-slip distributions in 
the shallow eastern aftershock zone that match the deposit, runup, and 
tide gauge observations with the lowest seismic moment. 

3.2. Preferred model from iterative refinement 

The tsunami computation was iterated through 51 fault-slip models 
in matching the observations under the assumption of simultaneous 
rupture. Each model includes the western rupture from seismic wave 

Fig. 4. Wave amplitude and tide-gauge waveforms from starting models. (a) Model 1957-J1994-T. (b) Model 1957-J1994-S. White circles indicate tide gauge 
locations. (c) Comparison of de-tided tsunami records (black) with computed waveforms from 1957-J1994-T (blue) and 1957-J1994-S (red). The tsunami records are 
shifted to align with the computed wave arrivals for direct comparison. 
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inversion (Johnson et al., 1994), but varies the Domain A slip in the six 
eastern near-trench subfaults. Fig. 5 shows four selected fault-slip 
models to illustrate the range of uncertainties in along-strike slip 
placement. The large near-trench slip in the eastern rupture zone en
hances the computed runup to match the observed deposits in the 
Aleutian Islands and results in dispersion across the ocean to reproduce 
the far-field observations. The easternmost 200 km segment at subfaults 
11A and 12A is well constrained by tsunami deposits on the gradually 
steepening valley slope at Stardust Bay. The range of permissible slip 
increases at subfault 10A due to presence of a ledge at the landward limit 
of tsunami deposits at Driftwood Bay, where the computed inundation 
becomes less sensitive to the slip. The low-resolution digital elevation 
model at Chuginadak Island also reduces the sensitivity of the computed 
runup to offshore slip at subfault 9A. Models 1957-Y2023-A and 
1957-Y2023-B in Figs. 5a and 5b span the upper and lower bounds of slip 
uncertainties along 400 km of near-trench rupture constrained by the 
Aleutian deposits alone. There is no local constraint on any shallow slip 
west of Chuginadak Island, but the large observed runup on north Kauaʻi 
complements the near-field observations. Models 1957-Y2023-C and D 
in Figs. 5c and 5d respectively include 100 and 200-km westward ex
tensions of the near-trench rupture to demonstrate sensitivity of the 
computed north Kauaʻi runup as well as slip reconciliation within the 
longer rupture in maintaining the match with the near-field deposit 
observations. 

The four models produce a wide range of runup on north Kauaʻi, but 

comparable results at other sites, demonstrating the solution space and 
range of uncertainties among Domain A ruptures. The wave-amplitude 
plots in Figs. 6a and 6b illustrate the tsunami radiation pattern for 
models 1957-Y2023-C and 1957-Y2023-D with 500 and 600 km long 
eastern ruptures, respectively. The latter, preferred model gives slightly 
better overall agreement with the tide gauge observations in Fig. 6c (See 
Movie S1 for tsunami propagation). The longer eastern rupture ener
gizes a sidelobe toward Kauaʻi, while having little effect on the main lobe 
and the diffracted waves to the east and west. The computed waveform 
at Attu is primarily generated by the western rupture inferred from 
seismic data with minor contributions from the eastern rupture ~2 
hours after initial arrival. At Unalaska Island, the signals from the 
western rupture are considerable (Fig. 4c), and their constructive and 
destructive interference with the shorter period waves arriving simul
taneously from the eastern near-trench slip gives very good agreement 
with the recorded waveform. The precise phase alignment validates the 
slip placement in both western and eastern rupture zones and suggests 
their faulting occur within a relatively short time interval that can be 
approximated as simultaneous in the tsunami modeling. The Yakutat 
tide gauge located far to the east recorded diffracted waves with good 
match of the initial arrival from the eastern rupture. The computed, 
subsequent arrivals include diffracted waves from abrupt slip transitions 
across subfaults. The tide gauge at Neah Bay, Washington, recorded the 
long-period diffracted waves along with short-period oscillations of the 
semi-enclosed embayment, while the tide gauges farther south, 

Fig. 5. Model 1957-J1994-S augmented with large eastern shallow slip. (a) Models 1957-Y2023-A. (b) Model 1957-Y2023-B. These two models represent upper 
and lower-bound shallow slip along 400 km of rupture constrained by Aleutian deposit records (Witter et al., 2019; Griswold et al., 2019). (c) Model 1957-Y2023-C. 
(d) Model 1957-Y2023-D. These two models have 500 and 600 km long shallow rupture and reconciled slip distributions to fit additional, north Kauaʻi runup 
observations in Hawaiʻi (Walker 2004). The red circle indicates the epicenter; white numerals and alphabets indicate columns and rows of subfaults 100 km 
along-strike and 30, 60 and 60 km wide down-dip. Uniform slip regions with amount indicated by black labels are color-coded in meters. 
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including Hilo in Hawaiʻi, recorded shorter period signals from radiated 
waves influenced by dispersion. These recorded time series are well 
reproduced by modeled waves arriving sequentially from the eastern 
and western ruptures with 7 min lag time at Hilo, 30 min at Newport Bay 
and San Francisco, California, and 40 min at Neah Bay. 

The tsunami impacts along the Aleutian and Hawaiian Islands are 
strongly influenced by shelf processes dependent on the dominant wave 
period or indirectly the slip placement along dip. The large shallow slip 
in the eastern rupture produces an elongated, narrow initial sea-surface 
pulse through a strongly non-hydrostatic process at the wedge toe and its 
descent and rebound over the deep trench generate short-period waves 
that shoal and refract more effectively over submarine ridges and can
yons to produce localized impacts (Fig. 7a). The landward propagating 
tsunami waves are amplified by the rebound from initial sea-surface 
drawdown caused by seafloor subsidence (Movie S1). The computed 
signals at the Unalaska tide gauge in Fig. 6c shows that the non- 
hydrostatic model is able to resolve the tsunami waves from the 
trench without spurious short-period oscillations as seen in shallow- 

water model results (Nicolsky et al., 2016). The shorelines with ampli
fied wave action correspond well with locations showing large runup 
observations in Fig. 1. These include the location with 32 m runup and 
the three sites with observed tsunami deposits at high elevation (Witter 
et al., 2019; Griswold et al., 2019). The offshore propagating tsunami 
transforms into a wave packet with a leading crest followed by a deep 
trough and dispersive waves with decreasing amplitude and period 
(Movie S1). The wave packet resonates over the interconnected insular 
shelves along the Hawaiian Islands (Fig. 7b). The amplification pattern 
closely follows the shelf and inter-island oscillation modes deduced by 
Cheung et al. (2013) and shows good correlation with large runup ob
servations from Walker (2004), in particular, at Wainiha on the north 
Kauaʻi. Anahola, Kahana, Pololū, and Hilo experience moderate wave 
action in comparison, but have observed runup and independent deposit 
data from La Selle et al. (2020) or tide gauge records for cross-validation 
of model results. 

The computed inundation and runup for the preferred model 1957- 
Y2023-D are compared with observations. The three Aleutian sites 

Fig. 6. Wave amplitude and tide-gauge waveforms from converging models. (a) Model 1957-Y2023-C. (b) Model 1957-Y2023-D. White circles indicate tide 
gauge locations. (c) Comparison of tsunami records (black) with waveforms from models 1957-Y2023-C (blue) and 1957-Y2023-D (red). The tsunami records are 
shifted to align with the computed wave arrivals for direct comparison. 
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provide primary constraints of slip at the four easternmost near-trench 
subfaults (Fig. 8a). The largest slip of 26 m in the partially locked re
gion along Umnak Island is needed to match the Driftwood Bay deposits 
at elevations up to 23 m, and the slip reaches 16 and 12 m to the east and 
west, where only minor geodetic slip deficit is detected (Cross and 
Freymueller, 2008; Xue and Freymueller, 2020). The 16-m near-trench 
slip fronting Stardust Bay is consistent with the estimate from 

localized tsunami modeling (Nicolsky et al., 2016), while the 12 m slip 
to the west is needed to account for the 7~18 m runup on south Chu
ginadak Island (Griswold et al., 2019). The rupture extends 200 km west 
of Chuginadak Island to increase the radiation of tsunami energy toward 
Kauaʻi. The short-period tsunami waves rapidly amplify over the 
near-shore reef and reproduce the large observed runup on steep slopes, 
but generate moderate flooding over the relatively flat alluvial and 

Fig. 7. Wave amplitude for preferred model 1957-Y2023-D. (a) Eastern Aleutian Islands. (b) Hawaiian Islands. White labels indicate selected sites with tsunami 
observations for high-resolution inundation and runup modeling. 
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Fig. 8. Inundation and runup for preferred model 1957-Y2023-D. (a) Aleutian sites. (b) Hawaiʻi sites. White triangles indicate observed drift log locations; solid 
and open black circles denote cores with and without deposits. Black bars denote observed maximum deposit elevations on Chuginadak Island from Griswold et al. 
(2019) and observed runup heights at Hawaiʻi sites from Walker (2004). Black lines denote waterlines at local MSL and red lines delineate computed runup heights 
and inundation limits. 
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coastal plains at the five Hawaiʻi sites (Fig. 8b). Computed flow-depth 
discontinuities at the shore suggest collapse of tsunami bores onto the 
coastal plain as sheet flows with considerable energy dissipation. The 
observed runup on Kauaʻi’s north shore is instrumental in constraining 
the 16-m slip west of Chuginadak Island, which only has secondary ef
fects at other sites (Fig. S4). The runup observations at Hilo suggest some 
overestimation of the modeled impact despite good agreement of the 
computed and recorded leading crest at the tide gauge (Fig. 6c). This is 
likely caused by excess local resonance on the insular slope (Bai et al., 
2018), as indicated by the rapid and large drawdown after the initial 
arrival. The computed steep drawdown is triggered by a deep trough 
following the leading crest that is augmented by the negative phase of 
wave diffraction across abrupt slip transitions at the source (Movie S1). 
Minor discrepancies in the diverse data comparisons are expected for the 
simplified fault-slip model and the observation uncertainties. 

3.3. Threshold for Tsunami Deposits 

The observed runup heights on north Kauaʻi and deposits on three 
eastern Aleutian Islands provide the primary constraints for the eastern 
slip distribution, which together with the western rupture inferred from 
seismic records, provides good overall agreement with tide gauge ob
servations of the 1957 Aleutian tsunami. The self-consistency among the 
diverse observations adds confidence to the use of the 1-m flow depth 
threshold from Namegaya and Satake (2014) as general guidance in 
matching the computed tsunami inundation with the Driftwood and 
Stardust deposits (Fig. 9a). Both Aleutian sites, which together record 
nine tsunamis in the past two millennia (Witter et al., 2016; 2019), 
experience inundation from the open shore with abundant sediment 
supply and preservable deposits across the valley. The 1-m flow depth 
threshold, however, might not be applicable to Hawaiʻi with distinct 
physical environments, flow dynamics, and weather patterns. Tsunami 

Fig. 9. Tsunami deposit record and flow depth for preferred model 1957-Y2023-D. (a) Aleutian sites. (b) Hawaiʻi sites. White triangles indicate observed drift 
log locations; solid and open black circles denote cores with and without deposits; black lines denote waterlines at local MSL and white lines are contours of 1-m 
flow depth. 
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deposits preserved from the 1957 event were observed at Anahola, 
Kauaʻi, and Pololū, Island of Hawaiʻi, where deposits of a 14th century 
tsunami were also observed (La Selle et al., 2020). A sandy 1957 deposit 
was not observed in cores from Kahana Valley, Oʻahu. All three sites also 
have independent runup observations from 1957 for local validation of 
the model results that in turn facilitates a closer examination of the 
computed flow depth with the deposit records (Fig 9b). 

The model results at Kahana show floodwaters entering and 
spreading through a river channel onto the alluvial plain. All the cores, 
which have no detectable sandy deposits from the 1957 tsunami, are 
located outside the computed flood zone. The adjacent shoreline has less 
than 3 m of computed runup (Fig. 8b), which is postulated as a local 
threshold for tsunami deposit preservation (Chagué-Goff et al., 2012). 
Anahola and Pololū Valleys have similar general morphologies with a 
main channel on the north side adjacent to steep valley walls and coastal 
dunes to the southeast along the shore. The floodwaters entering though 
the main channels at the valleys inundate all the 1957 deposit locations; 
however, the core locations without deposits also experience up to 3~4 
m flow depth. These values are subject to grid resolution and model 
uncertainties, but with the good agreement of nearby runup (Fig. 8b), 
unequivocally point to a flow-depth threshold greater than 1 m for these 
localities. Without overtopping and significant erosion of the sand dunes 
at Anahola and Pololū, the apparent higher threshold for preservable 
deposits could be due to supply of sediment limited to the channel 
mouth and adjacent shore as well as their location in alluvial plains 
subject to freshwater runoff or channel overflow during wet seasons. 
Hawaiʻi beaches typically comprise a layer of predominantly calcareous 
or basaltic sand mantling a shallow-reef substrate with distinct transport 
characteristics (Smith and Cheung, 2003, 2004). The tropical reef 
environment, in some cases, may limit the amount of sandy sediment 
transported inland by tsunamis (Apotsos et al., 2011). 

4. Discussion and Conclusions 

Tsunamis from the eastern Aleutian subduction zone remain a 
continuing threat to coastal communities in Hawaiʻi. A rational assess
ment of the tsunami hazard requires knowledge of the earthquake cycle 
and rupture pattern across the megathrust. The 1957 great Aleutian 
earthquake stretching ~1200 km along the Aleutian Arc is the most 
recent major event that can shed some light on these complex processes. 
The preponderance of evidence suggests the tsunami is primarily the 
result of shallow megathrust rupture, but tsunamigenic seafloor motion 
could also be produced by splay faults or submarine slumps, or some 
combination of multiple sources as has been proposed for the 1946 event 
(e.g., Lopez and Okal, 2006). While the available data do not rule out 
alternate sources for the tsunami, the present non-hydrostatic modeling 
unambiguously favors a 600 km long stretch of the eastern Aleutian 
Islands being a primary source of the very large tsunami. This is com
parable to the 950 km long zone impacted by the 1907 Sumatra tsunami 
earthquake (Kanamori et al., 2010; Martin et al., 2019), but exceeds the 
rupture length of all well-documented recent tsunami earthquakes. It is 
very unlikely that synchronous upper plate faulting or slumping could 
have occurred over such a huge length. Lacking any evidence to clearly 
favor such alternatives and given the aftershock activity for a very long 
rupture along the megathrust, we discuss the proposed faulting scenario 
in terms of regional tectonics and historical events to further address its 
validity and implication. 

The tsunami deposit and runup observations in the Aleutian and 
Hawaiian Islands are complementary in deducing the considerable 
coseismic slip in the near-trench region during the 1957 earthquake. The 
resulting dispersive tsunami waves are not amenable to early inversion 
of tide-gauge records with hydrostatic modeling and subfaults spanning 
the megathrust width (Johnson and Satake, 1993; Johnson et al., 1994). 
Previously published seismic models indicate a western rupture region 
with absence of the eastern shallow slip suggesting that the late source 
process indicated by the tsunami observations was relatively slow. 

Assuming a long dislocation time and low rupture velocity in shallow, 
low seismic velocity material along Domain A (e.g., Lizarralde et al., 
2002); it is straightforward to account for the lack of strong seismic 
excitation from the eastern portion of the rupture. The paucity of 
shallow aftershock activity adjacent to the 1946 rupture zone suggests a 
tsunami earthquake component of the great 1957 rupture. The available 
data do not resolve whether the near-trench region failed in the western 
Aleutian Islands. The assumed deeper, western rupture with clear 
seismic signals is corroborated by tide gauge recordings in the Aleutian 
Islands, but the up-dip limit of slip is not robustly constrained. The good 
fit to the overall time histories from tide-gauge stations favors a 
continuous event for the western and eastern ruptures. The duration of P 
wave ground motions from the handful of on-scale recordings suggests 
source duration of at least 180 s (Johnson et al., 1994), but the data are 
insufficient to constrain the total duration and overall rupture velocity 
as well as the space-time history of slip. 

The seismic moment for the eastern shallow slip in the preferred 
model 1957-Y2023-D is 1.15 × 1022 Nm (MW 8.64), assuming a rigidity 
of 37.5 GPa, and the full model including the western rupture gives a 
moment of 1.70 × 1022 Nm (MW 8.75) for the 1957 event. The observed 
seismic waves show relatively uniform amplitudes for several hundred 
seconds (Johnson et al., 1994). Even with a rupture area 2.7 times larger 
in the west, early waves excited by the 1.5-4.3 m slip from deep on the 
fault are comparable to or larger than any later waves excited by the 
12-26 m slip in the east from shallow faulting. Given the low seismic 
velocity along the crust/slab contact in the eastern Aleutian Islands 
(Lizarralde et al., 2002), it is plausible that the shallow megathrust ri
gidity is lower, as has been inferred for many events (Cheung et al., 
2022). The seismic moment of the eastern portion could be as much as a 
factor of 2 to 4 lower as a result. Lowering the rigidity in the eastern, 
large shallow slip region by a factor of 3 reduces the seismic moment to 
3.83 × 1021 Nm (MW 8.32) and the total event moment to 9.39 × 1021 

Nm (MW 8.58). Very large shallow slip in the 2011 MW 9.1 Tohoku 
earthquake appears to have accompanied larger down-dip slip (Lay, 
2017), but this is probably not the case at least in the eastern portion of 
the 1957 rupture as any significant slip on the mantle/slab contact 
would produce strong seismic waves in the record due to increased ve
locities and rigidity. 

The aftershock distribution of the 1957 event lacks activity in the 
near-trench region at the easternmost part of the rupture (Fig. 1), and 
this arguably played a role in proposing a shallow seismic gap off 
Unalaska Island west of the 1946 rupture zone (Sykes et al., 1980; House 
et al., 1981). It now appears that the large near-trench slip released 
shallow strain accumulated in the centuries prior to 1957, but did not 
produce shallow megathrust aftershock activity (Sykes et al., 1980; Tape 
and Lomax, 2022), similar to other tsunami earthquakes. The purported 
Unalaska seismic gap is not a seismic gap at all (Witter et al., 2016, 2019; 
Nicolsky et al., 2016). The observed, current strain deficit could be 
explained by strong locking in Domain A (Xue and Freymueller, 2020). 
Our simplified fault model cannot resolve any upper slip limits in Do
mains B and C with the available observations, but given the very large 
slip needed in Domain A, we cannot rule out deeper slip in the eastern 
portion of the 1957 rupture. While geodetic data do not resolve much 
current strain accumulation on the Domain B and C regions of the 
megathrust along Unalaska Island (Cross and Freymueller, 2008; Frey
mueller et al., 2008; Xue and Freymueller, 2020), it is unclear whether 
large slip events can occur there. 

In the context of large slip zones from recent earthquakes in the 
Aleutian-Alaska megathrust (Fig. 10), the large eastern rupture of the 
1957 earthquake was similar to the shallow, tsunami-earthquake in 
1946, both of which account for the damaging waves observed in 
Hawaiʻi, while the western portion was akin to deeper slip in the 1986, 
1996, 2020, and 2021 earthquakes (e.g., Boyd and Nabelek, 1988; 
Tanioka and González, 1998; Bai et al., 2022; Liu et al., 2023). There is 
no clear indication of shallow rapid slip up-dip of any of the latter zones, 
notably for the 1986 and 1996 events, which support our choice of 
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limiting western slip in 1957 to Domains B and C. The 2021 earthquake 
overlapped the 1938 rupture zone, but there is uncertainty in whether 
shallow slip had occurred earlier (Johnson and Satake, 1994; Freymu
eller et al., 2021). The western asperity of the 1964 earthquake south of 
Kodiak Island does appear to have extended to the trench (Suito and 
Freymueller, 2009), with rupture across Domains A, B, and C. It remains 
to be established what causes the variable rupture depth extent along 
strike for recent events in the Aleutian-Alaska arc. Large amounts of 
sediment are entering the trench along Alaska and the Alaska Peninsula, 
but nonetheless the up-dip limit of rupture is observed to vary in the 
recent ruptures. Less sediment is entering the trench along the Aleutian 
Islands, but there are also variations in the up-dip limit of slip as inferred 
for the 1957 rupture. Fluids on the megathrust (e.g., Cordell et al., 
2023), roughness of the plate interface (e.g., Liu et al., 2023), and other 
factors may play a role in delimiting along-dip seismic rupture. 

The 1957 event can now be characterized as a compound earthquake 
involving rupture of the entire crust/slab interface at depths less than 15 
km in the eastern Aleutian Islands and deeper slip along the mantle/slab 
interface in the western Aleutian Islands. Comparing this event with 
recent large tsunamigenic earthquakes reinforces the interpretation that 
occurrence of shallow slip during 1957 produced the 32-m maximum 
water height observed on Unalaska Island (Fig. S5). The improved un
derstanding of the 1957 rupture provides strong testimonial to the value 
of field observations and records of tsunami waves from older earth
quakes, confirming the major tsunami hazard for Hawaiʻi from the 
eastern Aleutian Islands. With the general methodology benchmarked 
for the 1957 earthquake and tsunami in this study, deduction of pre- 
historic events through modeling of the Aleutian and Hawaiʻi strati
graphic records from Witter et al. (2016; 2019) and La Selle et al. (2020) 
is the best prospect to extend the earthquake slip history and establish 
whether the deeper mantle/slab interface can host major ruptures along 

the eastern Aleutian subduction zone. 
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Fig. S1. Rupture Domains along megathrust faults. (a) Schematic cross-section, scaled 
appropriately for the subduction zone off the northeast coast of Honshu where the great 2011 
Tohoku earthquake occurred, indicating four domains of megathrust rupture characteristics: A – 
near-trench domain where tsunami earthquakes or anelastic deformation and stable sliding occur; 
B – central megathrust domain where large slip occurs with average short-period seismic 
radiation; C – down-dip domain where moderate slip occurs with high coherent short-period 
seismic radiation; D – transitional domain, only present in some areas, typically with a young 
subducting plate, where slow slip events, low frequency earthquakes (LFEs), and seismic tremor 
can occur. At yet greater depths the megathrust slides stably or with episodic slow slip or plastic 
deformation that does not generate earthquakes. (b) Cut-away schematic characterization of the 
megathrust frictional environment, related to Domains A, B, C and D defined in (a). Regions of 
unstable frictional sliding are red regions labeled “seismic”. Regions of aseismic stable or 
episodic sliding are white regions labeled “aseismic”. Orange areas are conditional stability 
regions, which displace aseismically except when accelerated by failure of adjacent seismic 
patches. Domain A is at shallow depth where sediments and pore fluids cause very slow rupture 
expansion even if large displacements occur in tsunami earthquakes. Domain B has large, 
relatively uniform regions of stable sliding that can have large slip, but generate modest amounts 
of short-period radiation upon failure. Domain C has patchy, smaller scale regions of stable 
sliding surrounded by conditionally stable areas. When these areas fail, coherent short-period 
radiation is produced. Small, isolated patches may behave as repeaters when quasi-static sliding 
of surrounding regions regularly loads them to failure. Domain D is dominated by aseismic 
sliding, but many small unstable patches can rupture in seismic tremor when slow slip events 
occur. Modified from Lay et al. (2012).  
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Fig. S2. Inundation and runup comparisons for Model 1957-J1994-T. (a) Aleutian sites. (b) 
Hawaiʻi sites. White triangles indicate observed drift log locations; solid and open black circles 
denote cores with and without deposits. Black bars denote observed maximum deposit elevations 
on Chuginadak Island from Griswold et al. (2019) and observed runup heights at Hawaiʻi sites 
from Walker (2004). Black lines denote waterlines at local MSL and red lines delineate 
computed runup heights and inundation limits. 
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Fig. S3. Inundation and runup comparisons for Model 1957-J1994-S. (a) Aleutian sites. (b) 
Hawaiʻi sites. White triangles indicate observed drift log locations; solid and open black circles 
denote cores with and without deposits. Black bars denote observed maximum deposit elevations 
on Chuginadak Island from Griswold et al. (2019) and observed runup heights at Hawaiʻi sites 
from Walker (2004). Black lines denote waterlines at local MSL and red lines delineate 
computed runup heights and inundation limits. 
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Fig. S4. Inundation and runup comparisons for Model 1957-Y2023-C. (a) Aleutian sites. (b) 
Hawaiʻi sites. White triangles indicate observed drift log locations; solid and open black circles 
denote cores with and without deposits. Black bars denote observed maximum deposit elevations 
on Chuginadak Island from Griswold et al. (2019) and observed runup heights at Hawaiʻi sites 
from Walker (2004). Black lines denote waterlines at local MSL and red lines delineate 
computed runup heights and inundation limits.   
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Fig. S5. Water height versus moment magnitude of megathrust earthquakes. Modified from 
Cheung et al. (2022) to include the 1957 Aleutian earthquake and tsunami. The arrow on the 
1957 data point indicates the range of total moment associated with uncertain rigidity of the 
shallow megathrust where the eastern tsunami earthquake component occurred.  
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Movie S1. Trans-Pacific tsunami propagation for Model 1957-Y2023-D. Time t in (Hr:Min) 
after earthquake initiation. 
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