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Abstract on October 19, 2020, the moment magnitude (M) 7.6 Sand Point earthquake struck south of S
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the Shumagin Islands in Alaska. Moment tensors indicate the earthquake was primarily strike-slip, yet the Handline Editor:
event produced an enigmatic tsunami that was larger and more widespread than expected for an earthquake " Wenbin Xu
of that magnitude and mechanism. Using a suite of hydrodynamic, seismic, and geodetic modeling tech- Copy & Layout Editor:
niques, we explore plausible causes of the tsunami. We find that strike-slip models consistent with the mo- Abhineet Gupta
ment tensor orientation cannot produce the observed tsunami. Hydrodynamic inversion of sea surface defor-
mation from deep ocean and tide gauge data indicate seafloor deformation more closely matches a megath-
rust, rather than a strike-slip, source. Static slip inversions using sea level and Global Navigation Satellite
System data allow for a portion of co-seismic megathrust slip that can explain tsunamigenesis. Combining
all available geophysical datasets to model the kinematic rupture, we show that considerable, relatively slow,
megathrust slip is allowable in the Shumagin segment, concurrent with strike-slip faulting. We hypothesize
that the slow megathrust rupture does not contribute much seismic radiation allowing it to previously go un-
noticed with traditional seismic monitoring.
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Non-technical summary On October 19, 2020, a magnitude 7.6 earthquake occurred south of
Alaska’s Shumagin Islands. Seismicinstrumentsin Alaska and globally observed the earthquake to be a strike-
slip earthquake, characterized by lateral (as opposed to vertical) fault motion. That lack of vertical motion
generally results in only small, localized tsunamis. However, this earthquake produced a tsunami that was
observed as far away as Hawaii. In this work, we confirm that a simple strike-slip earthquake cannot generate
the observed far-reaching tsunami. Instead, ocean height observations are consistent with a typical tsunami-
genic megathrust earthquake, characterized by vertical motion at the subduction interface. The combination
of seismic, geodetic, and ocean height observations allow for concurrent strike-slip and megathrust rupture
wherein the megathrust rupture occurred at comparatively slow speeds. We hypothesize that these slow rup-
ture speeds are why the megathrust portion of this earthquake went undetected by seismic instruments.

1 Introduction great earthquakes have been observed in the Sanak

segment (1946 M,,8.6) and the Semedi segment (1938

Tsunamis are most often the result of earthquake
sources at subduction zones. Subduction zone fault
slip is a key process for tsunamigenesis that can pro-
duce large enough vertical motion to result in hazardous
waves. The Shumagin segment of the Alaskan subduc-
tion zone (Figure 1) has been characterized as an area
largely devoid of great earthquakes (M,, > 8.0) for
at least the past 100 years (Davies et al., 1981). This
may be due to the location being in transition between
the fully creeping Sanak segment to the west and the
fully locked Semidi segment to the east (Li and Frey-
mueller, 2018). The Shumagin segment’s seismic his-
tory is in stark contrast to its neighboring segments;

*Corresponding author: ssantel2@uoregon.edu

M,,8.3) in the past century, each producing large, dev-
astating tsunamis (Davies et al., 1981; Witter et al.,
2014; Li and Freymueller, 2018). Meanwhile, the last
suspected great earthquake in the Shumagin segment
is commonly thought to have occurred in 1788; how-
ever, geologic observations are more consistent with
two earthquakes between M,,7.7-8.1 occurring under a
month apart (Witter et al., 2014).

The October 19, 2020, M,, 7.6 (seismic moment (M,) =
2.82 x 10%° N'm) Sand Point earthquake was the second
of three large earthquakes to affect the Alaskan Penin-
sula over a 12-month period. First, the July 22, 2020,
M7.8 (M, = 6.91 x 102 Nm) Simeonof earthquake
occurred on the subduction zone fault interface near
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Figure 1 The study area, offshore of the Alaskan Penin-
sula. Demarcations for the Sanak, Shumagin, and Semidi
segments from Liu et al. (2020) are shown with dashed black
lines. The 2020 Simeonof rupture zone is shown in black
(Crowell and Melgar, 2020); the 2021 Chignik rupture zone
is shown in dark blue (USGS Earthquake Hazards Program,
2017); and the July 2023 Sand Point rupture zone is shown
in aquamarine. The W-phase centroid moment tensors
(WCMT) for Simeonof, Chignik, and July 2023 Sand Point are
shown in the same colors as their rupture zones. The sur-
face projection of the U.S. Geological Survey National Earth-
quake Information Center (USGS-NEIC) finite fault plane for
the 2020 Sand Point earthquake is delineated by a dashed
red line (USGS Earthquake Hazards Program, 2017). The
epicenter and WCMT for the 2020 Sand Point earthquake
are shown in gold. The King Cove (KING) and Sand Point
(SAND) coastal sea level stations are shown as red triangles.
Deep-ocean Assessment and Reporting of Tsunamis (DART)
stations are shown as light blue triangles. Global Naviga-
tion Satellite System (GNSS) station AC12 (yellow square) is
shown to have undergone 10 cm of subsidence during the
2020 Sand Point earthquake. The inset shows the locations
of the coastal sea level stations (HILO/KAWA) in Hawaii (red
triangles) and the outline of the main study area in blue.
This map was constructed using GMT 6 (Wessel et al., 2019).

Simeonof Island (Figure 1, Crowell and Melgar, 2020).
It produced a small tsunami with a ~30 cn maximum
amplitude (relative to typical sea level) at the nearby
Sand Point, Alaska, coastal sea level station (Larson
et al., 2021; Liu et al., 2022) and was barely measurable
(< 1cm amplitude) at the Deep-ocean Assessment and
Reporting of Tsunamis (DART) stations in the surround-
ing area.

In contrast, the M, 7.6 Sand Point earthquake pro-
duced a tsunami with maximum amplitude of 76 cm
at the same Sand Point coastal sea level station and
a ~30cm maximum amplitude at the Hilo, Hawalii,
coastal sea level station more than 3800 km away. The
Sand Point tsunami was also recorded clearly by four
DART stations (1-4cm amplitudes; Figure 2d) (Titov
et al., 2005). The causative fault plane of this earth-

2

quake, based on the U.S. Geological Survey (USGS) Na-
tional Earthquake Information Center (NEIC) W-Phase
centroid moment tensor (WCMT), was a north-striking,
49° east-dipping, right-lateral, strike-slip fault with a
71% double-couple component (Figure 1). Strike-slip
earthquakes typically do not produce large enough ver-
tical deformation to generate tsunamis with amplitudes
> 30cm in the near- or far-field. It is therefore enig-
matic that the Sand Point event produced a substan-
tially larger local and trans-oceanic tsunami than the
Simeonof event, given that (1) it is ~2.5 times smaller
by scalar moment, and (2) it has a strike-slip, rather
than dip-slip, mechanism. The peculiar nature of the
Sand Point earthquake’s tsunami was highlighted again
by the July 29, 2021, M,,8.2 (seismic moment (M,) =
2.36 x 10*! N'm) Chignik, Alaska, earthquake. The Chig-
nik earthquake was a low angle thrust event and pro-
duced a similar trans-oceanic tsunami to the Sand Point
earthquake, despite its larger magnitude and rupture
area (Liu et al., 2022). Comparison to the tsunamis gen-
erated by these larger magnitude megathrust events in-
dicates that additional factors must be contributing to
the Sand Point earthquake’s tsunami generation.

2 The incompatibility of a strike-slip
source

2.1 USGS model

To test the hypothesis that strike-slip activation alone
is insufficient to generate the observed Sand Point
tsunami, we model the vertical seafloor deformation
implied by the USGS finite fault model (model U0, Ta-
ble 1) using a dislocation in an elastic half-space (Okada,
1985) and forward model the resulting tsunami waves
using GeoClaw (LeVeque et al., 2011). GeoClaw solves
the non-linear shallow-water equations using adaptive
mesh refinement so that areas of high tsunami complex-
ity, such as the coastal sea level station locations, can
be refined to higher discretization. We use the Shut-
tle Radar Topography Mission 15 (450 m pixels) for the
model domain (Figure 1) (Tozer et al., 2019). We also
use 1/3 arcsec (~10 m pixels) bathymetry/topography to
provide greater detail for the areas around the coastal
sea level stations. The tsunami simulations are run at 4
levels of mesh refinement starting at 5 arcmin (~7.5 km)
and ending at 3 arcsecs (~90m). We choose to use
GeoClaw’s kinematic rupture feature for all models for
faithful comparisons amongst them.

We prescribe Gaussian-shaped sea surface deforma-
tion unit source areas in a two-dimensional grid with
10km spacing across the region of interest; 428 sources
in total (Figure S1). These unit source areas have an
amplitude of 1m and a standard deviation of 5km.
The Gaussian nature of the tsunami source elements
ensures that they overlap at the margins, such that
smooth variations of sea surface displacements can
be expressed with a sum of these discrete sources.
Each tsunami source element is run independently in
GeoClaw to compute the Green’s function from each
source to each of eight observing stations: two near-
field coastal sea level stations on the Aleutian Islands
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This map was constructed using GMT 6 (Wessel et al., 2019).

(a.) Map showing the vertical deformation resulting from the U.S. Geological Survey National Earthquake Infor-
mation Center (USGS-NEIC) finite fault model (model U0). The dashed black line from A-A’ is the surface projection of the
causative fault plane, as inferred by the USGS-NEIC. The hypocenter (star) and W-phase centroid moment tensors (WCMT)
are shown in gold. (b.) USGS-NEIC finite fault solution. (c.) The observed (black) and modeled (red) tsunami waveforms at
coastal sea level stations. (d.) The observed (black) and modeled (red) tsunami waveforms at Deep-ocean Assessment and
Reporting of Tsunamis (DART) stations. DART station 46403 is shown with slightly muted colors to indicate that it was affected

seismic, STR

SS: “Standard” (0-305s)

Model name Segments Data types Allowable rise times RMSE(s) [cm]
USGS-NEIC (U0) SS Teleseismic N/A 9.0%
. DART, CSLS, Sla:3.8*
Static (S1) SS SGNSS N/A S1bd 7+
Hydrodynamic (HO) N/A DART, CSLS N/A 3.0*
. DART,  CSLS, S2a: 82.37
Static (S2) SS,MT SGNSS N/A <ob: 77 8t
Kinematic (K1) SS, MT DART “Standard” (0-30s) 4.0*
DART, SGNSS,

Kinematic (K2) SS, MT HRGNSS, Tele- | “Long” (0-605s) 4.1*
seismic, STR
DART, SGNSS, » .

Kinematic (K3) SS, MT HRGNSS, Tele. | M1: "Very Long” (0-120s) | , o

Table1l The attributes of the inversions considered in this study. SSis strike-slip; MT is megathrust; CSLS is coastal sea level
station; SGNSS is static Global Navigation Satellite System (GNSS); HRGNSS is high-rate GNSS; and STR is strong motion ac-
celerometer. * denotes unweighted root mean squared error (RMSE) and tdenotes weighted RMSE. N/A means not available.

(Sand Point and King Cove), two far-field coastal sea
level stations in Hilo and Kawaihae, respectively, and
four DART stations (Figure 1, Titov et al., 2005).

The vertical seafloor deformation pattern derived
from the USGS strike-slip model has a peak subsidence
of 0.2m and a peak uplift of 0.4m (Figure 2a), which

3

is insufficient to produce the observed tsunami ampli-
tudes (Figure 2c, d). The unweighted root mean squared
error (RMSE) of the tsunami waveforms is 9.0 cm. Not
only is the modeled amplitude at the Sand Point coastal
sea level station much smaller than the recorded am-
plitude (0.4 m versus 1.3 m trough to crest), the forward-
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modeled tsunami also arrives ~1 hour earlier than the
observed tsunami. Although timing discrepancies are
expected at far-field sites due to unmodeled effects of
the compressional seafloor (Tsai et al., 2013), the large
timing discrepancy at the near-field Sand Point site indi-
cates that this strike-slip model does not accurately rep-
resent the tsunamigenic deformation.

The USGS model itself has unphysical qualities that
indicate it is a poor representation of the true earth-
quake source. The published model on the USGS event
page has the hypocentral depth at 40 km, yet it strongly
prefers slip at shallower depths that extends through the
top of the slab (https://earthquake.usgs.gov/earthquakes/
eventpage/us6000c9hg/executive, last accessed July 17,
2024). In addition, this model includes only teleseis-
mic broadband observations and does not directly con-
sider the tsunami signal. It is therefore expected that
the USGS model is incompatible with the tsunami ob-
servations.

2.2 Jointmodel of on-shore and off-shore ob-
servations

We perform an additional slip inversion on the strike-
slip fault orientation using observations of both the
earthquake and the tsunami: DART, near-field coastal
sea level, and 11 onshore static Global Navigation Satel-
lite System (GNSS) surface displacements estimated by
Central Washington University (Herring et al., 2016). We
de-tide the coastal sealevel observations and model syn-
thetics with a bandpass filter from 5 min to 120 min. We
apply a simple cross-correlation time shift to the syn-
thetic data at the Hawaii coastal sea level stations to cor-
rect the far-field travel time error introduced by unmod-
eled effects from a compressible seafloor (Tsai et al.,
2013). Tsunami propagation in shallow water is non-
linear, so only the first ~1-1.5 wavelengths can be re-
liably considered; the nonlinearity makes later arrivals
too difficult to account for in linear inversions (Melgar
and Bock, 2013; Yue et al., 2015). DART station observa-
tions are typically sampled at 15 min intervals; however,
the earthquake signal caused these stations to switch
into “event mode”, meaning they are temporarily sam-
pled between 15s and 1 min. We de-tide the DART ob-
servations and model synthetics with a bandpass filter
from 5 min to 120 min. DART station data are recorded
by a bottom pressure recorder. Seismic arrivals, such
as Rayleigh waves and acoustic phases, introduce pres-
sure signals that are separate from tsunami energy. Asa
result, it is important to mask out these earthquake sig-
nals and use only the portions of the waveform that re-
flect the tsunami itself. At DART station 46403 (Figure 1),
the tsunami’s arrival overlapped with seismic/acoustic
signals, and therefore that station could not be used in
this study’s inversions. Regardless, the forward mod-
els in this study estimate the tsunami signal at all four
DART station locations. We down-weight the King Cove
coastal sea level station and DART station 46402 relative
to the remaining sites because those observations ap-
pear to include an additional non-tectonic source (dis-
cussed in Section 5).

We use the MudPy slip inversion code (Melgar and

Bock, 2013), regularized using a zeroth order Tikhonov
approach and selecting the optimal regularization pa-
rameter from the L-curve criterion. The weighting
scheme for the geodetic and coastal sea level data fol-
lows Melgar et al. (2016), allotting importance only to
the linear portion of the waveform data. DART station
and static GNSS data were weighted 10 times higher
than the coastal sea level station data. We use the one-
dimensional crustal velocity model (Pasyanos et al.,
2014) to calculate the static Green’s functions for the
GNSS stations. Initially, we constrain the model to the
USGS magnitude (model Sla, Figure 3a, Table 1), re-
sulting in tsunami waveform fits with an average un-
weighted RMSE of 3.8 cm (Table 1). Next, we relax the
moment constraint to test whether a larger magnitude
strike-slip event can account for the observed tsunami
signals (model S1b, Figure 3b, Table 1). Model S1b
prefers an M,8.0 source and results in degradation
of the tsunami waveform fits (Figure 3c) with an un-
weighted RMSE of 4.7 cm. These results bolster the in-
terpretation that a single, planar strike-slip fault with
the geometry of the USGS WCMT cannot be the sole
source of the observed tsunami.

3 Deformation requirements of the
observed tsunami

Given that the WCMT strike-slip geometry cannot gen-
erate the observed tsunami, we use coastal sea level
and DART data to invert directly for the sea floor de-
formation required to produce the observed tsunami
signals, independent of a slip distribution. We refer
to this hydrodynamic model as model HO (Table 1).
This approach is useful because it requires few assump-
tions and directly solves for the required hydrodynamic
initial condition, the seafloor deformation (Tsushima
etal., 2009; Lin et al., 2020). The inversion does not con-
sider the geophysical process responsible for the mod-
eled deformation (e.g., fault geometry, multi-fault rup-
tures, or non-seismic sources such as landslides). We in-
vert sea level data from the three DART stations and the
two near-field coastal sea level stations. The three DART
stations and coastal sea level station SAND are given the
same weight while station KING is allotted half of their
weight, because higher weighting of KING led to nu-
merically unstable inversions. Figure 4 shows the time
intervals of the sea-level data used in the inversion as
shaded gray regions. We regularize the inversion with
a Tikhonov operator of zeroth order and then use an
L-curve criterion from the inversions to find the opti-
mal trade-off between smoothing and misfit (Figure S2,
Aster et al., 2018).

The hydrodynamic solution clarifies that the verti-
cal seafloor deformation necessary to produce the sea
level observations is larger than the USGS model pro-
duces (1.4m versus 0.4m maximum displacement for
models HO and U0, respectively; Figures 4, 2). The
tsunami waveform fits have an unweighted RMSE of
3.0 cm for model HO, one-third the value for model UO0.
Importantly, using model HO as the initial condition in
a fully non-hydrostatic trans-oceanic tsunami forward
model produces good fits to the far-field tsunami wave-
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Figure3 The results for model S1. (a.) Map of study area showing seafloor deformation implied by model S1a constrained
to U.S. Geological Survey National Earthquake Information Center (USGS-NEIC) magnitude. Line A-A’ shows the surface pro-
jection of the strike-slip geometry, with cross section A-A’ below showing the modeled slip distribution along the strike-slip
geometry. Model Sla is constrained to a moment magnitude (M,,) of 7.6. (b.) Map of study area showing seafloor deforma-
tion implied by model S1b without any magnitude constraint, resulting in slip distribution equivalent to M,,8.0. Line A-A’
shows the surface projection of the strike-slip geometry, with cross section A-A’ below showing the modeled slip distribution
along the strike-slip geometry. (c.) Observed tsunami waveforms (black) with resulting synthetic waveforms from models in
(a.) and (b.) shown in red and blue, respectively. This map was constructed using GMT 6 (Wessel et al., 2019).

forms tsunami waveforms at Hilo and Kawaihae (Fig-
ure 4b), observations that were not used in the inver-
sion itself. Critically, the primary seafloor deformation
signal resulting from model HO is trench-parallel (Fig-
ure 4a), which is inconsistent with the expected pattern
for a trench-perpendicular strike-slip fault. This pat-
tern does not definitively rule out strike-slip faulting al-
together but indicates that deformation from the strike-
slip geometry is not the dominant signal for tsunami
generation. Checkerboard tests of the hydrodynamic
inversion reveal that the resolution is low across the in-
version area, so some smearing of the main inversion
features is to be expected, especially in the regions of
smaller signals (Figure S3). Finally, we find that the
trench-parallel deformation is well constrained by the
Simeonof rupture zone (Figure 4a inset).

We describe a notable feature of the DART data in-
cluded in this inversion. Sealevel data in the deep ocean
from a megathrust rupture can usually be conceptual-
ized as a solitary Gaussian lump; DART station 46402’s
observed signal exemplifies this typical character (Fig-
ure 4). However, the sea level records at DART sta-
tions 46414 and 46409 are more complex. These sta-
tions contain what appears to be two partially over-
lapping Gaussian signals; the first requiring a smaller-
amplitude source and the second requiring a larger
source arriving after the first, indicating kinematic
complexity of the tsunami source.

5

Model HO has an apparent secondary signal that is
neither trench-parallel nor trench-perpendicular. The
signal area is dominated by a zone of subsidence to the
north, with a concentrated area of uplift immediately
to its south (Figure 4a inset, outlined in black). This
positive-negative dipole pattern is reminiscent of a sub-
marine landslide signal. The areaislocated on the steep
part of the shelf-break and occurs somewhere within an
area of ~1300 km?; however, because the model resolu-
tion is low, this feature may be smeared, and the true
size may be smaller. This apparent landslide signal is
discussed in more detail in Section 5.2.

4 Allowing coeval megathrust and
strike-slip rupture

4.1 Megathrust rupture initiation

Next, we consider the relative timing of rupture on this
strike-slip and megathrust fault orientation. Megath-
rust rupture may have initiated coincident with strike-
slip rupture or may have been initiated by dynamic
triggering from the strike-slip rupture. We consider
DART, coastal sea level, and static GNSS sites to com-
pute a suite of slip models testing potential locations for
megathrust initiation. The data weights are the same
as in model S1, wherein DART station and static GNSS
data were weighted 10 times higher than the coastal sea
level station data. Our first model assumes megathrust
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using GMT 6 (Wessel et al., 2019).

initiation coincident with the NEIC event hypocenter
(model S2a, nucleation point NO in Figure 5a). Nine ad-
ditional models consider a grid of potential megathrust
nucleation points surrounding the hypocenter (mod-
els S2b): three nucleation points are to the west of the
strike-slip fault where the megathrust is thought to be
creeping (Li and Freymueller, 2018); three are along
the intersection with the strike-slip fault; and three are
to the east, within and up-dip from the 2020 Simeonof
earthquake rupture zone (Crowell and Melgar, 2020)
and in proximity to the contact of the 2020 Simeonof
and 2021 Chignik rupture zones (Figure 5). We assume
that dynamic triggering of the megathrust would take
place when an S-wave front traveling from the hypocen-
ter at 3.0km/s reaches the nucleation site. We do not
model the full rupture kinematics, rather we assume
a constant rupture velocity from the nucleation point
across the megathrust, such that slip on each subfault
occurs instantaneously upon the passing of the rupture
front. This assumption is valid because of the slow
tsunami propagation speeds relative to earthquake slip
durations (e.g., Williamson et al., 2019).

Low megathrust rupture propagation speeds are con-

sistent with observations of “tsunami earthquakes”,
those seismic sources that produce larger amplitude
tsunamis than expected for their magnitude. Slow rup-
ture propagation may also explain a dearth of high-
frequency (~1Hz) energy related to the megathrust,
and therefore, difficulty in observing the source with
typical seismic monitoring tools. To that end, we con-
sider megathrust rupture speeds between 0.50 km /s and
1.25km/s. We assume the strike-slip plane ruptures at
more traditional speeds, allowing a maximum rupture
velocity of 3km/s.

We calculate the weighted RMSE for each combina-
tion of nucleation point and rupture velocity to deter-
mine the most likely scenario. Instantaneous, coin-
cident rupture of both the strike-slip and megathrust
geometries (model S2a) results in a weighted RMSE of
82.3cm (Figure 5b). The minimum weighted RMSE
(77.8 cm) occurs for the scenario of megathrust rup-
ture initiation at a location 79 km southwest of the event
hypocenter and propagating at 1 km /s toward the north-
east of the proposed rupture domain (location N3, Fig-
ure 5). These results show that the observations are best
explained by delayed initiation (dynamic triggering) of
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Figure 5 Potential megathrust rupture nucleation points.
(a.) Map view of potential nucleation points (orange trian-
gles), including event hypocenter (NO) and nine additional
potential nucleation points (N1-N9). Preferred nucleation
point, N3, is shown in blue along with the direction and
best fitting speed of propagation, 1 km/s. The 2020 Sime-
onof and 2021 Chignik rupture zones are shown in black
and blue, respectively (Crowell and Melgar, 2020; USGS
Earthquake Hazards Program, 2017). (b.) The weighted
root mean squared error (RMSE) for static triggering at
nucleation point NO compared to RMSEs of nucleation
points N1-N9 for four different rupture velocities. This map
was constructed using GMT 6 (Wessel et al., 2019).

the megathrust, rather than coincident rupture of the
strike-slip and megathrust geometries (Figures 5 and 6).

4.2 Full kinematic rupture modeling

We have demonstrated that the tsunami observations
can allow for slip on both a strike-slip fault and the
subduction interface. On its face, however, megath-
rust rupture seems incongruous with the WCMT pro-
duced by the NEIC that prefers a strike-slip rupture. The
WCMT is calculated to idealize the earthquake as a point
source and is therefore insensitive to complex slip, in-
cluding multiple causative faults. Ultimately, the sum
of slip contributed from any combination of faults must
be consistent with the overall observed WCMT. Fol-
lowing the Monte Carlo approach of Yeck et al. (2023),
we determine a right-lateral strike-slip fault geome-
try, that when combined with the megathrust geometry
(strike/dip/rake: 245°/20°/90° from Hayes et al., 2018) of
similar seismic moment, is consistent with the WCMT.
The necessary right-lateral strike-slip geometry is simi-
lar in strike (~350°) but much steeper in dip (~85°) than
the originally inferred strike-slip geometry (Figure S4).
We note a caveat of this analysis: because we infer slow
rupture speeds on the megathrust (Figure 5b), a typ-
ical WCMT solution may not equally sample the con-
tributions from both geometries. Therefore, we inter-
pret this analysis simply as evidence that the true strike-
slip orientation may be steeper-dipping, with less con-
strained strike and dip. Some trial and error is used to
find a model that is reasonably consistent with the over-
all WCMT.

We explore the earthquake source that best describes
all available observations (teleseismic, near-field seis-
mic, and geodetic), while allowing slip on the megath-
rust and steeply-dipping strike-slip plane (Figure S4).
We use the Wavelet and simulated Annealing SliP
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(WASP) software package (Koch et al., 2024), anonlinear
simulated annealing method to model slip amplitude,
rake, rupture time, and rise time in the wavelet domain
(Ji et al., 2002; Koch et al., 2019; Goldberg et al., 2022).
The two planes are divided into 10km x 10km sub-
faults. The strike-slip geometry is composed of 15 sub-
faults in the along-strike direction and 7 in the down-
dip direction for a total of 105 subfaults. The megath-
rust geometry contains 20 subfaults in the along-strike
direction and 15 in the down-dip direction for a total
of 300 subfaults. These kinematic models (referred to
as K1-3) follow the results of the S2 models by pre-
scribing delayed rupture initiation at point N3 on the
megathrust orientation (Figure 5). We calculate the Ka-
gan angle to compare the similarity between the model
moment tensor and the WCMT (Figure 7); a lower Ka-
gan angle implies better agreement with the moment
tensor double-couple component (d’Amico et al., 2011).
WASP was designed to jointly invert data from a variety
of earthquake-observing instruments, including broad-
band teleseismic, regional strong-motion accelerom-
eter, GNSS, and/or interferometric synthetic aperture
radar observations (Goldberg et al., 2022). For applica-
tion to the Sand Point event, we extend the software’s
capability to allow for DART sea level observations by
transforming the sea level Green’s functions calculated
in GeoClaw to the frequency domain (refer to Section 2).

Models K1-3 consider both near-field and teleseismic
observations of the earthquake, in addition to the DART
tsunami observations. The earthquake observations in-
clude 42 teleseismic P waves, 16 telseismic SH waves,
and 53 long-period surface waves (15 Love waves and
38 Rayleigh waves), as well as regional data from
6 strong-motion accelerometers, 13 high-rate GNSS sta-
tions, and 11 static GNSS stations. The high-rate GNSS
data were processed with GipsyX (Bertiger et al., 2020).
The teleseismic broadband and near-field accelerom-
eter data processing are described in Goldberg et al.
(2022) and Koch et al. (2019). Teleseismic observations
are considered such that P waves receive half the weight
of surface waves, and SH waves receive half the weight
of P waves (e.g., Goldberg et al., 2022).

The K models have progressively longer allowable
rise times (Table 1), as K1 and K2 kept selecting the
longest allowable for their permitted ranges along the
subduction zone interface. Results for K1 and K2 are
given in Text S1. We focus on results from model K3,
which we suggest has the most appropriate allowable
rise times with “standard” rise times (up to 30s) along
the strike-slip geometry and “very long” rise times (up
to 120s) along the megathrust. The resulting model
prefers slip equivalent to an M,,7.6 rupture occurring
on the strike-slip geometry with a rupture duration of
~40s (Figure 8). The megathrust takes much longer to
rupture, >300s for a major portion of the subduction
interface. The total slip on the megathrust is equivalent
to an M,,7.8 rupture with peak slip of 4.5m. The total
resulting magnitude of both the strike-slip and megath-
rust orientations is M,,7.9. The synthetic fit quality of
the teleseismic arrivals is consistent with the weighting
scheme applied, with surface waves being best fit and
SH waves being poorly fit. Synthetic P waves for sta-
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Figure 6 Model S2 results. (a.) Results of model S2a. Dashed black line delineates the portion of the megathrust consid-
ered in the inversion. Nucleation point NO (event hypocenter) is shown as a blue inverted triangle. Magenta contour and
shaded area shows the >1 m rupture patch of the inversion rupture zone. Dashed line A-A’ shows the surface projection of
the strike-slip plane, with slip distribution on the strike-slip plane shown below. The maximum allowable rupture speed is
1.25 km /s for the megathrust and 3.0 km /s for the strike-slip plane. (b.) Results of preferred model S2b (nucleation point N3
with maximum allowable rupture velocity of 1 km /s). Dashed black line delineates the portion of the megathrust considered
in the inversion. Magenta contour and shaded area shows the >1 m rupture patch of the inversion rupture zone. Nucleation
point N3 is shown as a blue inverted triangle. A-A’ is the surface projection of the strike-slip plane from the U.S. Geological
Survey National Earthquake Information Center (USGS-NEIC) W-Phase centroid moment tensor (WCMT). (c.) The observed
tsunami waveforms (black) compared to the modeled tsunami waveforms from models S2a and S2b in red and blue, respec-
tively. This map was constructed using GMT 6 (Wessel et al., 2019).

Model Name Composite Moment Tensor Kagan Angle USGS MT
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Figure 7 The associated moment tensors (MTs) for the
strike-slip segment and megathrust segment for the four
kinematic inversions and their composite MTs. The Kagan
angle between each composite MT and the US. Geologi-
cal Survey National Earthquake Information Center (USGS-
NEIC) W-Phase centroid moment tensor (WCMT) are given
for each inversion model. The USGS-NEIC MT is shown for
visual comparison.

tions between 0° and 40° azimuth are low in amplitude
compared to the observed waveforms (Figure S5). First
arrivals improve considerably between azimuths of 60°
and 110° but degrade again beyond that range. The syn-
thetic Love and Rayleigh surface waves fit the shape and
timing of the waveform packets yet are higher in am-
plitude than the observed waveforms (Figures S6 and
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S7). SH body waves fit the observed waveforms poorly,
which is expected given their lower weights (Figure S8).
High-rate GNSS waves for stations between azimuths
330° and 25° roughly follow the wave packet shape,
yet they consistently underpredict the observed ground
motion. Stations outside those azimuths are poorly fit
(Figure S9). The strong motion synthetic fits to the ob-
served data are moderately fit (Figure S10). Model K3
fits the observations at DARTs 46409 and 46414 well (Fig-
ure 8e). However, the solitary Gaussian lump at DART
station 46402 arrives 4 minutes early in model K3 com-
pared to the observed data. The coastal sea level station
fit for Sand Point is moderate the synthetic tsunami sig-
nal arrives 2 minutes early and with poor fit to the first
arrival; however, later arrivals are more consistent with
the observations. The observations at the King Cove,
Alaska, site remain poorly fit, with the synthetic wave-
forms severely underpredicting the observed sea level.
The coastal sea level fits for the stations in Hawaii are
good, though slightly underestimated (Figure 8e).

5 Discussion

5.1 Hidden megathrust rupture

The variety of inversions conducted in this study lead
to a definitive conclusion: it is infeasible that a strike-
slip mechanism alone caused the tsunami observed fol-
lowing the 2020 Sand Point earthquake. Therefore, we
posit that, in addition to strike-slip rupture, a slow rup-
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Figure8 Model K3 results. (a.) Map showing the geographical distribution of slip along the megathrust as well as the strike-
slip geometry used in inversion K3. Black star shows the hypocenter for the strike-slip, and a blue star shows the nucleation
point for the megathrust. Red lines indicate the up-dip edge of the two fault orientations. (b.) Smoothed slip distribution
and rupture time contours for the strike-slip segment. Small gray arrows indicate rake direction, scaled by amplitude of slip.
Black star shows the hypocentral location. (c.) Same as (b.) but for the megathrust segment. Note that the rupture time
contours start 29.5s later, as we assume delayed slip to nucleation point N3, given by the blue star. (d.) The source time
function for the published U.S. Geological Survey National Earthquake Information Center (USGS-NEIC) finite fault product
(black; USGS Earthquake Hazards Program, 2017), the strike-slip segment of model K3 (green), the megathrust portion of
model K3 (yellow), and the total source time function of model K3 (magenta) (e.) Observed (black) and model K3 synthetic
(red) tsunami waveforms. This map was constructed using GMT 6 (Wessel et al., 2019).

ture on the adjacent megathrust occurred as part of the
earthquake. We recognize that this theory is somewhat
at odds with teleseismic source characterization car-
ried out shortly after the event, such as that performed
by the USGS NEIC; it would require a large amount of
slip to go undetected by traditional rapid characteriza-
tion techniques. Although we cannot fully account for
how such a large quantity of slip could go undetected,
we hypothesize that the slow megathrust slip radiates
energy inefficiently at frequencies relevant to rapid re-
sponse practices. It has been noted that near-trench
“tsunami earthquakes” rupturing through the shallow,
low rigidity portions of the megathrust can be depleted
of both far-field (Newman et al., 2011) and near-field
(Sahakian et al., 2019) seismic radiation. A character-
istic of these tsunami earthquakes is very slow rupture
(e.g., Riquelme and Fuentes, 2021). Our kinematic in-
version results indicate that a slow rupture speed for the
megathrust, ~1km/s, is preferred; however, regional
ground motion intensities were not anomalously low
for an M,, 7.6, nor was far field radiated energy. These
seemingly conflicting observations may be explained by
the strike-slip rupture (M,,7.6) radiating with the usual
efficiency and the megathrust rupture (M,,7.8) radiat-
ing inefficiently. Explaining the larger seismic moment
of model K3 compared to the moment of the USGS-NEIC
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solution (M,,7.9 vs. M,,7.6, respectively) is an outstand-
ing challenge. However, we note that there is some
precedent for a large-magnitude rupture evading tradi-
tional seismic response algorithms. A recent example
of this is the 2021 Sandwich Islands sequence (Jia et al.,
2022). That sequence consisted of multiple large, com-
plex events occurring in close spatiotemporal proxim-
ity, which led to initial underestimation of the overall
moment release, in which the USGS NEIC initially re-
ported as an M,,7.5 event, only to decipher the larger
magnitude M,8.1 mainshock, hidden in the coda of
that first earthquake, the following day. While we have
been unable to find similar evidence of a larger rup-
ture hidden in the coda of the teleseismic data from
the 2020 Sand Point event, the possibility remains that
further scrutiny of the data may illuminate some previ-
ously undetected seismic signal. Another tsunamigenic
possibility is that rupture progresses at a more “tradi-
tional” speed and that tsunamigenesis occurs as a re-
sult of inelastic wedge deformation (Ma and Nie, 2019).
This mechanism is feasible for Sand Point because most
of the Shumagin segment is creeping in the interseis-
mic period (Li and Freymueller, 2018) and thus can rea-
sonably be inferred to prefer rate-strengthening modes
of rupture. Indeed, Crowell and Melgar (2020) imaged
some after-slip following the Simeonof earthquake. In
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this process, the rupture front propagates at a tradi-
tional speed, near shear-wave speeds, but very long rise
times allow slip to accumulate slowly. These processes
could ostensibly be enough to keep the true extent of the
megathrust co-seismic slip ‘silent’ in the seismic data.

5.2 Potential submarine landslide

Finally, we note that none of the slip inversions consid-
ered in this work have been able to fit the tsunami wave-
forms at the King Cove coastal sea level station (Fig-
ures 2¢, 3c, 6¢, 8e). In addition, models K1-K3 had a
notable timing misfit to DART station 46402 (e.g., Fig-
ure 8e, S1le, S18e). Recall that the hydrodynamic model
(HO) showed evidence for a submarine landslide in the
southwestern corner of the model space (Figure 4a),
which we hypothesize may be necessary to improve fits
to King Cove coastal sea level station and DART sta-
tion 46402. Submarine landslides produce a positive-
negative dipole of seafloor deformation, wherein the
negative portion (subsidence) corresponds to the area
where mass is removed and the positive lobe corre-
sponds to the area where the excavated mass moves
downslope (e.g., Williamson et al., 2019). The location
of such a dipole signal is highlighted in Figure 4a. This
area is on the steep section of the shelf-break and is
within 20 km of the ALEUT-05 active source survey (Bé-
cel et al., 2017). That study noted widespread evidence
that this part of the continental slope is prone to subma-
rine landslides. Thus, we posit that a submarine land-
slide could have contributed to the observed tsunami,
particularly the signal observed at King Cove. However,
we note that the occurrence of a submarine landslide
can only be confirmed by direct observation, for ex-
ample by repeated multibeam bathymetry surveys. We
consider the cumulative effect of the kinematic earth-
quake slip model K3 with the submarine landslide sig-
nal observed in model HO (Figure 9). We assume the
submarine landslide occurs instantaneously, 180 s after
earthquake origin, based on trial-and-error testing of
landslide onset at various times after earthquake origin.
While the fits to the King Cove waveform do improve
with the addition of the landslide, the degradation of
fits to DART station 46402 shows the limitations of the
assumption of an instantaneous landslide (Figure 9). In
reality, landslides occur over many seconds — thought
to be on the order of ~100 s (Ten Brink et al., 2006). How-
ever, accounting for temporal evolution of the landslide
is beyond our scope.

5.3 Regional context and hazard considera-
tions

The 2020 Sand Point earthquake shares some critical
similarities with the 1946 M,,8.6 earthquake on the
neighboring Sanak segment. The 1946 event was highly
deficient in seismic radiation, with a teleseismic mag-
nitude of only 7.4, indicating there may be some struc-
tural control on the megathrust that generates slow
and long ruptures devoid of seismic radiation (Lopez
and Okal, 2006). Furthermore, Lopez and Okal (2006)
showed that the 1946 Sanak ruptured at a velocity of
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Figure 9 The observed tsunami waveforms (black) com-
pared to synthetic tsunami waveforms (red) resulting from
the combination of kinematic model K3 and a submarine
landslide signal obtained from model HO.

1.12km/s and required a submarine landslide to fit
near-field tsunami data, mirroring what we propose
here. Bécel et al. (2017) demonstrated that the Shuma-
gin segment contains complex tsunamigenic structures
and demonstrated that the small frontal prism and het-
erogeneous plate interface at shallow depth are prone to
slow earthquakes. These factors may contribute to slow
rupture velocities and large rise times in this area of the
megathrust. In fact, Tanioka et al. (1997) postulated that
rupture could proceed in an erratic manner in the pres-
ence of a sediment starved corrugated interface. Both
the 2020 Sand Point and 1946 Sanak earthquakes are
poorly described by teleseismic data. Lopez and Okal
(2006) ascribed this feature to destructive interference
in all azimuths for surface waves due to the directivity
of the rupture and the limitations of historical instru-
ment records to measure waves free from directivity ef-
fects. However, this limitation does not affect present
day instrumentation. We posit that the source of this
discrepancy could instead be due to the slow speed of
rupture and slow rise times caused by the features de-
scribed in Bécel et al. (2017). The similarities between
the 1946 Sanak and 2020 Sand Point earthquakes may
also extend to their coupling environment. Herman and
Furlong (2021) show that spatial variations in displace-
ments caused by coupling between the overriding plate
and slab in the 1938 Semidi rupture area, and low cou-
pling throughout the Shumagin segment, would likely
cause large right-lateral shear stresses in the section of
the segment that produced the strike-slip component
of the 2020 Sand Point earthquake. The presence of a
strike-slip plane may help illuminate the state of lock-

SEISMICA |volume 4.1 | 2025



SEISMICA | RESEARCH ARTICLE | The unexpected tsunami from the 2020 Sand Point Earthquake

ing in this region of the megathrust. We posit that the
dynamic triggering of the megathrust by the strike-slip
component of the earthquake occurred in a region of
low coupling (Figure 5, Li and Freymueller, 2018). Low
coupling would allow shear waves to cause displace-
ments large enough to promote rupture in this region.
The rupture front would then propagate unilaterally to
the northeast into a region of potentially higher cou-
pling and higher slip deficits where it would eventually
stop (Li and Freymueller, 2018; Xiao et al., 2021). Co-
seismic slip along the megathrust propagating from the
southwest to northeast of the proposed rupture area is
consistent with the Sand Point rupture arresting at the
boundary of the July 2021 Chignik rupture area (Fig-
ure 10). The western downdip edge of the 2020 Sand
Point rupture area also appears to delineate the edge of
rupture of the July 2023 M,,7.2 Sand Point earthquake.
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Figure 10 The proposed rupture zone for the 2020 Sand
Point megathrust is shown in gold. The 2020 Simeonof rup-
ture zone from Crowell and Melgar (2020) is shown in black,
the 2021 Chignik rupture zone from the U.S. Geological Sur-
vey National Earthquake Information Center (USGS-NEIC)
finite fault model for the eventis shownin dark blue, and the
rupture area for the July 15, 2023, Sand Point earthquake
from the USGS-NEIC finite fault model is shown in aquama-
rine. The surface projection of the strike-slip plane asso-
ciated with the 2020 Sand Point earthquake is delineated
by a dashed red line. The King cove (KING) and Sand Point
(SAND) sea level stations are shown in red. Deep-ocean As-
sessment and Reporting of Tsunamis (DART) stations are
shown as light blue triangles. The amount of subsidence at
Global Navigation Satellite System (GNSS) station AC12 (yel-
low square) for the 2020 Sand Point earthquake is shown
to be 10 cm. The inset shows the locations of the coastal
sea level stations in Hawaii (red triangles). The blue box
shows the location of the main study area. This map was
constructed using GMT 6 (Wessel et al., 2019).

The total magnitude of the two-segment rupture from
model K3 is M, 7.9 (M, = 8.38 x 10?° Nm), M,, 7.6 on the
strike-slip segment and M, 7.8 on the megathrust. De-
Santo et al. (2023) observed with offshore GNSS-acoustic
data thatthe megathrust remained partially locked after
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the M,,7.8 Simeonof earthquake and that it potentially
held unrelieved strain up-dip from the rupture zone.
Xiao et al. (2021) found that the amount of slip deficit
left to rupture after the 2020 Simeonof earthquake, up-
dip from the rupture zone (Figure 7 of Xiao et al., 2021),
is equivalent to a M, 7.8. Our work therefore seems to
suggest that the Sand Point earthquake may have nearly
exhausted the remaining slip deficit on the megathrust
up-dip from the Simeonof rupture zone. However, we
note that our proposed megathrust slip is off-centered
from the Simeonof rupture zone and does not include
slip up-dip of 20 km.

Checkerboard tests show that this portion of the in-
version is well resolved in the hydrodynamic model but
that there is also appreciable smearing in the slip inver-
sion (Figure S3). So, whether the un-ruptured sections
of the Shumagin segment will experience post-seismic
relaxation, leading to decreased hazards, or continue to
be loaded as a source of future tsunamigenic events to
the Aleutian communities in this region is uncertain.

6 Conclusion

We have shown that a strike-slip fault geometry alone is
inadequate for generating the tsunami observed follow-
ing the October 2020 Sand Point, Alaska, earthquake.
Using hydrodynamic, static slip, and kinematic slip in-
versions, we find that there was likely slip along the
megathrust in addition to strike-slip faulting. The sea
surface deformation necessary to recreate the tsunami
waveforms at the Alaskan and Hawaiian sea level sta-
tions, as well as the DART stations, requires slip consis-
tent with the megathrust orientation. Our final model
indicates that slip on a steeply-dipping strike-slip plane
dynamically triggers slip on the megathrust ~30s af-
ter event origin time at a location 79km southwest of
the event hypocenter. While the strike-slip plane rup-
tures at typical speeds (up to 3km/s), the megathrust
likely ruptures at a much slower velocity of 1 km/s. The
model results in slip equivalent to an M 7.6 on the
strike-slip plane and M,,7.8 on the megathrust plane,
for a cumulative slip equivalent to an M, 7.9 earthquake.
We hypothesize that the slow megathrust rupture does
not contribute much seismic radiation — much like the
1946 Sanak earthquake — allowing it to go largely unno-
ticed in traditional teleseismic response. The rupture
front propagates at low velocity into a region of high
slip deficit up-dip from the M,, 7.8 Simeonof earthquake
but does not slip up-dip of ~20km. Finally, we hypoth-
esize that a submarine landslide explains the tsunami
waveforms at the King Cove coastal sea level station and
DART station 46402.
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8 Data and code availability

The USGS event page for the 2020 Sand Point earth-
quake is available at https://earthquake.usgs.gov/
earthquakes/eventpage/us6000c9hg.  The water level
data for the DART stations can be obtained from the
DART website (https://www.ndbc.noaa.gov/dart.shtml)
and for the coastal water level stations can be obtained
from NOAA’s CO-OPS’ Environmental Research Divi-
sion’s Data Access Program (ERDDAP) server (https:
//opendap.co-ops.nos.noaa.gov/erddap/index.html).
The vertical offset for ACl12 was obtained from
the GAGE Facility operated by the EarthScope
Consortium (UNAVCO Community, 2008). The
sea level inversion code is available from GitHub
(https://github.com/ssantellanes/water-level-inversion)
and is archived on Zenodo at Santellanes et al.
(2021). The static slip inversions were generated
using the FakeQuakes code, which is part of the
MudPy source modeling toolkit available on GitHub
(https://github.com/dmelgarm/MudPy); the latest ver-
sion is archived on Zenodo at Melgar et al. (2021).
The WASP kinematic inversion code is available at
Koch et al. (2024). Strong motion accelerometer data
and broadband data are available from the SAGE
Facility operated by the EarthScope Consortium
(formerly IRIS) Data Management Center (https:
//ds.iris.edu/ds/nodes/dmc/data/types/waveform-data).
High-rate and static Global Navigation Satellite System
data are available from the GAGE Facility operated
by the EarthScope Cosortium (formerly UNAVCO,
Inc.; https://data.unavco.org/archive/gnss/highrate/ and
https://gage-data.earthscope.org/archive/gnss/products/
event). This material is based on services provided
by the GAGE Facility, operated by UNAVCO, Inc., with
support from the National Science Foundation, the
National Aeronautics and Space Administration, and
the U.S. Geological Survey under NSF Cooperative
Agreement EAR-1724794. The data, models, and sup-
plementary figures in this study are available in a USGS
ScienceBase data release (Santellanes et al., 2025).
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