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The earthquake potential of the Shumagin seismic gap along the Alaska Peninsula (∼162◦W to 
∼158.5◦W) has been debated for more than 40 years. On 22 July 2020, the eastern half of the gap 
hosted an MW 7.8 earthquake involving a patchy rupture of the megathrust in the depth range of 20 
to 45 km. The space-time slip distribution is determined by joint inversion of teleseismic P and S H
waves and static displacements from regional GPS stations. The event initiated near the epicenter of 
the 10 November 1938 (MW 8.2) event, and ruptured westward, with little/no overlap with the 1938 
rupture zone. The main slip patch has peak slip of ∼3.8 m below the Shumagin Islands, and produced 
∼30 cm uplift and ∼25 cm SSE horizontal displacement on Chernabura Island. The slip model predicts 
well the small (<1 cm) tsunami signals persisting for more than ten hours observed at deep-water 
DART seafloor pressure recordings along the Alaska-Aleutian arc. Aftershocks with depths from 20 to 
40 km fringe the large-slip patches, and show westward concentration during the first month after the 
mainshock. Aftershocks up-dip of the 1948 MW 7.1 event contribute to the high level of modest-size 
background seismicity extending to the trench in the region of very low seismic coupling (0.0–0.1) in 
the western Shumagin gap east of the 1 April 1946 (MW 8.6) rupture zone. The 31 May 1917 event 
is the last major earthquake to rupture the eastern half of the Shumagin gap, and has a lower surface 
wave magnitude (M SG-R 7.4, horizontal components) compared to the 2020 event (M SG-R 7.7, vertical 
components). Comparison of instrument-equalized waveforms for the 1917 and 2020 events indicates 
similar size contrast and differences in overall rupture duration and slip complexity. The 2020 rupture 
has average slip of ∼1.9 m over the 3600 km2 region with co-seismic slip ≥1 m. This is much less 
than the ∼6.7 m of potentially accumulated slip deficit since 1917, consistent with geodetic estimates 
of low average seismic coupling coefficient of 0.1–0.4. The megathrust seaward of the 2020 event has 
low seismicity and may either be aseismic or capable of comparable size ruptures. Comparisons are 
made with other subduction zones that have experienced relatively deep megathrust slip in regions with 
moderate seismic coupling.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Almost the entire length of the Alaska-Aleutian subduction 
zone generates great earthquake ruptures such as the 1938 (MW

8.2), 1946 (MW 8.6), 1957 (MW 8.6), 1964 (MW 9.2) and 1965 
(MW 8.7) events of the last century (e.g., Sykes, 1971; Sykes et 
al., 1981). Along the Alaska Peninsula from ∼162◦W to ∼158.5◦W, 
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the Shumagin seismic gap has been identified as a megathrust 
segment located between the 1938 and 1946 rupture zones with 
potential for an earthquake as large as MW 8.3–8.5 with a re-
currence interval of ∼65 years (Boyd et al., 1988). It could even 
involve an earthquake up to MW 9.0 (Davies et al., 1981), should 
it fail in conjunction with the 1946 tsunami earthquake rupture 
zone to the west and the adjacent Unalaska seismic gap up-dip 
along the easternmost extent of the 1957 rupture zone (e.g., House 
et al., 1981; Boyd and Jacob, 1986).

The seismogenic character of the Shumagin seismic gap (Fig. 1) 
was largely inferred from mainshock and aftershock relocations 
(Boyd and Lerner-Lam, 1988) and rupture analysis (Estabrook and 

https://doi.org/10.1016/j.epsl.2021.116879
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2021.116879&domain=pdf
mailto:yell@sustech.edu.cn
https://doi.org/10.1016/j.epsl.2021.116879


L. Ye, T. Lay, H. Kanamori et al. Earth and Planetary Science Letters 562 (2021) 116879
Boyd, 1992) of the 31 May 1917 M S 7.4±0.3 event, which appears 
to have ruptured the easternmost Shumagin seismic gap region. 
The 1938 rupture initiated near the eastern margin of the gap, rup-
turing eastward, with most slip concentrated in the easternmost 
portion of the rupture zone (e.g., Boyd et al., 1988; Estabrook et 
al., 1994; Johnson and Satake, 1994, 1995; USGS, 2013). The west-
ern margin of the gap extends along the rupture zone of the 1946 
tsunami earthquake (Kanamori, 1972), which appears to have rup-
tured the up-dip portion of the megathrust to near the trench (e.g., 
Johnson and Satake, 1997; Okal et al., 2002, 2003; Lopéz and Okal, 
2006; Okal and Hébert, 2007). The smaller 14 May 1948 (MW

7.1) event (Fig. 1) appears to have ruptured the deeper portion 
of the central Shumagin gap (e.g., Sykes, 1971; Boyd et al., 1988; 
Estabrook et al., 1994). Moderate size thrust events in the gap in-
clude the 30 May 1991 MW 6.9 (centroid depth 24.1 km from 
gCMT catalog; MW 7.0 from USGS-NEIC catalog; Figs. 1 and S1) 
and 13 May 1993 MW 6.9 (centroid depth 40.7 km) earthquakes 
west of the 1917 rupture zone (e.g., Beavan, 1994; Estabrook et al., 
1994; Lu et al., 1994; Tanioka et al., 1994) and a 14 February 1983 
M S 6.3 event seaward of the Shumagin Islands (Taber and Beavan, 
1986). Smaller high stress drop events on 6 April 1974 (mb 5.8, 6.0) 
located on the deep megathrust have been reported by House and 
Boatwright (1980). The moderate size seismicity level in the gap is 
substantial, with activity in the western portion extending to the 
outer trench slope whereas the shallow megathrust of the east-
ern portion has little activity (Fig. S1). Prior ruptures spanning the 
Shumagin gap may have occurred in 1854 and in a pair of events 
on 22 July and 7 August 1788 that may have ruptured the eastern 
and western portions of the Shumagin gap, respectively (Solov’iev, 
1968, 1990; Davies et al., 1981; Sykes et al., 1981; Lander, 1996). 
Nishenko and Jacob (1990) assigned a 60% conditional probabil-
ity of a large earthquake occurring by 2008 in the Shumagin gap 
based on the assumption that the region failed in 1788, 1847, and 
1917.

Questions have been raised about the size, nature and extent 
of faulting or landsliding in the 1854 and 7 August 1788 events 
(USGS, 2013). Witter et al. (2014) find no evidence for uplifted 
marine terraces or high tsunami along the coast of Simeonof Is-
land in the Shumagin Islands, with only events producing less than 
0.3 m uplift being allowed, which excludes great M ∼ 9 events. In 
contrast, field observations indicate large tsunami generation from 
the eastern end of the 1957 rupture zone, in the Unalaska gap 
region, suggesting that large slip did occur on the shallow megath-
rust there in 1957 (e.g., Witter et al., 2015; Nicolsky et al., 2016) 
rather than being concentrated in only the western part of the 
zone (e.g., Johnson and Satake, 1993, 1995). Large uplift of Sitk-
inak Island northeast of the 1938 rupture is consistent with slip 
extending that far east in the 22 July 1788 event, but the western 
extent of rupture is not well constrained (Briggs et al., 2014).

The identification of the Shumagin gap prompted extensive 
geodetic investigation. Tilt meters on the Shumagin Islands indi-
cate a deep slow slip event in 1978–1979 (Beavan et al., 1983), 
with strong coupling inferred on the deeper portion of the megath-
rust from 1980–1988 (Beavan, 1988), although this was later re-
futed by lack of expected vertical deformation at regional tide 
gauges (Beavan, 1994). Early trilateration measurements across the 
Shumagin Islands failed to detect strain accumulation (e.g., Savage 
and Lisowski, 1986; Lisowski et al., 1988), but strain was indi-
cated by initial differential GPS observations (Larson and Lisowski, 
1994). Densification of GPS stations along the Alaska Peninsula and 
in the Shumagin Islands demonstrated a gradient from large slip-
deficit accumulation along the strongly coupled 1938 zone to a 
weakly coupled Shumagin gap (e.g., Freymueller and Beavan, 1999; 
Fletcher et al., 2001; Fournier and Freymueller, 2007; Freymueller 
et al., 2008; Cross and Freymueller, 2008). The recent GPS anal-
ysis of megathrust coupling by Li and Freymueller (2018), infers 
2

100% to 10% coupling decreasing with depth across the seismo-
genic zone in the eastern 1938 rupture zone, reduced coupling of 
65% to 0% decreasing with depth in the western 1938 rupture zone, 
45% to 25% coupling near the trench in the eastern Shumagin gap 
with 25% to 10% coupling beneath the islands, and <10% at greater 
depth, and 0% coupling at all depths in the western Shumagin gap 
(Fig. 1).

Trench-perpendicular seismic reflection profiles along the 1938 
zone and the Shumagin seismic gap show sediment layers extend-
ing 40 km landward from the trench, thin reflectors at 50 km to 
95 km from the trench, and deeper thick packages of reflections 
(Li et al., 2015). Shallow structure near the trench in the upper 10 
km varies laterally, with landward dipping normal fault segments 
(Bécel et al., 2017; Von Huene et al., 2019) and a thinner layer 
of sediments along the Shumagin gap having lower pore pressure 
relative to the 1938 zone (Li et al., 2018). However, there is not a 
clear characterization of structural differences influencing the lat-
eral gradient in seismic coupling at large depth. Hudnut and Taber 
(1987) observed a transition from a double Wadati-Benioff zone to 
a single zone going from west to east across the Shumagin Islands, 
which they attribute to a lateral gradient in megathrust coupling.

The eastern portion of the Shumagin gap ruptured in an MW

7.8 thrust event on 22 July 2020. This event provides a rare op-
portunity to evaluate large rupture of a megathrust region that 
appears to have weak seismic coupling. We determine the source 
process by analysis of seismic and geodetic data, confirming com-
patibility with the weak tsunami excitation that occurred, and 
compare waveforms with the 1917 event that likely ruptured the 
same portion of the gap to evaluate persistence of patches of slip 
accumulation.

2. Earthquake source characteristics

2.1. Point source parameters

The 22 July 2020 Shumagin earthquake hypocenter (06:12:44.7 
UTC; 55.072◦N, 158.596◦W, 28.0 km depth; USGS-NEIC https://
earthquake .usgs .gov /earthquakes /eventpage /us7000asvb /executive) 
is located at the eastern end of a ∼225 km long by ∼100 km wide 
aftershock zone that extends WSW along the ∼300 km long Shu-
magin seismic gap (Fig. 1). A magnitude 5.5 normal faulting event 
occurred in the Pacific plate seaward of the western portion of the 
gap on 5 July 2020, but only a handful of small aftershocks for the 
22 July event occurred near the trench. The USGS-NEIC reported 
16 aftershocks with MW ≥ 5 within 30 days, the largest being 
two MW 6.1 events. The Alaska Earthquake Center catalog (http://
earthquake .alaska .edu) reported ∼350 aftershocks with magnitude 
larger than 1.0 within one month (Figs. 2a and 7).

The USGS-NEIC W -phase moment tensor for the mainshock has 
a seismic moment M0 = 6.919 ×1020 N-m (MW 7.83), at a centroid 
depth of 23.5 km, with a half duration of 41.08 s. The solution has 
87% double couple component, with the putative shallow-dipping 
fault plane having strike φ = 232◦ , dip δ = 20◦ , and rake λ = 73◦ . 
The CMT moment tensor has M0 = 7.38 × 1020 Nm (MW 7.8), at a 
centroid depth of 36.3 km, with best double couple φ = 243◦ , δ =
17◦ , and rake λ = 92◦ , and 31.3 s centroid time shift and centroid 
location at ∼50 km SW of the USGS-NEIC epicenter (Fig. 1). We 
perform a W -phase inversion (Kanamori and Rivera, 2008) using 
271 seismograms from 106 global broadband stations filtered in 
the passband 0.002–0.01 Hz, finding a solution having M0 = 6.92 ×
1020 Nm (MW 7.83) at a centroid depth of 35.5 km with best-
double couple fault plane of φ = 245.9◦ , δ = 18.9◦ , and λ = 96.1◦ , 
and centroid time shift of 32 s. These shallow-dipping thrust fault 
solutions are very similar and quite well-constrained; we use the 
latter geometry in our finite-fault inversions.

https://earthquake.usgs.gov/earthquakes/eventpage/us7000asvb/executive
https://earthquake.usgs.gov/earthquakes/eventpage/us7000asvb/executive
http://earthquake.alaska.edu
http://earthquake.alaska.edu
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Fig. 1. Earthquake Seismicity of the Shumagin Islands region, Alaska. The 2020 MW 7.8 earthquake slip pattern is outlined in red contours for regions with slip ≥ 1 m, 
and the yellow star shows the epicenter from USGS-NEIC. Focal mechanisms are from the Global Centroid Moment Tensor (GCMT) catalog from 1976 to 2020, color-coded 
by centroid depth. Large historical earthquakes from 1900 to 1975 with magnitude ≥ 6.9 from USGS-NEIC are shown by circles with size scaled by earthquake magnitude 
and color-coded by source depth. The light red areas indicate rupture zones for the historical great earthquakes of 1957 (MW 9.0), 1946 (MW 8.6), 1938 (MW 8.2) and 1964 
(MW 9.2). The dark red (I), red (II), yellow (II’), green (III) and blue (IV) boxes indicate megathrust regions with 90%–100%, 40%–90%, 40%–70%, 10%–40%, and 0–10% interface 
locking, respectively, approximated from Li and Freymueller (2018). Black dotted arrows indicate possible along-strike extent of two large earthquakes in 1788 (Davies et al., 
1981). The map insert locates the Shumagin area along the Alaska Peninsula. The lower panel shows the time sequence of large earthquakes (M6.9+) along longitude, with 
gray bars indicating their rupture extent and the gray arrow indicating the estimated rupture extent of the 1917 event (Estabrook and Boyd, 1992). (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)
2.2. Finite source parameters

Back-projection of teleseismic 0.5–2.0 Hz P wave signals from 
large regional broadband networks in Greenland/Eurasia, North 
America/Caribbean, and Southeast Asia/Australia are performed us-
ing the procedure of Xu et al. (2009) to help constrain the source 
finiteness of the 2020 MW 7.8 event. The locations of bursts of 
coherent short-period energy for the Greenland/Eurasia data track 
NW ∼100 km at ∼3.0 km/s from the hypocenter toward the Shu-
magin Islands for ∼34 s (Fig. S2a), with a second trend NNW 
aligned with strong smearing array response artifacts in the NNW 
direction. The data from North America have relatively low am-
plitude P waves in the first 40 s of the signals, and yield a 
scattered image with NE streaking artifacts (Fig. S2b). There are 
3

NW and NNW trending distributions of short-period sources simi-
lar to those in the Greenland/Eurasia data. The data from South-
east Asia to Australia provide a fairly coherent trend of short-
period radiators expanding at about 3.0 ± 0.3 km/s NW across 
the Shumagin Islands, with no secondary NNW trend, and there 
is some WNW streaking in the image (Fig. S2c). The short-period 
P wave back-projections routinely produced by IRIS (http://ds .iris .
edu /spud /backprojection /18288679) also suggest some NW migra-
tion of high-frequency release from North American and Eurasian 
networks and westward migration from an Australian network, 
but detail is not resolved. Overall, the back-projections indicate 
that the rupture did not propagate eastward or up-dip from the 
hypocenter, and expanded NW and possibly to the NNW with a 
rupture velocity of ∼3.0 km/s.

http://ds.iris.edu/spud/backprojection/18288679
http://ds.iris.edu/spud/backprojection/18288679
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Fig. 2. Map view of the inverted slip model, geodetic observations and seismicity for the 2020 M W 7.8 Alaska earthquake. (a) Comparison of the slip distribution with 
aftershock distribution and horizontal GPS static displacements. The brown circles are one-month aftershocks from the Alaska earthquake center (http://earthquake .alaska .
edu/), with size scaled with earthquake magnitude. Black and red arrows show the observed and predicted horizontal co-seismic displacement at GPS sites, respectively. (b) 
Comparison of the slip distribution with the prior background seismicity from the GCMT catalog with focal mechanisms color-coded by source depth, and large historical 
earthquakes (M6.9+) from USGS-NEIC (magenta circles). Black and red arrows show the observed and predicted vertical co-seismic displacement at GPS sites, respectively. 
The black-dashed curves in both (a) and (b) are 20 km depth contours of the slab interface model Slab2 (Hayes, 2018).
We determine the finite-fault slip model for the 2020 Shumagin 
gap event from teleseismic P and S H wave ground displacement 
seismograms and regional GPS static displacements using a lin-
ear least-squares kinematic inversion for a planar fault model with 
multiple rake-varying subfault source time function windows (e.g., 
Hartzell and Heaton, 1983; Kikuchi and Kanamori, 1991; Ye et al., 
2016a). The seismic data are from global broadband network sta-
tions with good azimuthal distribution downloaded from the IRIS 
data center (https://www.iris .edu /hq/). The static displacements at 
nearby GPS sites AC12, AC28, AB07, AC21 and AB13 (Fig. 2) are 5-
minute quick solutions of coseismic offsets determined by Nevada 
Geodetic Laboratory (http://geodesy.unr.edu/). The source region 
velocity structure used in the inversion is the local model from 
Crust 1.0 (Laske et al., 2013). Green’s functions for the teleseismic 
signals are computed using a propagator matrix method for the 
layered structure, while those for the geodetic static deformation 
are computed using Okada (1985). A range of faulting geometries 
from the point-source inversions described above was explored, 
with the faulting extent and rupture expansion speed varied from 
2.5 to 3.5 km/s, based on back-projection and waveform fitting. 
The surface motions from several GPS sites in the Shumagin Islands 
provide particularly strong constraint on the slip distribution.

For our preferred finite-fault model (Figs. 2 and 3), we specify 
the strike as 245.9◦ and the dip as 18.9◦ based on our W -phase 
inversion, with the rupture expansion speed being 3.0 km/s. The 
inversion uses 111 P wave and 36 S H wave ground displacements, 
bandpass filtered from 0.005 to 0.9 Hz. The hypocenter is set at 23 
km deep based on the Alaska Earthquake Center catalog (http://
earthquake .alaska .edu). Subfaults of the model have dimensions of 
10 km by 10 km, and the subfault source time functions are pa-
rameterized by 13 2-s rise time symmetric triangles offset by 2 s 
each, allowing up to 28 s rupture of each subfault. The actual sub-
fault durations found in the inversion tend to be rather impulsive 
with durations of less than 10 s (Fig. 3). The average rake is 90.2◦ , 
4

and rake variations over the slip surface are minor. The moment 
rate function (Fig. 3a) has a total duration of ∼71 s, with a cen-
troid time of 34.3 s and M0 = 7.35 × 1020 Nm (MW 7.84).

The slip model has two large-slip patches and a weaker patch 
located to the west along with some poorly resolved slip down-
dip from the hypocenter and near the northwestern edge of the 
model (Fig. 2). The centroid depth of the slip distribution is 36.4 
km, compatible with the 35.5 km depth of our W -phase inversion. 
The peak slip of ∼3.8 m is located in the slip patch below the Shu-
magin Islands, which has an area of about 2500 km2 at depths of 
25 to 45 km. The average slip is ∼1.9 m over an area of 3600 km2

summed for regions with slip ≥1 m, and ∼1.4 m over an area of 
6100 km2 with a trimming factor of 0.15 relative to the peak slip 
subfault (slip ≥∼ 0.6 m) (Ye et al., 2016a). The model matches the 
GPS horizontal and vertical static displacements well (Fig. S3; the 
RMS misfit is 2.74 cm), with ∼25 cm of south-southeast displace-
ment and ∼30 cm uplift at the Chernabura site and downdrop 
at stations to the northwest, providing relatively good constraint 
on the placement of slip on the megathrust. Significant slip is 
not found at shallower depths than the hypocenter, even when 
models extending further seaward are considered (Fig. 2). While 
the hypocenter is located near the 1938 event hypocenter, rupture 
does not appear to extend into the 1938 rupture zone. The distri-
bution of GPS observations is still limited, and absolute placement 
of slip has at least ∼20 km uncertainty horizontally. This uncer-
tainty estimation is from the comparison with slip models derived 
from GPS-only (Crowell and Melgar, 2020) and from joint inver-
sion of GPS, regional strong motion, and teleseismic observations 
(Liu et al., 2020), which give large-slip patches in very similar 
overall position with less than 20 km variation in the placement 
of large-slip patches along-strike and along-dip. The USGS-NEIC 
finite-fault model, based entirely on teleseismic observations has 
a somewhat patchy slip distribution (https://earthquake .usgs .gov /
earthquakes /eventpage /us7000asvb /finite -fault), with peak slip lo-

http://earthquake.alaska.edu/
http://earthquake.alaska.edu/
https://www.iris.edu/hq/
http://geodesy.unr.edu/
http://earthquake.alaska.edu
http://earthquake.alaska.edu
https://earthquake.usgs.gov/earthquakes/eventpage/us7000asvb/finite-fault
https://earthquake.usgs.gov/earthquakes/eventpage/us7000asvb/finite-fault
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Fig. 3. Finite-fault rupture model for the 2020 M W 7.8 Alaska earthquake obtained from joint inversion of teleseismic body waves and static GPS data. (a) The moment-
rate function, with a red tick at the centroid time Tc. (b) Source spectrum inferred from the moment-rate function and teleseismic P wave spectra. (c) Slip distribution, 
with arrows showing the magnitude and direction of slip (hanging-wall relative to foot-wall) and subfaults color-coded by peak slip. The dashed white curves indicate the 
positions of the rupture expansion front in 10 s intervals. The subfault source time functions are shown within each subfault by gray polygons. (d) Shear stress change 
calculated from the slip distribution in a half space (Okada, 1985; Ye et al., 2016a). (e) Lower-hemisphere stereographic projections of the P -wave (left) and S H-wave (right) 
radiation patterns with raypath take-off positions for the data used in the inversion and comparisons of the observed (black) and predicted (red) waveforms for this model.
cated at the hypocenter, and several shallow slip patches along 
with some located to the northwest. Inclusion of the GPS obser-
vations significantly stabilizes the slip inversion, whereas models 
that include seismic data tend to have more slip near the hypocen-
ter.

The source spectrum (Fig. 3b) is deeply notched near 0.02–0.03 
Hz, which is related to the scale of the main slip patch, but 
shows gentle high-frequency decay with enhanced short-period ra-
diation, possibly due to the depth of the slip (Lay et al., 2012; 
Ye et al., 2016b). We estimate a broadband radiated energy of 
E R = 7.3 × 1015 J, which combines contributions from the spec-
trum of the moment rate function for frequencies below 0.05 Hz 
with average broadband P wave spectra greater than 0.05 Hz cor-
rected for radiation pattern and propagation. The moment-scaled 
radiated energy, E R/M0 = 1.05 × 10−5, which is close to the av-
erage (1.06 × 10−5) for interplate thrust events found by Ye et 
al. (2016a). The slip-weighted stress drop �σE = 4.9 MPa, and 
the factor of 0.15 trimmed-slip circular stress drop estimate is 
�σ0.15 = 3.9 MPa (following Ye et al., 2016a), comparable to the 
average for megathrust events (∼3.4–4.6 MPa).
5

3. Tsunami records and modeling

Deep-water DART stations along the Alaska-Aleutian arc (Fig. 4a) 
recorded a small tsunami generated by the 2020 MW 7.8 Shuma-
gin earthquake (Fig. S4). These data have not been analyzed in the 
published finite-fault modeling papers. The weak signals, which 
are mixed with seismic-induced and background oscillations, lack 
sufficient signal-to-noise ratios for joint inversion or inclusion in 
iterative refinement of the seismo-geodetic inversion through for-
ward tsunami modeling (Yamazaki et al., 2011b), but do provide 
an independent assessment of the preferred finite-fault model. We 
determine the time-histories of seafloor deformation for the slip 
model in Fig. 3 using the planar-fault solution of Okada (1985)
and model the resulting tsunami using NEOWAVE of Yamazaki 
et al. (2009, 2011a). The depth-integrated non-hydrostatic model 
utilizes a telescopic system of two-way nested grids to describe 
multi-scale wave processes. Fig. 4a shows the two grid levels used 
in this study to resolve the tsunami source and trans-oceanic prop-
agation at 0.5 and 2 arcsec, respectively. The high-resolution digital 
elevation model around the Shumagin Islands from NCEI blends 
in nicely with the surrounding GEBCO dataset. The model results 
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Fig. 4. Digital elevation model for tsunami simulation and computed maximum tsunami amplitude over the two levels of nested computational grids. (a) White circles and 
labels denote DART stations and numbers. Red dot indicates the earthquake epicenter. The box denotes the high-resolution grid region shown on the right. (b) Computed 
maximum tsunami amplitudes over the broad area and within the high-resolution area. The black rectangle delineates projection of the rupture zone on the continental 
shelf.
in Fig. 4b show concentration of energy with 10 cm or higher 
wave amplitude over most of the continental shelf. Radiated waves 
propagating down the continental slope undergo a reverse shoal-
ing process with their amplitude reduced to less than 1 cm in the 
deep ocean, where the DART stations are located.

The continental shelf plays a significant role in the tsunami 
waves recorded at the DART stations. Video S1 illustrates the near-
field wave processes. The initial sea-surface elevation is nearly 
identical to the vertical seafloor displacement, with the contribu-
tion from the horizontal displacement and non-hydrostatic effects 
being relatively small due to the shallow, gentle shelf (Fig. S5). 
The subsequent motion depends on the local bathymetry. East of 
the Shumagin Islands, the sea surface descends at higher rates 
over a submerged channel and banks of 200 m and 80 m depth. 
6

The resulting waves of ∼45 min and ∼70 min period arrive at 
the Alaska Peninsula within an hour, coincidental with the uprush 
from the initial sea-surface drawdown. The Shumagin Islands ex-
hibit a ring formation on a shallow shoal of less than 50 m depth 
that overlaps a significant portion of the initial uplift. The sea sur-
face descends and rebounds slowly with a long period of ∼110 
min for many hours due to wave trapping within the island forma-
tion. The predicted long-duration oscillation has been confirmed 
by GPS-interferometry that measures relative sea-level around the 
GPS receiver AC12 on Chernabura Island (Larson et al., 2021). The 
tsunami also triggers a number of edge wave modes over the shelf 
and the most prominent at ∼90 min period that can be inferred 
from the second half of the video when the most of the short-
period energy has attenuated.



L. Ye, T. Lay, H. Kanamori et al. Earth and Planetary Science Letters 562 (2021) 116879

Fig. 5. Comparison of recorded (black lines) and computed (red lines) signals at DART stations along the Alaska-Aleutian arc. The stations are arranged from east to west 
with station 46403 nearest to the tsunami source (Fig. 4a). The sea surface elevation waveforms are shown in the left panels and their spectra versus period are shown in 
the right panels. Seismic-induced oscillations of 3 to 140 cm amplitude at the beginning of the time sequences are truncated for presentation of tsunami signals.
Analysis of the near-field tsunami wave pattern suggests the 
initial waves at the DART stations primarily come from the up-
lift east of the Shumagin Islands with periods of ∼45 min and 
∼70 min, followed by their refraction-reflection along the con-
tinental margin and a steady supply of ∼90-min and ∼110-min 
waves leaked from oscillations over the continental shelf and the 
shallow shoal surrounded by the Shumagin Islands. These wave 
components coincide with the dominant resonance modes along 
the Alaska-Aleutian arc (Bai et al., 2015), which are evident in the 
DART data before the earthquake. The computed signals from the 
finite-fault model at the DART stations reproduce the long-period 
components and overall amplitude of the persistent oscillations, 
but underestimates the ∼45 and ∼70 min signals, leading to mis-
match of the wave amplitude during the first few hours of the 
observations (Fig. 5). Increasing the epicentral uplift would aug-
ment the ∼45-min and ∼70-min signals to improve match of 
the DART records, but the joint slip inversion analysis constrains 
such adjustments. We found that the slip model from Liu et al. 
(2020), for which the slip patch extends ∼20 km south of our pre-
7

ferred model, produces almost identical waveform predictions at 
the DART stations. The strong interference with long-period noise 
level appears to be more influential than the precise slip place-
ment. The tsunami model results lend support to the location 
and size of the major slip patch beneath the Shumagin Islands; 
additional data are needed to fully confirm or refine the source 
model.

4. Discussion

The slip model shown in Figs. 2 and 3 has two to three patches 
of localized large-slip, but these do not fill the megathrust sur-
face. The average slip of 1.4–1.9 m in the well-resolved portions 
of the model discussed above are only for the regions with co-
seismic slip ≥0.6–1.0 m, and a very small area has a slip greater 
than 3 m. Fig. 6a shows 1-m contours of the slip model along with 
the first month of aftershocks from the Alaska Earthquake Center. 
These aftershocks tend to lie outside of the large-slip zones near 
the hypocenter, below the Shumagin Islands, and a small western 



L. Ye, T. Lay, H. Kanamori et al. Earth and Planetary Science Letters 562 (2021) 116879

Fig. 6. Spatial and temporal evolution of the aftershock sequence. One-month aftershocks from the Alaska Earthquake Center (http://earthquake .alaska .edu/) are shown in 
circles with size scaled by earthquake magnitude and color-coded by source depth. The black box in (a) shows surface projection of the rupture model for the MW 7.8 
mainshock along with 1-m slip contours (red).
slip patch, but they do not fill in shallow slip up-dip of the large 
slip patch, nor do they tend to extend deeper than ∼40 km. The 
aftershocks have a concentration westward from the coseismic slip 
distribution into the adjacent region of the Shumagin gap where 
the seismic coupling is very low. The entire sequence appears to 
partially rupture the eastern Shumgin gap with modest slip. The 
patchy nature of the slip and seismicity are compatible with the 
low value of seismic coupling inferred geodetically. While finite-
fault inversions can underpredict peak-slip at very local scale, the 
data do exclude uniform slip of more than 1 m across the region. 
Assuming the last major slip event in the region was the 31 May 
1917 earthquake, there are 103 years of potential strain accumu-
lation which could have amounted to a 6.7 m slip deficit on local 
patches. That is much higher than we model even in the main slip 
patch.

The seismic observations for the 1917 and 2020 Shumagin 
earthquakes are compared in Fig. 7. MSG−R measurements from 
horizontal components (classic Gutenberg-Richter M S formula) are 
8

plotted with azimuth in Fig. 7a. The 13 observations for 1917 
are taken from Estabrook et al. (1994), who computed an average 
MSG−R = 7.4 ± 0.3. They noted that there is strong azimuthal vari-
ation and an early estimate of M S = 7.9 from a single station in 
Japan was biased by azimuthal sampling. For the 2020 event, mea-
surements are made from vertical components using an updated 
M S formula from Vanek et al. (1962), and there is again an az-
imuthal pattern with highest values to the northwest. The median 
value is MSG−R = 7.73 and a 45◦ azimuthally binned average value 
is MSG−R = 7.74 ± 0.19 with median 7.69. Allowing for at most a 
minor increase (∼0.03 unit) in magnitude due to use of vertical 
components (e.g., Lienkaemper, 1984), we infer that at ∼20 s pe-
riod, the 2020 event is ∼0.3 magnitude units larger than the 1917 
event.

Estabrook and Boyd (1992) compiled observations and instru-
ment responses for the 1917 event and modeled several body 
waves and surface waves. To provide a straightforward compar-
ison of P waves from the 1917 and 2020 events, we compare 

http://earthquake.alaska.edu/
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Fig. 7. Comparison of seismic observations for the 1917 and 2020 Shumagin events. (a) MSG−R measurements using stations at different azimuths for the 1917 (black dots) 
and 2020 (red dots) earthquakes. (b) Comparison of P waves recorded at UPP on the Wiechert north-south component for the 1917 event and at KONO on the broadband 
north-south component equalized to the Wiechert response for the 2020 event (following the procedure in Ye et al., 2016c), with common amplitude scale. (c) Comparison 
of P waves recorded at HNG on the Omori vertical component for the 1917 event and at TSK on the broadband vertical component equalized to the Omori vertical response 
for the 2020 event, with common amplitude scale.
records from two stations that were particularly well-modeled by 
Estabrook and Boyd (1992). These are the Wiechert north-south 
component at station UPP (Uppsala, Sweden: 59.86◦N, 17.62◦E) 
and the Omori vertical component at station HNG (Hongo, Japan: 
35.71◦N, 139.77◦E). Both of these are in stable positions in the 
thrust-faulting radiation pattern. Lacking co-located station record-
ings, we use nearby broadband recordings at KONO (Kongsberg, 
Norway: 59.64◦N, 9.60◦E); and TSK (Tsukuba, Japan: 36.21◦N, 
9

140.11◦E) for the 2020 event, applying the Wiechert horizontal 
and Omori vertical responses to compare the waveforms (Figs. 7b 
and 7c). We use the instrument responses listed by Estabrook and 
Boyd (1992), replicating their plots of the instrument responses. 
Other body wave data they collected were considered, but are ei-
ther near P or S H radiation nodes or have absolute amplitude 
uncertainties, making any comparison uncertain, so we rely on the 
two stable comparisons shown in Fig. 7.
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Fig. 8. Examples of subduction zone megathrusts with major earthquakes in the downdip Domain C section. (a) Schematic characterization of megathrust friction and 
rupture modified from Lay et al. (2012). (b)–(d) seismicity from the USGS-NEIC catalog for Alaska-Aleutian, off-shore Honshu, and Sumatra subduction zones, respectively. 
Circles are scaled with earthquake magnitude. Events with magnitude ≥7.2 are highlighted. The main slip distribution (≥1 m) for the 2020 MW 7.8 Shumagin (Fig. 4), 2007 
MW 7.9 Sumatra and 2007 MW 8.4 Sumatra (Konca et al., 2008) earthquakes are shown by contours in (b) and (d). The red star and dashed line in (c) show the epicenter 
location and main slip area for the 2011 MW 9.0 Tohoku earthquake. The estimated rupture areas of the 1896 Sanriku tsunami earthquake and 869 Jogan earthquake are 
shown in green and magenta, respectively. The 1960 Sanriku earthquake (asterisk) has MJMA = 7.2 (https://ecatalogo .jma .es /en/), and the MW 8.0 value in the USGS-NEIC 
catalog adopted from the ISC-GEM catalog is likely an overestimate due to limited azimuthal coverage.
The P waveform comparisons indicate that the 2020 earth-
quake is a factor of 3 to 4 larger than the 1917 event at periods 
of ∼10 s, basically consistent with the difference in MSG−R . The 
waveshapes also differ significantly, and it appears the duration 
of large motions is greater for the 2020 event. This indicates that 
the rupture dynamics are probably quite different and it is not ap-
parent that there are stationary slip patches contributing to both 
10
ruptures, although more data would be required to resolve the 
space-time complexity of the 1917 event.

The 2020 Shumagin earthquake ruptured the deeper portion 
of the plate boundary interface, with most slip deeper than ∼25 
km, which has been represented as Domain C in the depth-varying 
segmentation proposed by Lay et al. (2012) (Fig. 8a). Domain C 
events tend to rupture relatively localized slip patches that fail 

https://ecatalogo.jma.es/en/
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in earthquakes with MW < 8.0, while the shallower Domain B 
(∼15–30 km deep) may or may not fail in larger events. With 
the small portion of the Shumagin gap that ruptured in the 2020 
event (Fig. 8b), there is much uncertainty in the remaining seis-
mic potential for the shallower portion of the megathrust along 
the gap, including the possibility of rupture of the near-trench 
Domain A, where tsunami earthquakes such as the 1946 Aleu-
tian event (Fig. 8c) sometimes occur. The geodetic observations 
favor low seismic coupling on the interface in general, but lack 
resolution along dip. It is also challenging to constrain the over-
all behavior from the Domain C activity. This is demonstrated by 
consideration of the seismic behavior offshore of Honshu (Fig. 8c), 
notably around the 1978 MW 7.7 Miyagi-oki earthquake. There 
were smaller (MW 7.2) nearby ruptures in 1933, 1936 and 2005, 
also in Domain C. The 1917–2020 Shumagin sequence has sim-
ilar difference in size for ruptures of Domain C. The Miyagi-oki 
region subsequently failed as part of the plate boundary-wide 
(Domains A-B-C) 2011 Tohoku (MW 9.1) rupture, and may have 
failed in the 869 Jogan earthquake (Fig. 8c). This region has also 
had Domain A tsunami earthquakes, notably the 1896 event off-
shore Sanriku. Another example of a comparable size Domain C 
rupture is the 12 September 2007 MW 7.9 Kepulauan, Sumatra 
earthquake (Fig. 8d), which followed a great (MW 8.4) megath-
rust event to the southeast on the same day. The region up-dip 
from the 2007 event ruptured in the 25 October 2010 MW 7.8 
Mentawai tsunami earthquake, which was confined to Domain 
A (Fig. 8d). A great earthquake rupture occurred in this area in 
1797, plausibly spanning Domains A-B-C. These comparisons indi-
cate that the behavior of Domain C ruptures is an unclear guide 
as to the shallower megathrust. Ongoing efforts to acquire GPS-
Acoustic seafloor deformation seaward of the Shumagin Islands 
will help to shed light on the seismogenic potential of the shal-
lower megathrust.

5. Conclusions

The 2020 MW 7.8 Shumagin earthquake ruptured with a patchy 
slip distribution extending from 20 to 45 km depth in the eastern 
half of the seismic gap. There were at least 2 large-slip patches, 
the largest of which was located below the Shumagin Islands, with 
GPS recordings on the islands providing good constraint on the slip 
distribution in a joint inversion of teleseismic and GPS ground mo-
tions. The average slip in the well-resolved slip regions is less than 
2 m, which is a small fraction of the potentially-accumulated slip 
deficit of ∼6.7 m since the 1917 MSG−R 7.4 earthquake rupture 
in the eastern Shumagin gap. The 1917 event appears to be about 
0.3 magnitude units smaller based on comparison of surface wave 
measurements and instrument-equalized body waves. The patchy 
nature of the slip is compatible with geodetic estimates of modest 
(<0.4) seismic coupling coefficient for the eastern Shumagin gap. 
Recent inversion for seismic coupling coefficient from geodesy sug-
gests that coupling may increase up-dip of the recent earthquake, 
possibly reaching a maximum near the trench. Viewing the 2020 
event as a rupture of Domain C in the depth-varying subdivision 
of Lay et al. (2012), this raises the possibility that a large rup-
ture could occur seaward of the recent event. Other regions such 
as along Honshu and along Sumatra have experienced ruptures of 
Domain C comparable to the Shumagin region, but have also ex-
perienced shallow tsunami earthquakes and great ruptures as well. 
Further efforts to establish the seismic coupling of the shallow in-
terface are thus warranted.
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 23 
Figure S1. Seismicity around the 2020 Shumagin, Alaska earthquake since 1900 from the 24 
USGS-NEIC catalog, color-coded with their source depth. The radius of each circle is 25 
proportional to the event magnitude. Year and magnitude of events with M ≥ 7.0 are labeled.  26 
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 27 
Figure S2. Back-projection results for the 2020 Shumagin, Alaska earthquake from different 28 
array geometries of (a) Greenland and Eurasia stations, (b) North America Stations and (c) 29 
Southeast Asia stations.   30 
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 31 
Figure S3. GPS misfit with the preferred slip model for the 2020 MW 7.8 Alaska earthquake. (a) 32 
GPS data (black) and synthetics. Vertical and horizonal vectors show the vertical and horizontal 33 
displacements, respectively. Blue and red vectors show predicted vertical and horizontal 34 
displacement from the preferred slip model. (b) Vertical (blue) and horizontal (red) residual 35 
displacements (data minus synthetics). Green contours in (a) and (b) show the surface projection of 36 
1-m slip contours for the MW 7.8 mainshock.   37 
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 38 
Figure S4. Detided water levels from DART stations along the Alaska-Aleutian arc showing 39 
background and seismic-induced oscillations along with tsunami signals. Negative and position 40 
elapsed time corresponds to before and after the earthquake. The stations are arranged from west to 41 
east with 56403 nearest to the tsunami source.   42 
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 43 
Figure S5. Ground deformation from the preferred slip model for the 2020 MW 7.8 Alaska 44 
earthquake. (a) Horizontal deformation with arrows indicating deformation directions. (b) the 45 
vertical deformation. The blue box in (a) and (b) shows the surface projection of the rupture plane 46 
for the MW 7.8 mainshock along with 1-m slip contours (blue). The gray-dashed curves in both (a) 47 
and (b) are 20 km depth contours of the slab interface from model Slab2 (Hayes et al., 2018).  48 
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 49 
Video S1. Animation of near-field tsunami processes generated by the preferred fault-slip 50 
model for the 2020 MW 7.8 Alaska earthquake. Elapsed time t is in hour and minute after the 51 
initial earthquake. 52 
  53 
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 54 
Video S2. Animation of far-field tsunami processes generated by the preferred fault-slip 55 
model for the 2020 MW 7.8 Alaska earthquake. Elapsed time t is in hour and minute after the 56 
initial earthquake. 57 
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