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A B S T R A C T   

The up-dip extent of slip during large megathrust earthquakes is important for both tsunami excitation and 
subsequent tsunami earthquake potential, but it is unclear whether frictional properties and/or fault structure 
determine the up-dip limit. A finite-fault slip model for the 2021 MW 8.2 Chignik, Alaska Peninsula earthquake 
obtained by joint inversion of seismic-geodetic data with model spatial extent constraints from the tsunami 
waves provides unusually good constraints on the up-dip edge of coseismic slip. Rupture initiated ~35 km deep 
and propagated unilaterally northeastward with large-slip (up to 8.4 m) distributed over a depth range of 26 to 
42 km beneath the continental shelf. Aftershocks concentrate up-dip of the coseismic slip around a strong 
megathrust reflector with high Coulomb stress change. The ~25 km deep up-dip edge of slip strongly correlates 
with a change in plate interface reflectivity apparent in reflection profiles, indicating that a structural and 
frictional transition provided a barrier to shallower rupture.   

1. Introduction 

Accurate determination of the up-dip edge of coseismic slip during 
great megathrust earthquakes is a long-standing challenge of central 
importance to understanding tsunami generation by the event, along-dip 
dynamic rupture processes and changes in frictional properties, and 
potential for subsequent tsunami earthquakes (e.g., Lay et al., 2012; 
Sallarés and Ranero, 2019; Lay et al., 2019; Wirp et al., 2021; Yin and 
Denolle, 2021; Cheung et al., 2022). While finite-fault slip models are 
now routinely determined for large earthquakes (e.g., Ye et al., 2016; 
Hayes, 2017), resolution of the up-dip edge of slip remains very limited 
when using only global seismic and on-land geodetic data. Resolution of 
the seaward extent of coseismic rupture has improved for some recent 
great earthquakes by the inclusion of offshore geodetic data (e.g., Sato 
et al., 2011; Kido et al., 2011; Iinuma et al., 2012; Lay, 2018), repeat 
bathymetric imaging (e.g., Fujiwara et al., 2017; Tomito et al., 2017; 
Maksymowicz et al., 2017), and/or tsunami observations in finite-fault 
modeling (e.g., Yue et al., 2014; Heidarzadeh et al., 2016; Yamazaki 
et al., 2017; Romano et al., 2020), but only a few great events have well- 
resolved constraints on their up-dip slip extent. 

The Alaska–Aleutian subduction zone involves convergence between 
the Pacific and North American plates at a rate of 5.1 to 7.5 cm/yr 
(DeMets et al., 2010), and many great earthquakes have occurred there 
over the last century (Sykes, 1971; Davies et al., 1981). Characteristics 
of large earthquakes and associated tsunamis along Alaska, the Alaska 
Peninsula, and the Aleutians vary significantly. The great 1964 MW 9.2 
Prince William and 1946 MW 8.6 Aleutian earthquakes generated trans- 
Pacific tsunamis (Johnson and Satake, 1997; Tanioka and Seno, 2001; 
Ichinose et al., 2007). The down-dip eastern portion of the Shumagin 
segment (Fig. 1a) ruptured in 2020 in a major MW 7.8 earthquake that 
generated a small tsunami (Crowell and Melgar, 2020; Liu et al., 2020; 
Ye et al., 2021; Xiao et al., 2021; Mulia et al., 2022a; Zhao et al., 2022; 
Bai et al., 2022). The Semidi segment located between the Shumagin and 
Kodiak segments (Fig. 1a) ruptured in the 1938 MW 8.3 earthquake 
(Estabrook et al., 1994), also generating a relatively small tsunami 
(Johnson and Satake, 1994; Freymueller et al., 2021). Geodetic in
vestigations indicated that the Semidi segment had accumulated a 
substantial slip deficit prior to 2021, exceeding that in the Shumagin 
segment, with some models indicating that strong geodetic locking ex
tends all the way to the trench (e.g., Fournier and Freymueller, 2007; Li 
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and Freymueller, 2018; Drooff and Freymueller, 2021) (Fig. 1a). How
ever, it has been demonstrated that the geodetic data have a very limited 
resolution of any slip deficit below the continental slope (Xiao et al., 
2021; Zhao et al., 2022). 

On July 29, 2021, the MW 8.2 Chignik, Alaska Peninsula earthquake 
ruptured within the aftershock zone of the 1938 event. The coseismic 
slip pattern for the Chignik earthquake has been estimated in several 
studies (United States Geological Survey National Earthquake Informa
tion Center, 2021; Liu et al., 2022; Elliott et al., 2022; Mulia et al., 
2022b; Ye et al., 2022). Most analyses indicate a strongly asymmetric 
bilateral rupture, with slip primarily extending toward the northeast. Liu 
et al. (2022) obtained a slip model by inverting extensive teleseismic and 
regional seismological and GNSS observations, finding that rupture 

expanded ~175 km along strike across depths from 17 to 43 km, with up 
to 8.6 m slip near the hypocenter. Elliott et al. (2022) inverted static 
GNSS displacements, high-rate GNSS waveforms, teleseismic wave
forms, and InSAR displacements, finding coseismic slip extending from 9 
to 37 km, with a peak slip of 6 m near the hypocenter. Their model is 
similar to that found using similar seismic and geodetic data sets by the 
U.S. Geological Survey National Earthquake Information Center (USGS- 
NEIC) in having slip extend to shallow depth (< 10 km). Mulia et al. 
(2022a, 2022b) determined a rupture model using joint analysis of 
tsunami waveforms and geodetic coseismic displacements, finding most 
slip located in the depth range from 22 to 39 km, and peak slip of 4.8 m 
at a depth of ~30 km. Ye et al. (2022) also included tsunami modeling 
with seismic and geodetic inversion, finding an elongated large-slip 

Fig. 1. Regional tectonic setting of the 
Alaska-Aleutian subduction zone and 
cross-section through the Semidi 
segment. a The gray shaded patches with 
dashed lines indicate the rupture regions 
of 1938, 1946, 1948, and 1964 events. 
The coseismic rupture areas of the 2020 
Mw7.8 Simeonof event and 2021 Mw 8.2 
Chignik event are indicated with green- 
filled and red-filled patches, respec
tively. The thick magenta dashed line 
outlines the tsunami source model 
determined by Freymueller et al. (2021). 
The stars and focal mechanisms indicate 
the epicenters and GCMT solutions of the 
2020 mainshock (green) and 2021 
mainshock (red), respectively. Depths to 
the plate interface from Slab2 are shown 
by gray dashed lines with an interval of 
10 km (Hayes et al., 2018). The plate 
coupling distribution is from Li and 
Freymueller (2018). The white barbed 
line shows the plate boundary between 
the Pacific plate and the North American 
plate, and the black arrow shows the 
relative motion between the Pacific plate 
and the North American plate (DeMets 
et al., 2010). White dashed lines outline 
the margins of the Zodiak Fan. The inset 
shows the general location of the study 
area. b Cross section indicating the fault 
model of the 2021 Chignik event and the 
geometry of the plate interface, and 
highlighting the broad flat continental 
shelf overlying the rupture zone, the 
shelf break, and the continental slope. 
Two blue dotted lines represent the 
thickness range of seismic reflection 
packages associated with the boundary 
zone of the plate interface. The black 
dotted lines show the extent of conti
nental Moho. The thick gray curve is the 
slab interface profile from the Slab2 
model along profile AA’ in a. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   
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distribution in the depth range of 30 to 40 km, with a small patch of 
large slip from 25 to 28 km in the northeast, and no slip shallower than 
25 km. Some of these slip models were adjusted to fit the general strike 
and position of the slab interface in model Slab2 (Hayes et al., 2018), 
however, the Slab2 model has a 5–6 km shallower plate interface than 
that imaged in seismic reflection profiles in the Semidi segment (Kuehn, 
2019) (Fig. 1b), so the absolute placement, as well as the estimated peak 
magnitude and up-dip extent of slip vary substantially among the pub
lished models. 

The available finite-fault models for the 2021 Chignik earthquake are 
typical of large megathrust earthquake studies in that the up-dip limit of 
slip is very inconsistent between models, ranging from ~9 to ~30 km 
deep. This reflects the very limited resolution provided by distant 
geodetic observations on the Alaska Peninsula and by regional and 
teleseismic recordings. Even in the Shumagin segment, where offshore 
islands with geodetic instruments overlie the 2020 slip zone, the 
geodetic resolution of seaward prior slip deficit and coseismic slip below 
the continental slope is very limited (Xiao et al., 2021; Mulia et al., 
2022a; Zhao et al., 2022). The upper plate in the Semidi segment has a 
broad continental shelf at shallow depth that extends over the large-slip 
zones of all of the 2021 Chignik slip models, with the shelf break located 
about 80–100 km from the trench (Fig. 1b). Recognizing the acute 
sensitivity of tsunami excitation to the absolute position of slip on the 
megathrust relative to the shelf break (e.g., Mulia et al., 2022b; Ye et al., 
2022), in this study we seek to tighten the constraints on the up-dip edge 
of slip for the 2021 event. We first perturb a starting model (Liu et al., 
2022) to fit the full suite of seismic, geodetic, and tsunami observations 
well, and then compare the results with the high-resolution imaging of 
the plate boundary interface to address controls on the up-dip limit of 
slip, along with considering aftershock distribution and Coulomb Failure 
Stress changes. The main contributions of this study are that the slip 
model is better spatially constrained than that in Liu et al. (2022), 
particularly for the up-dip extent of coseismic slip, and with improved 
confidence in the slip model, we can relate the bounds on slip distri
bution directly to reflection profiles along the megathrust and consider 
the important issue of whether the shallow megathrust has seismogenic 
potential. 

2. Datasets and methodology 

2.1. Data processing 

We jointly analyze seismic, geodetic, and tsunami observations to 
resolve the rupture process of the 2021 Chignik earthquake. The ob
servations for all near-field seismic and geodetic data sets are shown in 
Fig. S1. Data processing for the regional and teleseismic broadband, 
near-source strong-motion, and high-rate GNSS waveforms is the same 
as described in Liu et al. (2022), except that for the GNSS statics, we use 
revised solutions from the Geodesy Laboratory at Central Washington 
University (CWU). 

2.2. Finite-fault inversion 

As seismic and geodetic data can provide complementary constraints 
on the rupture process of large earthquakes, we used both data types to 
invert the rupture process of the 2021 Chignik event using a prescribed 
fault model. A nonlinear finite fault inversion method is employed (Ji 
et al., 2003) that simultaneously inverts geodetic and seismic observa
tions. The simulated annealing algorithm solves for the slip magnitude 
and direction, rise time, and average rupture velocity for subfaults. For 
each parameter, we set specific search bounds and intervals. Here, the 
subfault size is chosen as 10 km × 10 km, and the slip on each subfault 
varies from 0.0 to 15 m. We allowed the rise and fall intervals of the 
asymmetric slip rate function for each subfault to vary from 1.0 to 10 s. 
Thus, the corresponding slip duration for each subfault is limited be
tween 2 and 20 s. The rupture initiation time of each subfault changes 

within [L/v_ref-τ, L/v_ref + τ], L is the on-fault distance to the hypo
center, and v_ref is the average rupture velocity (Shao et al., 2011). v_ref 
and maximum perturbation time τ used during the final inversion are 
2.5 km/s and 50 s, respectively. Green’s functions for static displace
ments and seismic waveforms are computed using a 1-D layered velocity 
model (Niazi and Chun, 1989). Equal weighting among geodetic and 
seismic data sets was used in this study. 

2.3. Tsunami modeling 

We implement dispersive long wave model NEOWAVE (Non-hy
drostatic Evolution of Ocean WAVE) to describe multiscale tsunami 
processes from the open ocean to the shore or vice versa (Yamazaki 
et al., 2011). NEOWAVE utilizes a vertical velocity term in the depth- 
integrated equations to account for weak dispersion comparable to 
low-order Boussinesq-type equations (Bai et al., 2018). The contribution 
from the vertical velocity term is essential in modeling of tsunami wave 
generation from kinematic seafloor deformation within a finite rise time 
and tsunami induced currents over steep continental slopes. The coupled 
wave-current dynamic processes are important for the resolution of 
developing tsunami waves in the near field and accurate reproduction of 
the DART and tide gauge records. The seafloor vertical displacement 
with respect to time is determined from rupture parameters of the finite- 
fault model using an elastic half-space solution (Okada, 1985), 
augmented by the horizontal motion of the seafloor slope (Tanioka and 
Satake, 1995). The numerical solution is obtained by the finite differ
ence method with shock capturing scheme and nested computational 
grids in spherical coordinates. The grid nesting scheme allows two-way 
communications during the computation and provides multi-zoom 
capability to resolve wave amplitude and current with desirable 
resolution. 

In modeling tsunamis generated from the finite-fault models, we 
apply two levels of grids to compute wave signals at Alitak, Sand Point, 
and King Cove in the Aleutian region and four levels of grids for Kahului 
and Hilo in the Hawaiian region as Fig. 3 shows. The level-1 grid extends 
across the North Pacific at 2-arcmin (~3700 m) resolution, which gives 
an adequate description of large-scale bathymetric features and optimal 
dispersion properties for modeling of trans-oceanic tsunami propagation 
with NEOWAVE (Li and Cheung, 2019). The level-2 grids resolve the 
continental shelf of the Alaska Peninsula at 30-arcsec (~925 m) and the 
insular shelves along the Hawaiian Islands at 24-arcsec (~740 m), which 
provides a transition to the level-3 grids for the Maui Nui and Big Island 
at 6-arcsec (~185 m) resolution. The finest grids at level-4 resolve the 
harbors and breakwaters where the tide gauges are located at 0.3-arcsec 
(9.25 m). A Manning number of 0.025 accounts for the subgrid rough
ness at the harbors. The digital elevation model includes General 
Bathymetric Chart of the Oceans (GEBCO) at 30-arcsec (~3700 m) 
resolution for the North Pacific, multibeam and laser imaging, detection, 
and ranging (LiDAR) data at 50 and ~ 3 m in the Hawaii region. 

2.4. Coulomb failure stress 

The Coulomb failure stress changes (ΔCFS) can be written as (Scholz, 
2019). 

ΔCFS = Δτ + μ’ΔσN 

where Δτ and ΔσN are, respectively, changes in the shear stress and 
normal stress on a given fault (the receiver fault) caused by the source 
earthquake, and μ’ is the apparent friction coefficient and set as 0.4. Δτ is 
positive in the slip direction of the receiver fault, and ΔσN is positive in 
the direction of normal stress that unclamps the receiver fault. There
fore, positive ΔCFS means the earthquake stress changes push the 
receiver fault closer to rupture, and vice versa (Freed, 2005). We 
computed the evolution of ΔCFS on the Slab2 (Hayes et al., 2018) ge
ometry for the rupture models of the 2020 Shumagin earthquake (Bai 
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et al., 2022) and the 2021 Chignik earthquake (this study). 

2.5. Thermal modeling 

The first-order temperature distribution along the plate interface is 
computed using an analytical derivation of Molnar and England (1990). 
The temperature includes advective, radiogenic, and shear heating 
terms: 

T =
Km

SKs

T0z
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πκ(t0 + ts)

√ +
Arz2

2SKs
+

μρgz(1 − λ)Vz
SKs 

Here the S is a dimensionless parameter, which is defined as: 

S = 1 + b
Km

Ks

̅̅̅̅̅̅̅̅̅̅̅̅̅
Vzsinδ

κ

√

z is depth, ts is the time to subduct to depth z, here, ts = z/Vsinδ, V is 
the average fault slip rate. See Table S1 for all parameter meanings and 
values used in the calculations. 

Fig. 2. Starting and final slip models for the 2021 Chignik, Alaska Peninsula earthquake. a Slip distribution (left) and vertical seafloor deformation (right) for the 
starting model from Liu et al. (2022). The star indicates the hypocenter from an initial USGS-NEIC location (55.325◦N, 157.841◦W, 32.2 km deep). b Slip distribution 
(left) and vertical sea floor deformation (right) for the final model, which fits all data well. Water depth contours of 100 m, 300 m, and 3000 m are shown by light 
blue dashed lines. The star indicates the updated USGS-NEIC hypocenter (55.364◦N, 157.888◦W, 35 km deep). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3. Results 

3.1. Model configuration and inversion procedure 

Using an iterative seismic+geodetic inversion and tsunami modeling 
procedure (Bai et al., 2022), we determine a finite-fault slip model that 
accounts for the complete set of seismic, geodetic, and tsunami obser
vations for the 2021 Chignik earthquake. A planar fault model is 
assumed along with the updated USGS-NEIC hypocentral depth of 35 km 
(at 55.364◦N, 157.888◦W). The fault plane strike is 242◦, and the dip is 
14◦, similar to the USGS-NEIC W-phase solution and the geometry of the 
interface as imaged by reflection seismology (Kuehn, 2019). Adopting 
the same extensive seismic and geodetic data sets used in Liu et al. 
(2022) (Fig. S1), we invert for a kinematic slip model, then predict 
tsunami signals using a non-hydrostatic code NEOWAVE in which the 
kinematic sea floor motion excites the tsunami (Yamazaki et al., 2011; 

Bai et al., 2014). The iterative seismic+geodetic inversion and tsunami 
modeling procedure basically involve initial inversion of the seismic and 
geodetic data, and then calculation of the tsunami predictions for that 
model. Misfits of the tsunami first-arrival timing and amplitudes prompt 
adjustments of the model parameterization (guided by extensive sensi
tivity tests), primarily involving reduction of the up-dip and/or along- 
strike extent of the model grid, and the procedure iterates. Examples 
of tests with gradually truncating up-dip grid extents are shown in 
Fig. S2. Essentially a zero-slip constraint is imposed on regions of the 
model grid to spatially constrain the subsequent inversion, systemati
cally improving the fit to the tsunami data while still achieving a com
parable fit to the seismo-geodetic data. This procedure works 
particularly well in this situation because even small amounts of slip too 
far seaward on the up-dip edge of the inversion can produce too early 
and too large of tsunami signals as shown in Bai et al. (2022) and Ye 
et al. (2022). 

Fig. 3. Computational bathymetry and location maps of tide gauge and DARTs. a Level-1 grid with outlines of level-2 grids, DART locations (white circles), and Sand 
Point, King Cove, Alitak, Kahului, and Hilo tide gauges (red circles). b Level-2 grid for the source region. c Level-2 grid for the Hawaiian Islands with outlines of level- 
3 and 4 grids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Tsunami simulation 

Fig. 2a shows the starting slip model from Liu et al. (2022) and the 
corresponding static vertical deformation of the seafloor, while Fig. 2b 
shows the final model obtained in the iterative process, which has 
contracted model dimensions. The seafloor deformations, as shown in 
Fig. 2, drive the tsunami calculations using NEOWAVE. Fig. 3a shows 
the Level-1 bathymetric structure for the North Pacific with the locations 
of tide gauge and deep-water pressure sensors (DART stations) used in 
the modeling. Nested grids are used to incorporate Level-2 (Fig. 3b, c) to 
Level-3 (insets in Fig. 3c) up to Level-5 higher resolution grids around 
the source area and near the tide gauges. Fig. 4 compares observed 
tsunami signals with the predictions of the two models in Fig. 2. The 
starting model produces early predicted tsunami arrivals with too large 

amplitudes at the DART stations and in Hawaii (Fig. 4a). This is a 
consequence of having seafloor uplift on the continental slope (Fig. 2a), 
as even modest uplift under deep water excites larger amplitude, shorter 
period signals than does large seafloor deformation below the conti
nental shelf (e.g., Mulia et al., 2022a, 2022b; Ye et al., 2022). 

3.3. Optimized slip model parameters 

The final slip model has rupture initiate at 35 km depth and propa
gate predominantly unilaterally, with three patches of large slip in the 
depth range of 26 to 42 km, along a total rupture length of 200 km, with 
a maximum slip of ~8.4 m (Fig. 5a). The total seismic moment is M0 =

2.44 × 1021 Nm (MW = 8.2), with the source duration being 110 s. The 
centroid location of the slip model is at 55.61◦N, 157.45◦W, 36.5 km 

Fig. 4. Tsunami predictions at DARTs for the finite-fault slip models. a Comparison of tsunami waveforms at DARTs and Tide Gauges for the starting model from Liu 
et al. (2022). b Comparison of tsunami waveforms for the final slip model. 

C. Liu et al.                                                                                                                                                                                                                                      



Tectonophysics 854 (2023) 229808

7

deep, comparable with the USGS-NEIC W-phase centroid estimate (M0 
= 2.36 × 1021 N⋅m; 55.42◦N, 157.91◦W and 35.5 km deep), which en
sures that our solution is compatible with very long-period seismic data. 
Subfaults with slip <1 m are excluded due to their low reliability, and 
the average rise time (Fig. 5b) and slip rate (Fig. 5c) of the included 
subfaults are 10 s and 0.4 m/s, respectively. There is an overall corre
lation between slip and slip rate, but locally this has scatter in areas of 
low total slip. The large slip patch at the shallow end of the rupture in 
the northeast appears to be for a relatively isolated asperity that was 
triggered. It has a moderate slip rate and long rise time, which accounts 
for the large slip. This feature of the model is controlled by the nearby 
displacement at GNSS station AC13 (Fig. 6) with the up-dip constraint 
from tsunami arrival times at DARTs 46,403 and 46,414 (Figs. 3a and 
4a). Snapshots of the space-time slip evolution indicate that slip spread 
around the deep side of the hypocenter during the first 20 s with a higher 
slip rate (Fig. S3), then the rupture expanded asymmetrically to the 
northeast, with a general increase in rise time. Most of the seismic 
moment was released within 90 s (Fig. 5d), and the overall average 
rupture velocity is ~2.5 km/s. 

Waveform fits for the model in Fig. 5a for multiple data sets are 
shown in Figs. 4b and 6 (all additional data comparisons are shown in 
Figs. S4-S6). The final slip model accounts well for all observations, 
fitting the geodetic and seismic data comparably well to the starting 
model (Liu et al., 2022) while notably improving the fit to the tsunami 
signals (Fig. 4b). The distribution of the regional data sets provides good 
constraints on the down-dip edge of slip and the along-strike extent of 
the rupture. A few notable misfits for late high frequency arrivals are 
apparent in some regional waveforms, such as stations CHN and S19K, 
likely due to unmodeled site effects and oversimplification by the use of 
a 1D velocity model. Fits to the vertical displacements at a few nearby 
GNSS stations, such as AC21 and AC13 are not quite as good as in the 
starting model, but these are very sensitive to changes in along-strike 

length of the model, which was reduced in fitting the tsunami (Fig. 2). 
By constraining the model dimensions in the up-dip (seaward direction), 
we preclude any uplift beyond the shelf break, and together with minor 
along-strike contraction, the final model fits the arrival times and am
plitudes of the tsunami observations well (Fig. 4b). The dramatic dif
ference in tsunami excitation across the north Pacific for the starting and 
final models is shown in Fig. 7. 

Essentially, the seaward extent of significant slip (>0.5–1 m) is 
bounded to depths >25 km in order to predict the tsunami signals 
acceptably. The horizontal resolution of the up-dip edge of >1 m 
coseismic slip is about ±10 km, which is a remarkably tight resolution 
for a great earthquake finite-fault model. Mulia et al. (2022b) show that 
the USGS model overpredicts the tsunami amplitudes, and in Fig. S7, we 
show that the model of Elliott et al. (2022) does as well, confirming that 
having any significant slip shallower than ~25 km violates the tsunami 
observations in the same way as the starting model here (Fig. 4a). The 
model of Ye et al. (2022) is similar to our final model in having no slip 
shallower than 25 km and fits the tsunami data well, but we fit many 
more regional broadband and strong-motion signals, along with high- 
rate GNSS time series, providing excellent resolution of the slip, as 
confirmed by checkerboard tests (Fig. S8). Overall, the good fits between 
the extensive observations and synthetics indicate the reliability of our 
coseismic slip model for the 2021 Chignik earthquake in Fig. 5. 

3.4. Stress changes 

We computed the static stress drop distribution for our model 
(Fig. S9) using the method proposed by Ripperger and Mai (2004). The 
static stress change varies approximately from 16 MPa (stress drop) to 
− 8 MPa (stress increase) over the fault plane. The static stress drop is 
predominantly contributed by thrust motion. Stress change resolved for 
along-strike motion is between 2.6 MPa and − 24 MPa, with a localized 

Fig. 5. Final slip model of the 29 July 2021 Chignik earthquake. a The slip model of the 2021 Chignik event. The slip amplitude is indicated by the colour bar. The 
cyan-filled star shows the hypocenter. Gray contours outline the rupture initiation time with an interval of 20 s. White arrows represent the rupture direction of the 
hanging wall. b The spatial distribution of rise time. Subfaults with slip <1.0 m are excluded, and colour shows the value of rise time. c The slip rate distribution, 
which is defined by the ratio of fault slip and rise time. d The moment-rate function (MRF) of the final slip model. The red line indicates the parabolic shape of the 
MRF for a minimum value of radiated energy based on the seismic moment and duration of the 2021 Chignik event. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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large stress increase in a shallow slip patch in the northeast of the model 
(Fig. 1a), in the vicinity of significant local postseismic slip (Fig. S1). The 
slip-weighted average stress drop is ~14 MPa, which is somewhat 
higher than average for a megathrust earthquake (Ye et al., 2016), but 
this may reflect the tighter than usual spatial resolution of the slip dis
tribution. The broadband radiated energy estimated for the event is 3.1 
× 1016 J over a 93 s rupture duration (IRIS radiated energy). Using the 
seismic moment from the finite fault inversion, we find a moment-scaled 
radiated energy of 1.3 × 10− 5, which is slightly above the average value 
of 1.06 × 10− 5 for interplate thrusts (Ye et al., 2016). The moment-rate 
function (Fig. 5d) is relatively rough, and following Ye et al. (2018), the 
radiated energy enhancement (REEF) parameter is 64, which is 

moderately high, typical of relatively complex moment-rate function 
events. 

The distribution of USGS-NEIC aftershocks in the first 3 months after 
the 2021 Chignik earthquake relative to the final slip model in Fig. 5a is 
shown in Fig. 8a. The location precision for the catalog locations is on 
the order of ±10 km due to the one-sided distribution of the regional 
stations. The precision of the up-dip limit of slip is on the same scale, due 
to the inclusion of the tsunami data (Fig. S2), so it is reasonable to 
compare the aftershock locations relative to the improved slip model. 
Most aftershock activity is concentrated on the margins of the large slip 
zone, especially along the up-dip edge of slip. The aftershock activity 
extends further seaward to near the shelf break than the early aftershock 

Fig. 6. Comparison of subsets of the 
observed data and synthetics for the final 
slip model. a and b show horizontal and 
vertical comparisons between observed 
(black) and computed (red) static GNSS 
displacements for the final slip model 
shown in Fig. 5a. c Observed (black lines) 
and predicted (red lines) waveform com
parisons for three-component strong-mo
tion ground velocities in cm/s. 
d Comparisons of subsets of high-rate 
GNSS displacement time series (black) 
and synthetic seismograms (red) in cm. 
Station names are indicated on the left, 
and peak values are shown on the upper 
right. The azimuth (above) in degrees and 
epicentral distance (below) in km are 
shown at the beginning of each waveform. 
All data comparisons are shown in 
Figs. S4-S6. (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   
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Fig. 7. Maximum sea surface elevation maps extending from the source region across the northern Pacific to Hawaii. a and b Sea surface elevation predicted from the 
finite-source model of Liu et al. (2022) and final slip model of the 2021 event, respectively. 
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activity along the 2020 Simeonof earthquake rupture, which was mostly 
deeper than 25 km (Bai et al., 2022). The largest aftershock, on October 
11, 2021, has MW 6.9 and ruptured within the Pacific plate northeast 
and down-dip of the slip zone. Focal mechanism solutions for 5 events 
shallower than the up-dip edge all have thrust-faulting geometries, with 
the largest event being an MW 7.0 thrust event on August 14, 2021 with a 
centroid at 55.17◦N, − 157.45◦W, 25 km deep. Only two of the events 
locate further seaward on September 16, 2021 with MW 5.6 and 5.3 and 
centroid depths of 21.4 and 12.0 km, respectively (Fig. 8a). There are 
several localized clusters of shallow activity and very sparse activity in 
the shallow megathrust <20 km deep below the continental slope. The 
overlap of aftershocks and slip is reduced relative to the starting model 
(Liu et al., 2022) by virtue of the deeper up-dip edge of slip in the final 
model. 

Coulomb failure stress changes were computed using the megathrust 

geometry as the target fault (Fig. 8b). Coulomb stress increased sub
stantially up-dip of the slip, where most aftershocks occurred, and the 
Coulomb stress is also enhanced in the down-dip region, although af
tershocks are few in number. The large aftershocks (M ≥ 5.0) have thrust 
fault mechanisms, except for three normal-faulting events in the 
northeastern part of the rupture that occurred deeper within the sub
ducting Pacific plate. In addition, it is worth noting that the up-dip 
megathrust of the eastern Shumagin segment has substantial stress in
creases exceeding 0.3 MPa, but the seismicity is pretty weak, leaving a 
substantial area of unknown frictional state. 

4. Discussion 

Similarly well-resolved slip distributions for the 2020 Simeonof MW 
7.8 (Bai et al., 2022) and 2021 Chignik MW 8.2 earthquakes have been 

Fig. 8. Aftershocks distribution and Coulomb stress 
changes. a Superposition of first 3 months aftershocks 
(open circles for events with MW < 5) with magnitude 
≥2.5 from USGS-NEIC catalog on the final slip models 
of the 2020 and 2021 mainshocks. The green and red 
stars indicate the epicenter of the 2020 and 2021 
events, respectively. Other colored stars indicate af
tershocks with magnitude ≥5 at different depths. b 
Computed Coulomb stress changes on the Slab2 plate 
interface caused by the 2020 and 2021 events. Global 
centroid moment-tensor (GCMT) focal mechanisms 
with magnitude ≥5.0 one year after the 2021 earth
quake are shown in blue. Open circles, scaled by 
magnitude, show one-year aftershocks of the 2021 
event. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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determined by joint analysis of seismic, geodetic, and tsunami obser
vations. In both cases, the resolution of the up-dip edge of slip exploits 
the acute tsunamigenic sensitivity to placement of slip along the meg
athrust relative to the shelf break; a relatively rare opportunity enabled 
by the broad shallow continental shelf in this region. The up-dip limit of 
slip in the two adjacent events is almost uniform, at about 25 km depth 
(Fig. 1a). This is much deeper than the typical up-dip aseismic mega
thrust region commonly associated with weak velocity strengthening 
materials and low effective stresses associated with elevated pore fluid 
pressure (Li et al., 2015). The seaward extent of most aftershock activity 
is limited to beneath the shelf for both events, noting that the largest 
aftershock of the 2020 event (MW 7.6) on October 19, 2020 was a 
seaward intraplate rupture with many intraplate aftershocks (Fig. 8a). 
Aftershock activity does extend further seaward along the Chignik 
rupture zone and there are localized patches of aftershocks beneath the 
continental slope. 

The similarity in the up-dip extent of the slip zones for the 2020 and 
2021 events is surprising given the strong lateral gradient in geodetic 
coupling between the Shumagin and Semidi segments that preceded the 
events (Fig. 1a). Both events have abrupt termination in up-dip slip 
along a nearly continuous line (Fig. 1a), suggesting some common 
control on the coseismic sliding. Deep-sounding reflection profiles from 
the 2011 Alaska Langseth Experiment to Understand the megaThrust 
(ALEUT) project provide important information on the along-dip 

variation in seismic reflectivity (Kuehn, 2019; Li et al., 2015; Bécel et al., 
2017; Li et al., 2018; Shillington et al., 2022). While imaging resolution 
is best in the frontal prism of the overriding plate, beneath the conti
nental slope, the plate boundary fault is imaged as deep as 35 to 50 km in 
these profiles, spanning the rupture extent of the large events. Fig. 9 
shows cross-sections along 4 of the ALEUT reflection profiles in the 
Semidi and Shumagin segments, with the position of the well-resolved 
fault models superimposed on the highlighted plate interface reflectors 
from Kuehn (2019) and Shillington et al. (2022). 

The up-dip limit of slip for both events is close to along-dip transi
tions in reflectivity from a relatively irregular reflector with deformed 
metasediments in a low velocity zone 100–250 m thick in the upper 10 
to 25 km of the sections to more planar quasi-parallel banded reflectors 
within a depth range of 2 to 5 km below 25 km (Kuehn, 2019; Li et al., 
2015; Shillington et al., 2022). Of course, decreasing resolution with 
depth may obscure deeper roughness, but the images in shallower re
gions are assumed to be reliable (we simply reproduce the reflector in
terpretations shown in the cited papers). Some of the shallow roughness 
of the megathrust is likely associated with splaying thrust faults that 
intersect the plate boundary, while upper plate reflectors from the lower 
crust and continental Moho are distinct from the plate interface re
flectors (Kuehn, 2019; Li et al., 2015). The continental Moho appears to 
intersect the plate interface at a depth of 30 to 45 km along the Semidi 
segment (Fig. 1b), and possibly shallower (22 to 33 km) along the 

Fig. 9. Cross sections of fault model and seismic lines. a Spatial distribution of historical earthquakes (gray dots) and 2 months aftershocks of the 2020 Simeonof 
event (orange dots) and 2021 Chignik event (cyan dots). The green and red rectangles represent the fault model margins of these two events, with a solid line showing 
the shallow edge. Dashed contours indicate the plate interface position for model Slab2, with depth increments of 10 km. Black dashed lines indicate the locations of 
the seismic lines. b, c, d, and e are profiles along seismic lines 5 (Fig. 4. In Shillington et al., 2022), 4 (Fig. 4 in Shillington et al., 2022; Fig. 3.7.2 in Kuehn, 2019), 3 
(Figs. 3.7.1, 4.6.1, 4.6.2 and 4.6.3 in Kuehn, 2019) and 12f (Fig. 3.8.2 in Kuehn, 2019), respectively. Gray curves represent the plate interface position for model 
Slab2. Temperatures on the plate interface are shown as colored squares according to the colour bar in b. Blue dots represent the original authors (Shillington et al., 
2022; Kuehn, 2019) interpretation of the thickness extent of seismic reflection packages associated with the boundary zone of the plate interface. Green and red solid 
lines in the profiles indicate the model location of the 2020 event (Bai et al., 2022) and 2021 event (this study), respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Shumagin segment, although a thicker continent has not been ruled out 
(Li et al., 2015; Shillington et al., 2022). If this is the true continental 
Moho depth, the primary coseismic rupture zones may lie along the 
mantle of the upper plate. The change in the overriding plate at the 
Moho may influence the broadening of the plate boundary shear zone 
(Shillington et al., 2022), so that extensive shallow serpentinization has 
not occurred in this relatively cold subduction zone. It also implies that 
accreted terranes in the upper plate (Shillington et al., 2022) are not 
playing a primary role in the rupture zones of the 2020 and 2021 events, 
although associated landward increase in rigidity of the upper plate may 
play some role. For the sections along the Shumagins (Lines 4 and 5), 
there is an interval of apparent flattening of the interface dip followed by 
steepening of the interface dip further inland (Fig. 9b and c, respec
tively). The planar rupture models suggest that slip extends further 
seaward than the interface steepening. A mild increase in interface dip is 
also seen for Line 3 and Line 12 (Fig. 9d and e, respectively), indicating a 
rather gradual dip variation in the Semidi segment along with the 
change in reflectivity, and it does occur near the up-dip limit of slip in 
the Chignik event. A much stronger 8–10◦ increase in the dip of the plate 
interface offshore of Honshu has been observed at ~12–15 km depth (Ito 
et al., 2005; Fujie et al., 2006), seaward of the 1994 Sanriku-oki 
earthquake (Ito et al., 2004). Fujie et al. (2006) noted that the bend 
occurs near the up-dip limit of some large megathrust earthquakes, but it 
is notable that the 2011 Tohoku earthquake and the 1896 Meiji earth
quake ruptured the shallow region seaward of the bend, with slip in 
2011 also extending deeper on the megathrust so it is not clear that the 
bend strongly controls rupture extent. 

An abrupt increase in breadth of the reflecting zone appears to 
correspond well with the up-dip extent of the 2020 and 2021 ruptures. 
This likely does not result from thickening of sediments subducted along 
the megathrust, but suggests different extent of localization of shearing 
within the underthrust material. This occurs along both the Shumagin 
and Semidi segments, despite the difference in incoming sediments on 
the Pacific seafloor, where the thick Zodiak Fan has only intersected the 
arc along the Semidi segment (von Huene et al., 2012) (Fig. 1a). Sub
duction of that 600–900 m thick sediment pile appears to result in 
localization of the shallow megathrust faulting at depths <20 km along 
the Semidi segment that is not distinctive from the shallow localization 
observed along the Shumagin segment where a thinner (<300 m) and 
more irregular sediment section enters the trench (Bécel et al., 2017; Li 
et al., 2018). Pore-fluid pressure estimates based on P velocity of the 
sediments suggest that the thicker sediments along the Semidi segment 
presently support higher pore pressures than the thinner, more inter
mittent sediments along the Shumagin segment (Li et al., 2018). 

Commonly, subduction zone thermal structure is thought to influ
ence the up-dip and down-dip limits of the seismogenic zone through its 
affects on frictional behavior (Hyndman and Wang, 1993). We used the 
simple model described earlier to estimate the temperature along the 
shallow plate interface; a temperature of ~150 ◦C is near the up-limit of 
the aftershock activity, located ~80 km landward of the trench at 
around 18 km depth (Fig. 9). More precise information on depth- 
dependence of the friction coefficient and coupling of the shallow 
megathrust is needed to produce a more detailed thermal model. The 
absence of seismic rupture along the shallow plate boundaries of the 
Shumagin and Semidi segments may be related to hydration minerals 
and/or dehydration of stable sliding clays and dissipation of high pore 
pressures. There is a very limited resolution of coupling at shallow depth 
along the entire region; the geodetic coupling in both regions can be 
fully accounted for by localized down-dip strong coupling (Zhao et al., 
2022), so the shallow seismogenic potential is very uncertain. In both 
areas, the plate boundary at shallow depth is quite rough and the 
complexity of the toe raises the possibility that splay faulting, perhaps 
involving slow tsunami earthquake occurrence, may compete with 
megathrust sliding (von Huene et al., 2021; Collot et al., 2004). 

Down-dip thickening of the megathrust reflective zone has been 
observed in other regions, and has been linked to the downdip end of the 

seismogenic zone (Nedimovic et al., 2003), but for the 2020 and 2021 
events, the coseismic rupture is located entirely within the 2–5 km thick 
band of reflectors. This partly contradicts the interpretation in Li et al. 
(2015), which suggests that the interface with thin, sharp reflectivity is 
the primary coupling zone involved in large ruptures in this area and the 
deeper broader zone may or may not participate in ruptures. Thickening 
of the reflecting zone below 45 km to 4–5 km may influence the down- 
dip edge of the rupture, but no abrupt transition such as near 25 km 
depth is apparent in Fig. 9. 

While there is a clear transition in the reflectivity of the megathrust 
at the up-dip limit of coseismic slip for both the 2020 and 2021 ruptures, 
it remains challenging to identify the physical controls on the dynamic 
events. Both events involved strong along-dip transitions from no 
coseismic slip to large-slip near 25 km depth, and both induced signif
icant Coulomb stress changes on the shallow, localized portion of the 
megathrust producing relatively little aftershock activity below the 
continental slope. It is reasonable that the broadening of the reflective 
zone involves the development of multiple shear zones, possibly with 
fluid-rich layers, with one or more surfaces being currently active for 
earthquakes (Li et al., 2015). Thickening by underplating may be 
enabled by changes in the upper plate rheology near the Moho as well 
(Shillington et al., 2022). It is plausible that high fluid pressures in the 
more localized, ~180-m-thick, shallow megathrust shear zone, partic
ularly along the Semidi segment, inhibit velocity weakening behavior, 
but it is not ruled out that strong locking at shallow depth was simply not 
close enough to critical failure level to be triggered by the dynamic and 
static stress perturbations from the deeper large ruptures. If this is the 
case, there remains potential for future tsunami earthquake failure 
beneath the continental slope, but more stress build up will be required 
to overcome the locking. 

Historic earthquake activity does not shed much light on this issue. 
The 1938 aftershock zone shown in Fig. 1a is based on only 10 widely 
distributed aftershocks (Fig. S10) and should not be taken as a reliable 
indicator of the large-slip zone in that event, and there is great uncer
tainty in the depth and lateral extent of earlier events such as the 1788 
event along the Semidi segment (Davies et al., 1981). The relatively 
weak tsunami excitation for the 1938 event suggests that slip in that 
event was constrained to below the continental shelf, similar to the 2021 
event. If this can be confirmed, it will imply that the complex along-dip 
reflectivity of the plate interface and its associated structural and fric
tional effects repeatedly influenced the up-dip limit of slip. The possi
bility of very large-slip, very long recurrence interval tsunami 
earthquakes along the Semidi and Shumagin regions similar to the 1946 
Aleutian earthquake has not been ruled out, although there is no 
geologic indication of large tsunami earthquakes in these segments. 
Seafloor geodesy will be required to reliably assess the strain accumu
lation and any afterslip seaward of the 25-km deep abrupt upper edge of 
the rupture zone for the 2020 and 2021 earthquakes. 

5. Conclusions 

In the present study, we determined an improved rupture model of 
the 2021 MW 8.2 Chignik, Alaska Peninsula earthquake using an itera
tive seismic+geodetic finite-fault inversion and tsunami modeling pro
cedure. Tsunami data provide strong constraints on the up-dip extent of 
rupture due to their excitation over a flat continental shelf, and this 
allows us to impose constraints on seismo-geodetic inversions that result 
in a model fitting all of the data. The well-resolved coseismic rupture is 
confined to 25–40 km depths beneath the continental shelf, with no 
shallow slip under the continental slope. We propose that the up-dip slip 
extent appears to be controlled by an along-dip transition in the mega
thrust shear zone in underthrust sediments, high roughness of the 
shallow megathrust interface where slip did not penetrate to, and low 
temperature of the shallow plate boundary. The aftershocks are mainly 
distributed in the shallow region of the rupture, partly penetrating into 
the shallow region that did not rupture in the mainshock. However, the 
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shallow western part of the Semidi segment remains unbroken, and may 
still be hazardous due to the enhanced CFS promoted by the 2020 
Shumagin and 2021 Chignik events, if unstable frictional properties are 
present. Our findings provide new insights into the physical state of the 
plate boundary along the eastern Alaska Peninsula subduction zone and 
help to assess the potential for future tsunamigenic rupture of the 
shallow portion of the megathrust that did not fail during the large 
deeper events. Moreover, the 2021 rupture pattern also motivates 
further efforts to better constrain the rupture extent of the 1938 MW 8.2 
event to evaluate whether the structural controls on the up-dip extent of 
slip are persistent over multiple earthquake cycles. 
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Fig.	 S1	 Distribution	 of	 the	 regional	 broadband,	 strong-motion,	 and	 high-rate	 GNSS	 stations	15	
providing	 data	 for	 the	 joint	 inversion.	 Black	 vectors	 indicate	 observed	 horizontal	 static	 GNSS	16	
displacements,	and	orange	vectors	show	the	10	days	postseismic	slip.	The	mainshock	epicenter	is	17	
shown	by	the	cyan	star,	and	the	black	rectangle	represents	the	fault	model	margins,	with	a	solid	18	
line	 showing	 the	 shallow	 edge.	 The	 red	 barbed	 line	 shows	 the	 plate	 boundary	 between	 the	19	
Pacific	plate	and	the	North	American	plate.  20	
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	21	

Fig.	S2	Sensitivity	tests	of	the	tsunami	arrivals	at	DART	stations	to	the	seaward	extent	of	the	22	
model	grids.	The	left	two	columns	show	the	slip	models	for	different	up-dip	grids	and	modeled	23	
seafloor	 deformation.	 The	 right	 two	 columns	 show	 the	 corresponding	 tsunami	 predictions,	24	
indicating	that	the	tsunami	first	arrivals	at	most	stations	are	sensitive	to	the	up-dip	extent	of	25	
the	rupture.	26	

  27	
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Fig.	S3	Snapshots	of	the	rupture	history	of	the	final	model	for	the	29	July	2021	MW	8.2	Chignik	29	
with	 a	 time	 interval	 of	 10	 s.	 The	white	 dashed	 contour	 denotes	 the	 position	 of	 a	 reference	30	
rupture	front	with	a	rupture	velocity	of	2.0	km/s,	and	colors	indicate	the	slip	magnitude.	The	31	
minor	slip	after	90	s	and	slip	 less	than	0.5	m	anywhere	are	not	considered	well-resolved	and	32	
are	truncated	correspondingly.	33	

	 	34	
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	35	

Fig.	 S4	 Comparisons	 of	 all	 high-rate	 GNSS	 displacement	 time	 series	 (black)	 and	 synthetic	36	
seismograms	 (red)	 for	 the	 final	 mainshock	 slip	 model	 in	 Fig. 	 5a.	 Data	 and	 synthetics	 are	37	
aligned	on	the	first	P	arrivals.	The	station	name	is	listed	on	the	left	of	each	row;	the	numbers	at	38	
the	upper	right	of	each	waveform	comparison	indicate	the	peak	observed	displacements	in	cm.	39	
The	 azimuth	 (above)	 in	 degrees	 and	 epicentral	 distance	 (below)	 in	 km	 are	 shown	 at	 the	40	
beginning	of	each	record.	41	

	 	42	
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	43	

Fig.	S5	Comparisons	of	all	regional	three-component	broadband	ground	velocity	observations	44	
(black)	and	synthetic	seismograms	(red)	for	the	final	mainshock	slip	model	in	Fig.	5a.	Data	and	45	
synthetics	are	aligned	on	the	first	P	arrivals.	The	station	name	is	listed	on	the	left	of	each	row;	46	
the	numbers	at	the	upper	right	of	each	waveform	comparison	indicate	the	maximum	observed	47	
ground	velocity	in	cm/s.	 	48	
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	49	

Fig.	S6	Comparison	of	observed	(black)	and	synthetic	(red)	teleseismic	P	wave	ground	velocities	50	
for	 the	 final	 mainshock	 slip	 model	 shown	 in	 Fig.	 5a.	 Data	 and	 synthetic	 seismograms	 are	51	
manually	aligned	on	the	first	arrivals.	Station	names	and	phase-type	are	indicated	on	the	left	52	
of	each	comparison.	The	azimuth	(above)	and	epicentral	distance	(below)	in	degrees	are	shown	53	
at	the	beginning	of	each	record.	The	number	above	the	right	portion	of	each	comparison	is	the	54	
peak	amplitude	of	 the	observed	ground	velocity	 in	μm/s.	The	 inset	 in	 the	upper	 right	corner	55	
shows	the	station	distribution.	 	56	
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	57	

Fig.	S6	Continued,	but	for	SH-waves.  58	
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 59	

Fig.	S7	Tsunami	predictions	at	DARTs	and	Tide	Gauges	for	the	finite-fault	slip	model	of	Elliott	et	60	
al.	 (2022).	 Observed	 tsunami	 waves	 are	 shown	 in	 black,	 and	 predicted	 tsunami	 signals	 are	61	
shown	in	red.	 	62	
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	63	

Fig.	S8	Resolution	test	of	the	joint	inversion.	(a)	Input	model	with	20	×	20	km	subfault	patches	64	
with	a	bimodal	slip	of	zero	and	8	m.	Synthetic	observations	are	computed	for	this	slip	model	at	65	
all	actual	data	positions.	 (b)	The	corresponding	 inversion	slip	model	from	a	 joint	 inversion	of	66	
the	synthetic	observations.	67	

	 	68	
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	69	

Fig.	 S9	 Final	 slip	 model	 of	 the	 2021	 MW	 8.2	 Chignik	 earthquake	 (a),	 and	 corresponding	70	
computed	static	 stress	drop	 for	 the	components	of	 slip	along	 the	dip	direction	 (b)	and	along	71	
the	strike	direction	(c).	 	72	
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	73	

Fig.	 S10	 Comparison	 of	 the	 aftershock	 zones	 between	 the	 1938	 event	 and	 2021	 event.	Gray	74	
stars	 represent	 the	 10	 widely	 distributed	 aftershocks	 that	 defined	 the	 extent	 of	 the	 1938	75	
rupture	zone	(gray	dashed	line).	The	orange	dots	and	stars	indicate	the	aftershocks	distribution	76	
of	 the	 2021	 event.	 The	 thick	 magenta	 dashed	 line	 outlines	 the	 tsunami	 source	 model	77	
determined	by	Freymueller	et	al.	(2021).	 	78	
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Table	S1.	Parameter	values	used	in	the	thermal	model	calculations.	79	

Parameter	 Meaning	 Value	

Km	 Thermal	conductivity	in	the	mantle	 3.3	W·m-1·K-1	
Ks	 Thermal	conductivity	in	the	wedge	 2.55	W·m-1·K-1	
T0	 Temperature	at	the	base	of	the	lithosphere	 1350	˚C	
t0	 Age	of	subducting	oceanic	crust	at	the	trench	 52	Ma	
Ar	 Average	radiogenic	heat	production	in	the	upper	plate	 10-6	W·m-3	
b	 Geometric	constant	 1.0	
V	 Long-term	average	fault	slip	rate	 60	mm·yr-1	
δ	 Average	dip	of	subduction	thrust	interface	 10˚	
λ	 Pore	fluid	factor	 0.95	
ρ	 Average	density	of	the	rocks	overlying	the	plate	interface	 2700	kg·m-3	
μ	 Frictional	coefficient	 0.6	
κ	 Thermal	diffusivity	 10-6	

	80	
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