Earth and Planetary Science Letters 576 (2021) 117241

Earth and Planetary Science Letters

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

www.elsevier.com/locate/epsl|

The deep Shumagin gap filled: Kinematic rupture model and slip
budget analysis of the 2020 Mw 7.8 Simeonof earthquake constrained

Check for
updates

by GNSS, global seismic waveforms, and floating InSAR

Zhuohui Xiao®°, Jeffrey T. Freymueller >*, Ronni Grapenthin®¢, Julie L. Elliott9,

Connor Drooff®, Logan Fusso ©

2 School of Geodesy and Geomatics, Wuhan University, Wuhan, China

b Dept. of Earth and Environmental Sciences, Michigan State University, East Lansing, MI, United States of America

¢ Geophysical Institute and Dept. of Geosciences, University of Alaska Fairbanks, Fairbanks, AK, United States of America
d Dept. of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN, United States of America

ARTICLE INFO

Article history:

Received 10 June 2021

Received in revised form 4 September 2021
Accepted 4 October 2021

Available online xxxx

Editor: J.P. Avouac

Dataset link:
http://ds.iris.edu/wilber3/find_event

Dataset link: http://www.unavco.org
Dataset link: https://geodesy.noaa.gov/CORS/
Dataset link: https://www.isc.ac.uk/

Dataset link: https://earth-
quake.usgs.gov/earthquakes/map/

Dataset link:
https://doi.org/10.6084/m9.figshare.14749491

Keywords:

space-time slip model
Shumagin gap
floating InSAR

slip deficit

tsunami hazard

ABSTRACT

On 22 July 2020, the Mw 7.8 Simeonof megathrust earthquake struck offshore of the Alaska Peninsula.
This was the largest event since 1917 in the enigmatic area known as the Shumagin seismic gap, a
region of transitional plate interface coupling from highly coupled to the east to creeping to the west.
Hence, this event provides a rare chance to understand rupture mechanics on such heterogeneously
coupled faults. In this study, we examine the rupture process of the 2020 Simeonof earthquake with
a combination of static GNSS displacements, InSAR displacements, high-rate GNSS waveforms and tele-
seismic waveforms. Due to the discontinuous nature of the deformation field, we use InSAR data for
individual islands and tie the displacement field either to GNSS observations or keep these “floating”,
i.e. we estimate an ambiguity parameter during the inversion. Our results demonstrated that the rupture
process of this event is unidirectional, initiating at the hypocenter and propagating westward for about
130 s with an average rupture velocity of ~1.9 km/s. The highest slip was centered below the Koniuji
Islands and occurred between 20 s to 50 s after the rupture initiation. We find that InSAR observations,
especially “floating” data on near-field islands, provide essential constraints for the slip inversion, building
confidence in the slipping of the less coupled region. Comparison with an existing and an alternative
plate coupling model demonstrated that the remaining slip budget is unlikely to be able to generate a
large event at depths from 30 to 40 km, as the Shumagin seismic gap has been mostly filled by the 2020
Simeonof earthquake at those depths. However, both coupling models suggest a substantial slip deficit
in shallow near trench regions, suggesting that a significant earthquake can still occur. Seafloor geodetic
observations are required to further constrain the near-trench plate coupling.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The Alaska-Aleutian subduction zone, where the Pacific plate

Davies et al., 1981), which had not ruptured since an Mw 7.4 event
in 1917 (Estabrook and Boyd, 1992). The seismicity catalog from
the International Seismological Center (ISC, Storchak et al., 2020)

subducts beneath the North American plate at a rate of 60-70
mm/yr (Argus et al., 2010), has been struck by several great (M>8)
earthquakes since the beginning of the 20th century (Fig. 1). The
region between the 1938 Mw 8.3 and 1946 Ms 7.4 earthquake
ruptures was identified as a seismic gap (hereafter Shumagin gap;
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covering the last 50 years indicates a lack of significant seismic
activity (Mw > 3) in the shallower plate interface within the Shu-
magin gap (Fig. 1). Global Navigation Satellite System (GNSS) ob-
servations over the last two decades imply variable degrees of slip
deficit along the subduction interface (e.g., Drooff and Freymueller,
2021; Li and Freymueller, 2018). Slip deficit estimates range from
fully locked beneath Kodiak Island to creeping near Sanak Island
to the west (Drooff and Freymueller, 2021). Slip deficit within the
Shumagin segment is moderate to low. Based on the geodetic in-
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Fig. 1. (a) Map of the study area and regional plate tectonic setting. Orange lines
outline asperities of the Aleutian Megathrust that ruptured in past large earth-
quakes. Solid purple dots show earthquakes (Mw > 3) from January 1970 to July
2020. The seismicity catalog is from International Seismological Centre On-line
Bulletin (https://doi.org/10.31905/D808B830). The annotated hatched gray lines are
depth contours from the Slab 2.0 (Hayes et al., 2018) model. The black dotted out-
line indicates the inferred Shumagin Seismic Gap that partially ruptured during the
2020 Simeonof earthquake sequence, locations and mechanisms of the mainshock
and largest aftershock are shown. Inset shows the location of the main map within
the Aleutian Islands, Alaska. The Pacific plate velocity relative to the Peninsula block
(Li et al, 2016) is shown offshore. (b) Shumagin Islands and the three near field
GNSS stations (white circles). Note that Bendel and Turner Islands are not covered
by the Sentinel-1 InSAR frames. The beachball shows USGS location and focal mech-
anism of the 2020 Simeonof earthquake. The gray lines are the same as Fig. 1a. Inset
shows the location of the main map within the Alaska peninsula. (For interpreta-
tion of the colors in the figure(s), the reader is referred to the web version of this
article.)

terseismic model and assuming the 1917 earthquake was the last
significant rupture, the Shumagin gap is capable of producing a
Mw 8.1 earthquake (Drooff and Freymueller, 2021).

On 22 July 2020 at 06:12:44 UTC (USGS solution), an Mw 7.8
earthquake (hereafter the Simeonof earthquake) nucleated east of
the Shumagin gap. The epicenter falls right along the western bor-
der of the 1938 earthquake rupture area (Fig. 1). This event gener-
ated a small tsunami of wave amplitude ~50 cm observed at the
Sand Point tide gauge north of the Shumagin Islands and ~15 cm
at the open ocean buoy in the Pacific Ocean (Herman and Furlong,
2021).

Prior slip models for the Simeonof event have been inferred
from high-rate GNSS and strong motion data (Crowell and Mel-
gar, 2020), a joint inversion of static GNSS, strong motion, and
regional and global broadband seismic data (Liu et al., 2020), and
a joint inversion of static GNSS and teleseismic data (Ye et al,,
2021). These models all placed the bulk of the slip at depths be-
tween 15-40 km to the west of the epicenter, with maximum slip
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beneath the eastern Shumagin Islands. However, there are impor-
tant differences between the models. Crowell and Melgar (2020)
presented a model with peak slip of 2.0 m released in a single co-
herent patch almost exclusively west of the epicenter, at a depth
of ~30 km underneath and just west of Simeonof Island. Liu et al.
(2020) presented a more complex model with significant slip near
the epicenter, maximum slip of up to 3.2 m under the eastern Shu-
magin Islands with peak slip underneath the southern tip of Little
Koniuji Island at 35 km depth, and another patch of medium slip
that ruptured deeper into the Shumagin gap to the west between
about 30-35 km depth. The Ye et al. (2021) model consisted of
two large slip patches, one near the epicenter and another located
under the Shumagin Islands but with a peak slip of almost 3.8 m
at a depth of ~36 km. Notably, none of these models infer slip in
the region near the trench.

Interferometric Synthetic Aperture Radar (InSAR) observations,
while complicated by the discontinuous landmasses near the epi-
center, provide a powerful tool to address the limited spatial GNSS
coverage. As the islands closest to the epicenter are not instru-
mented with GNSS, only InSAR can constrain the spatial extent
of the rupture and slip distribution. Given the transitional nature
of plate interface coupling in this region, it is critical to precisely
characterize this event to understand the rupture mechanisms in
heterogeneously coupled regions, assess the remaining seismic po-
tential in the Shumagin gap, and precisely determine the stress
changes induced by the mainshock such as its relation to the Octo-
ber 2020 Mw?7.6 Sandpoint aftershock (Herman and Furlong, 2021).

We present a time-dependent finite fault slip model for the
2020 Mw?7.8 Simeonof earthquake based on an inversion method
that integrates static GNSS displacements, high-rate GNSS-inferred
waveforms, global seismic waveforms, and InSAR line-of-sight
(LOS) displacements. Using InSAR to constrain the rupture model
for this earthquake poses a challenge as most of the deformation
occurred across the Shumagin Islands, preventing the unwrapping
of the phase information into one single LOS displacement field.
Instead, we unwrapped the phase for each island separately, pro-
ducing several unconnected patches of coherent phase, each patch
having a separate ambiguity parameter needed to infer the miss-
ing phase cycles. For patches that contained a GNSS site, we tied
the InSAR LOS phase to match the GNSS coseismic displacement,
creating an absolute coseismic and early postseismic LOS deforma-
tion field for the respective islands. We estimated an ambiguity
parameter for each remaining unconstrained or “floating” island in
the inversion step to infer the missing phase cycles; in effect, this
requires the model to match the displacement gradients on these
islands. As such, we present the first slip model for this earthquake
that is constrained by all available seismic and geodetic data. We
find that the InSAR observations, especially the floating InSAR data
on near-field islands, are essential to constrain the slip distribution
as precisely as possible. Our model shows that only a small portion
of the slip deficit inferred by Drooff and Freymueller (2021) has
been fully released, focused on the peak slip region, either leav-
ing the potential for future large earthquakes in shallow portions
of the interface, or suggesting alternative plate interface coupling
models which we explore in this paper.

2. Data and methods
2.1. Data

We selected 48 P and 21 SH global seismic waveforms from
stations with good azimuthal coverage, between 30° to 90° epi-
central distance, and high signal-to-noise ratios (Fig. S1). We fil-
tered the raw waveforms between 0.001 and 5 Hz to remove
high-frequency noise and periodic disturbances and then converted
them to ground displacements with a narrower bandpass filter of
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0.01 to 1 Hz to suppress noise further. Finally, we resampled all
waveforms to 5 samples per second (sps) for computational effi-
ciency.

Static GNSS displacements (Fig. S6) were estimated for each site
individually, by fitting the time series of daily positions for two
years before and three months after the earthquake (details in Sup-
plementary Text S1). We fit each time series by estimating a linear
trend, annual and semi-annual seasonal variations, the coseismic
offset at the time of the event, and a logarithmic postseismic re-
laxation with a relaxation time of 0.025 years (~9 days). We did
not account for temporal correlations in the data noise, but scaled
the uncertainties so that the reduced chi square statistic for each
station’s fit was equal to 1.0. This allows us to compute consistent
displacement estimates for any epoch following the earthquake.
We used the estimated coseismic step offsets in the inversion,
and used the displacements at the time of each post-earthquake
InSAR image to provide an absolute reference displacement. We
used 1 sps data to generate high-rate GNSS time series with Gip-
syX (Bertiger et al., 2020) rotated into a local east-north-vertical
coordinate system (details in Supplementary Text S2). To reduce
high frequency noise, we apply a second-order lowpass filter with
a 0.4 Hz cut-off frequency to the resulting waveforms. Since hori-
zontal components have better precision than the vertical, we set
the weights between horizontal and vertical waveforms to be 3:1
in the inversion.

We use GMTSAR (Sandwell et al., 2011) for two-pass process-
ing of descending Sentinel-1 acquisitions on path 102 frame 407
on 2020-07-12 and 2020-07-24, and path 73 frame 407 on 2020-
06-28 and 2020-07-22 (acquired 17:04:27 UTC). Phase coherence
is excellent, but we are left with a number of irregular patches
of continuous phase for each island or closely linked island group,
separated by water. We used SNAPHU (Chen and Zebker, 2002) to
unwrap and generate LOS displacement fields for each patch sep-
arately. Each separate patch is thus “floating”, with an unknown
phase difference between any pair of patches.

Because Chernabura, Nagai, and Popof Islands have continuous
GNSS sites located on them (Fig. 1b), we projected the GNSS-
inferred coseismic and postseismic deformation up until the ac-
quisition day of the repeat SAR acquisition into the line of sight
of the satellite and adjusted the InSAR LOS deformation for the
patches containing those sites to agree with the GNSS displace-
ments at that location. Unwrapping some groups of islands as a
single patch worked for Unga, Popof and Korovin Islands, but not
for Big and Little Koniuji Islands (despite the rather continuous-
looking phase). For each separate patch of InSAR data that could
not be connected to a GNSS site after unwrapping, we estimated a
phase ambiguity parameter in the slip inversion. We downsampled
the LOS observations with a uniform sampling algorithm, generat-
ing a total of 1978 and 2183 data points from the absolute and
floating InSAR data, respectively. Supplementary Table S1 summa-
rizes how each island was included in the inversion.

2.2. Data weighting

We tested different scenarios to determine the weighting of
each data source in the joint inversion (Fig. S2). To optimally
weight static GNSS and InSAR data, we inverted only these two
data sets, keeping the weight of InSAR observations fixed at 1 and
varying the weight of the GNSS data. As we increased the GNSS
weight, the root mean square error (RMSE) of GNSS residuals de-
creased gradually. The RMSE reached 2.5 mm, which is similar to
the GNSS accuracy, at a weight of 120:1 for GNSS relative to In-
SAR (reasonable as the number of InSAR data is ~100 times the
number of GNSS data). As the RMSE of InSAR residuals varies
only between 4.7 and 5.2 mm, we consider the GNSS weight of
120:1 relative to InSAR acceptable. We employed similar searches
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to find the optimal weights between seismic and high-rate GNSS
waveforms, and all static geodetic data and whole waveforms. Our
respective preferred weights are 1:1 and 3:1 (Fig. S2).

2.3. Rupture geometry, model parameters, and inversion method

We constructed a rectangular fault plane that best matched
the Slab2.0 (Hayes et al., 2018) interface ranging from 10 to 50
km depth. As a result, the strike of the fault plane is not exactly
trench-parallel and the dip represents a depth-averaged dip angle.

Since location errors on offshore earthquakes can easily be sev-
eral km or more, we tested several candidate locations around
the published USGS hypocenter (Fig. S3). In every test, the fault
plane went through the hypocenter candidate, was extended to
300 km length and 160 km width, assumed the best matching
Slab2.0 dip and strike angles, and then divided into 480 10 km
x10 km patches. The resulting strike and dip angles are 244.3°
and 14.5° for the entire fault plane. Green’s functions on every
subfault were calculated with a 1-D layered regional velocity struc-
ture from the LITHO 1.0 model (Pasyanos et al., 2014). We found
the best overall fit to the data at a relocated hypocenter (54.922°
N, 158.671°W) ~17.4 km to the southwest of USGS’s epicenter, at
25.4 km depth. This hypocenter shift is within the range of typi-
cal earthquake location errors in subduction zones (e.g., Font et al.,
2013). The static displacement residuals were reduced by 8% and
the waveform residuals are reduced by about 2% by shifting the
hypocenter, and the estimated rupture velocity became less hetero-
geneous. The adjusted hypocenter makes the static displacements
and the waveforms more compatible.

With this fault geometry, we estimated the optimal kinematic
slip model using a nonlinear algorithm defined in the wavelet do-
main (Ji et al., 2002), which we extended to estimate ambiguity
parameters for floating InSAR patches. We randomly select a ref-
erence pixel, for which we estimate an ambiguity parameter to
determine its absolute displacement. The relative displacements
between reference and all other pixels in the patch constrain the
slip model.

For each subfault we simultaneously estimate rupture initiation
time, slip amplitude, rake angle, and the shape of an asymmetric
rise time function (Ji et al., 2003; Shao et al., 2011). The rup-
ture velocity of each patch could vary spatially between 1.0 km/s
and 3.5 km/s. The total slip amplitude on every subfault was con-
strained to between 0 to 5 m; rake angles ranged from 30° to 150°
with an interval of 3°. The start and end times of the asymmetric
rise time function were searched from 0 to 10 s in 1 s intervals.
The value of the rise time for each subfault was therefore limited
to 0 to 20 s.

Because of the intrinsic parameter trade-offs, for instance, be-
tween slip position and amplitude, and start of rise time function
and rupture initiation, we imposed spatial Laplacian smoothing on
the slip amplitude to avoid unphysical slip oscillations and tem-
poral Laplacian smoothing on rupture initiation time variations to
compress the roughness of the rupture front. The final slip distri-
bution and model misfit were clearly affected by the regularization
factor. To determine the optimal spatial and temporal regulariza-
tion coefficients, we assess the tradeoff between model misfit and
model roughness for both slip model and rupture initiation model
(Fig. S4) by finding the regularization parameter that maximizes
the curvature of the tradeoff curve, or L-curve (e.g., Aster et al.,
2018). Varying this parameter allowed us to produce a family of
slip models that vary in roughness (Movie S1), representing the
full suite of possible solutions, with our preferred model discussed
below. We also evaluated model resolution using a set of simulated
input models (Text S3 and Figure S12). Model resolution using the
full data set is poor at shallow depth, but good overall for features
in the slip distribution located at 25-40 km depth.
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Fig. 2. (a) Map of the finite fault slip model determined in our joint inversion. Each rectangular subfault is colored by its slip amplitude, and the slip directions are shown as
scaled arrows in every subfault. The red star indicates the relocated epicenter. The white solid contours display the rupture front location in seconds after the origin time.
(b) Slip model projected into map view. The annotated white lines are depth contours from the Slab 2.0 model (Hayes et al., 2018). The black star is the USGS epicenter
location. Others are the same as panel (a). (c) Slip rupture velocity for subfaults with slip larger than 30 cm. (d) The moment rate functions of the mainshock predicted by

our preferred model (black lines) and USGS (pink lines).

Movie S1 helps to explore how regularization affects the na-
ture of the slip model. The shape and to some extent the location
and area of the main slip patch vary considerably as smoothing
is changed. Smoother models result in a generally oval-shaped
slip patch that extends considerably westward of the along-strike
boundary into regions of lower interseismic slip deficit. In rougher
models, including our preferred slip model, the edge of the main
slip patch is more closely aligned with the boundary between
higher and lower plate coupling. Notably, all models regardless of
regularization constraints show some slip west of this boundary.

3. Spatio-temporal slip model

Our preferred coseismic slip model for the Mw 7.8 Simeonof
Earthquake (Fig. 2) suggests a rupture area of about 170 km along
strike and 80 km along dip of the fault interface, characterized by
unidirectional rupture westwards from the hypocenter toward the
Shumagin Islands. The rupture propagated from the ~25 km depth
of the relocated hypocenter down to depths between 30-40 km,
where the main slip was released below and east of Big and Lit-

tle Koniuji Islands. We estimate ~2.2 m peak slip at a depth of
~35 km to the west-northwest of our relocated hypocenter. Near
the hypocenter the slip remained less than 1.5 m. No significant
slip (> 0.3 m) occurred at depths shallower than 15 km. The esti-
mated seismic moment released in this event is 1.01 x 10*! N-m,
corresponding to Mw 7.93.

The rupture velocities on subfaults with slip amplitude larger
than 30 cm range between 1-3.5 km/s (Fig. 2c). The average veloc-
ity of the whole rupture is ~1.9 km/s. However, we identify two
regions with significantly faster velocities of between 3-3.5 km/s:
one located around the hypocenter, and one located deeper at
30-40 km mostly to the west of the peak slip. From the hypocen-
ter, the rupture propagated outward at ~3.2 km/s. The average
rupture velocity of the deeper fast rupture zone is ~2.7 km/s. No-
tably, this deeper fast slip region overlaps only partially with the
peak slip asperity. For about 20-30 km along strike (to the south-
west in map view, Fig. 2b) we find velocities larger than 3.0 km/s
within a region of less than 1 m of slip (compare Figs. 2a and 2c).
The average coseismic slip of the whole deeper fast rupture zone
is about 1.1 m, only about 50% of the peak slip.
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At the end of each record the peak displacement in micrometers is shown. (d) GNSS waveform fits at the four nearest stations. The peak ground displacement is labeled in

cm, rest is the same as in (c).

Our inferred moment rate function is very similar to that from
the USGS (Fig. 2d) and indicates that the rupture process lasted
for about 120 s. Snapshots of the rupture front propagation and
slip release are shown in Fig. S5 and Movie S2. We identify three
significant pulses in moment release. In the first 10 s, the rup-
ture originated at the hypocenter and propagated outward rapidly,
producing the first peak in moment release. From 20 s to 50 s, a
much larger pulse of energy was released. The moment rate func-
tion increased sharply and reached the second peak at 30 s at
which the peak slip at depths of between 30-40 km had been
released, followed by a decrease until about 50 s. After that, the
rupture propagated unidirectionally along strike and to the west
of the epicenter, rupturing to the west of the Shumagin Islands at
25-40 km depth from about 60 s to 120 s with a broad moment
release peak centered about 80 s after rupture initiation.

3.1. Model fit to data

Our preferred model predicts the observed coseismic GNSS dis-
placements (Figs. 3a, 3b, S6), teleseismic waveforms (Figs. 3c, S7),
and high-rate GNSS waveforms (Figs. 3d, S8) well. Nearly all of the
static GNSS horizontal residuals are smaller than 5 mm, except 9.2
mm at site AC41. The vertical GNSS offsets are equally well pre-
dicted. The largest vertical residual is 7 mm at site AC21 (~25%
of coseismic offset, within 3-sigma data uncertainties). The RMSE
of the static GNSS horizontal and vertical residuals are 2.8 mm
and 3.4 mm, respectively, which are on the same order as the ob-

servation accuracy. Some notable misfits in the codas of vertical
components of some high-rate GNSS waveforms for data with rel-
atively lower signal-to-noise ratios are likely due to site specific
effects (e.g., AC21 sits on a bluff near a broad sedimentary valley).

The InSAR data, including the floating observations, are also
well fit by our preferred model (Fig. 4). The RMSEs of the absolute
and floating data sets are 0.45 cm and 0.60 cm, respectively (see
Table S1 for RMSE of individual islands). Predicted phase and LOS
deformation (Figs. 4b, 4e) reproduce the main features and gra-
dients of the observed phase and LOS deformation (Figs. 4a, 4d).
Obviously, small scale noise such as atmospheric effects are not
reproduced and make up most of the misfit (Figs. 4c, 4f) which is
in the range of +1.5 cm for most of the LOS deformation. Some
poorly fitting areas on Big Koniuji Island are of note, but may
be due to unwrapping errors as they fall near small land bridges
(Fig. 4a).

Based on the good fit to multiple data types, we believe that
our preferred model provides a reasonable representation of the
rupture process and coseismic slip model. The static GNSS and In-
SAR data provide strong constraints on the location of slip, and the
high-rate GNSS waveforms provide complementary space and time
constraints. The teleseismic waveform data strongly constrain the
timing of the slip, but provide little information about its location.
Variations in rupture velocity within the overall rupture were re-
quired primarily to reconcile the location of slip constrained by the
geodetic data with the timing of slip constrained by the seismic
waveforms. Models with a uniform rupture velocity, even when al-
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lowing for a spatially variable rise time, could not fit all of the data
simultaneously.

4. Discussion
4.1. Contribution of the InSAR data

In this study, the InSAR data are a mix of absolute LOS displace-
ments (islands tied to GNSS sites) and “floating” patches of data
that provide relative displacements within the patch. To examine
how each subset of the InSAR data contributes to the estimated
slip model, we explored model resolution using simulated data
sets (Supplemental Text S3 and Fig. S12). The checkerboard res-
olution tests show that a larger weight given to smoothing would
have been required if we did not include the InSAR data. The syn-
thetic checkerboard resolution tests (Fig. S12) show some model
artifacts when the InSAR data are excluded, given the hyperpa-
rameters for the final preferred model. Model resolution is clearly
lower for models without the InSAR data. Inversion of synthetic
data for a slip model that mimics the shape and location of the
observed high slip patch (Test III of Fig. S12) shows that the model

with InSAR is better able to recover the southwest boundary of the
slip patch compared to a model without the InSAR.

We also evaluated alternative inversion models using three dif-
ferent data subsets of the real data to separate the contributions
of the floating InSAR data from those of the InSAR data tied to
the GNSS sites (Fig. 5). In Model I, we eliminated InSAR observa-
tions altogether, using only static GNSS, high-rate GNSS and seis-
mic waveforms to determine the slip pattern (Fig. 5a). Without the
InSAR constraints, the peak slip area (slip >2 m) is located closer
to the epicenter, not under the Koniuji Islands as in our preferred
model. The predicted InSAR phase gradient (Fig. S9) is oriented
differently than that observed, showing an anticlockwise rotation
especially in the near field. The observed LOS ground displace-
ment on the islands closest to the epicenter are poorly predicted
by Model I, with prediction errors exceeding 10 cm on Simeonof
Island (Fig. S9f), significantly higher than the ~1 cm residuals to
our preferred model.

Including the absolute InSAR LOS deformation only (Model II)
yields slip details that become more similar to our preferred model
(Fig. 5b). The peak slip area shifts slightly towards the Koniuji Is-
lands, the area of >1 m slip becomes more concentrated around
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the Shumagin Islands, and the high amplitude slip patch (>1 m)
west of the Shumagin Islands appears. However, the main slip area
is still biased toward the east. The comparison of observed InSAR
to the Model Il-predicted LOS deformation field (Fig. S10) shows
that Model Il improves the fit on all GNSS-corrected islands (as
these data were used in the inversion), especially on Chernabura
Island. The prediction error for Simeonof Island decreased only
to ~8 cm. The phase gradients (Fig. S10c) are still significantly
mismatched for the easternmost, unconstrained islands (Koniuji Is-
lands and Simeonof Island).

Model III (Fig. 5¢) uses floating InSAR data (but not the GNSS-
tied InSAR). The resulting slip distribution most closely resembles
our preferred model, especially in the peak slip region, which is
now located under the Koniuji Islands, although the area of slip
>2 m remains smaller than in our preferred model (Fig. 5c). The
predicted displacements show that these visually slight differences
in the slip distribution affect the predicted phase gradients sig-
nificantly (Fig. S11c) as now the GNSS-tied islands are poorly fit.
Notably, Nagai Island, despite being constrained by AC28 GNSS
data in the center, shows a remarkable mismatch in phase gradi-
ent and LOS fit in its northern part. Likewise, Chernabura Island’s
southern part drifts toward a misfit of a full phase cycle, despite
being constrained at its northern tip by AC12’s GNSS data.

Both the relative displacements derived from floating InSAR and
absolute displacements from InSAR observations tied to GNSS sites
on islands provide important constraints on the slip distribution.
The orientation of the InSAR phase gradient is very sensitive to
the location of the western edge of the region of high slip. This
can be understood by imagining a uniform rectangular rupture are
and noting how the magnitudes and orientations of displacement
vectors change around the edges of the rupture. The floating InSAR
is particularly important as it is the only data from the eastern
Shumagin Islands, and its inclusion shows that the maximum slip
in the model was below these islands.

4.2. Comparison to different slip models

In addition to our slip model, three other kinematic slip mod-
els for the 2020 Simeonof earthquake have been published thus
far. While various aspects of a slip model are sensitive to differ-
ent data types and the chosen inversion method specifics, some
characteristics are common across the published models. However,
as discussed above and noted below, even apparently slight differ-
ences in slip distribution may cause significant changes in the fit
to the InSAR data justifying a careful evaluation of all models.

Our model provides the best fit to GNSS offsets among all pub-
lished models. For example, the largest GNSS horizontal residual
reported for the model of Ye et al. (2021) (their Fig. S3) is ~3
cm, about 3 times greater than ours and several times the data
uncertainty. The RMSE of the static GNSS horizontal and vertical
residuals presented for the model of Liu et al. (2020) are about 4.4
mm and 8.7 mm, respectively, which are almost two times larger
than ours. Compared to Crowell and Melgar (2020), we have bet-
ter static GNSS fit at the farther field sites, such as AC40 and AC25
(compare our Fig. S6 to their Fig. 2).

All published models show a unidirectional rupture, propagat-
ing westward from the hypocenter, even though different models
use different hypocenter locations. The timing of the rupture pro-
cess is similar across the models, independent of whether tele-
seismic waveforms, or high-rate GNSS and strong motion wave-
forms were used. The majority of the moment in various mod-
els is released 20-50 s after rupture initiation. Consequently, the
moment-rate function in all models increases sharply ~20 s after
the mainshock and peaks at ~30 s. Among the four models, no
significant slip was found shallower than 15 km and large slip was
confined between 25 to 45 km (Fig. 6). This may explain the oc-

Earth and Planetary Science Letters 576 (2021) 117241

currence of only a small tsunami with a maximum wave height of
~50 cm.

While the timing of the rupture process is generally similar
across the models, the slip pattern, and location and magnitude
of slip peaks are more model dependent (and regularization de-
pendent). As high-rate GNSS waveforms are less sensitive to small
displacements than broadband seismograph data, the first peak of
the moment-rate function at about 10 s after rupture initiation
was not reproduced by Crowell and Melgar (2020), although it is
present in all models that used seismic data, including ours. The
source time functions for all of these models are fairly similar, be-
cause the seismic waveform data places strong constraints on the
timing of slip, if not always its location.

Another significant difference between various models is the
peak slip magnitude and location (Fig. 6). The peak slip we esti-
mated is about 2.2 m at a depth of 35.1 km, which is close to the
2.0 m of Crowell and Melgar (2020), but substantially less than the
~3.2 m of Liu et al. (2020) and ~3.8 m of Ye et al. (2021). Both
of the latter models feature narrower and higher slip peaks com-
pared to the more broadly distributed slip in our model and that
of Crowell and Melgar (2020). Different spatial smoothing likely
contributes to this difference, but it is the inclusion of the InSAR
data in our model that requires a broader region of high slip as
opposed to the narrow peaks in some of the models, even when
smoothing is decreased (Movie S1). Liu et al. (2020) and Ye et al.
(2021) place the peak slip between Nagai Island and the Koniuji
islands, with the GNSS sites essentially at the edge of the high slip
patch, and then a smaller magnitude slip patch is located further
to the west. Liu et al. (2020) put the slip peak slightly to the east
of that of Ye et al. (2021), but both of these models have substan-
tial slip west of the Koniuji Islands. In contrast, the highest slip in
the model of Crowell and Melgar (2020), using L1-regularization, is
focused underneath the Koniuji Islands and Simeonof Island with-
out a westward extension. Our model shows the same, but with a
region of significant slip between the hypocenter and the Koniuji
Islands.

While Crowell and Melgar (2020), Liu et al. (2020), and Ye et
al. (2021), place a patch of higher slip near the hypocenter, all
of these models show lower slip between the hypocenter and the
eastern Shumagin Islands. Based on a comparison of all the avail-
able models, the inclusion of seismic data in the inversion is re-
sponsible for the slip patch to the west of the Shumagin Islands,
more optimal weighting of GNSS data relative to the waveform
data requires the high slip to be located beneath the eastern Shu-
magin Islands, and the InSAR data further concentrate slip beneath
the Koniuji islands. This last point reflects the fact that the InSAR
data are not compatible with a western edge of high slip that ex-
tends west relative to our preferred model.

4.3. Comparison of coseismic slip, interseismic slip deficit, and slip
budget

Generally, large earthquakes are thought to occur in regions
of high slip deficit, but the 2020 Simeonof earthquake ruptured
within a region of complicated spatial variations in slip deficit,
which change systematically along strike (Drooff and Freymueller,
2021; Li and Freymueller, 2018). Interseismic slip deficit rates are
high east of the epicenter and decrease to nearly zero (largely
creeping) to the west of the Shumagin Islands.

Our relocated hypocenter is located near a sharp along-strike
transition in slip deficit rate (Fig. 7a) in the model of Drooff and
Freymueller (2021). The western edge of the high slip patch in our
model closely corresponds to another sharp along-strike transition
in slip deficit rate, so the high slip area is almost entirely contained
within one segment as inferred from the interseismic deformation
(segment 1 in Fig. 7a). The earthquake rupture extended west-
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ward of this boundary into the adjacent segment inferred to have
a lower slip deficit, but with lower slip. The earthquake may have
ruptured the entire width of that segment (segment 2 in Fig. 7).

The published slip deficit models focused primarily on the
along-strike segmentation of slip deficit, but the along-dip varia-
tion in slip deficit is also critically important, particularly in light
of a possible shallow slip deficit and resulting tsunami hazards. All
of the published slip models for the 2020 Simeonof earthquake,
including ours, agree that no slip occurred shallower than 15 km
depth, and little slip was shallower than 20 km (Fig. 6). The coseis-
mic slip was thus released within a region that the interseismic
models suggest is only partially coupled.

This motivates our exploration into the relationship between
the coseismic slip, the interseismic slip deficit, and the overall
subduction interface slip budget and remaining potential seismic
hazard for the Shumagin gap, including the consideration of an al-
ternative coupling model. The slip deficit distribution (Drooff and
Freymueller, 2021; Li and Freymueller, 2018) is estimated by an in-
version of the interseismic GNSS velocities. As with the coseismic
inversion, this underdetermined problem requires regularization,
which affects the model in areas with poor resolution, especially
near the trench (e.g., Schmalzle et al., 2014). In the Shumagin gap
region, all GNSS observations are significantly inboard of the trench
and sparsely distributed, leading to poor model resolution at shal-
low depths.

The Drooff and Freymueller (2021) model included an inequal-
ity constraint on the slip deficit, which was required to decrease
with depth, putting the highest slip deficit at the trench (Fig. 7a).
We estimated an alternative model in which the slip deficit values
are assumed to follow a Gaussian distribution with depth instead
(hereafter the Gaussian model). We use the same data as Drooff
and Freymueller (2021) and adjusted the smoothing to provide
a similar fit to the data as their model. The RMSE of the Gaus-

sian model is about 7% higher than that of Drooff and Freymueller
(2021). In the Gaussian model, the slip deficit near the trench is
fairly low and the maximum slip deficit is centered in the middle
depth range, closer to the coseismic slip zone of the 2020 event
(Fig. 7b). The slip deficit within the coseismic rupture zone is sim-
ilar to that of Drooff and Freymueller (2021) (Figs. 7a, 7b). The
similarity of the models is due to the tight constraints imposed
by the nearby GNSS sites. The maximum slip deficit is shallower
than the coseismic slip in both models, suggesting that the plate
interface updip of the 2020 rupture is likely more strongly coupled
than the part of the interface that slipped during the earthquake.
The along-strike segmentation is the same in both models. The
largest difference between the models occurs at shallow depths,
where the Gaussian model predicts much lower slip deficit values.
Combined with our finding of high rupture velocities and slip at
intermediate depths, the fact that the data can be adequately fit
with low interseismic slip deficits near the trench may help ex-
plain the lack of a significant tsunami, as this part may be subject
to creep.

In order to assess regional potential seismic hazard after the
2020 Simeonof earthquake, we calculated average slip budgets
from 1917 to the present for the two coseismic slip zone segments
introduced above. We assumed that coupling values remained con-
stant from 1917 to 2020, and we averaged both slip and slip deficit
along strike within each segment (Fig. 7c-f). For both segments, the
Gaussian model predicts higher slip deficits than the Drooff and
Freymueller (2021) model in the 20-40 km depth range, and thus
the remaining slip budget after 2020 is slightly higher, but in both
cases and for both segments it is small for depths below 25-30
km, meaning that the 2020 Simeonof earthquake slip accounted
for almost all of the accumulated deep interseismic slip deficit over
the previous century. In segment I (eastern Shumagins), where the
peak coseismic slip occurred, both models predict ~2 m of accu-
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mulated slip deficit over 1917-2020 in the region that ruptured
coseismically, in agreement with our slip model. In both segments
the slip deficit profiles from the two interseismic models are quite
different at shallow depth, with the Gaussian model predicting 0.5
to 1 m less slip deficit over the last century.

After subtracting the coseismic slip from the cumulative slip
deficit, the remaining slip budget is up to ~1 m in regions with
mainshock coseismic slip larger than 0.5 m in both segments, no
matter which interseismic slip deficit distribution is used. This
does not consider a Ms 6.9 earthquake that occurred in segment II
in 1993, with an average slip of potentially 0.5 m (Beavan, 1993).
Hence, the actual slip deficit remaining in segment Il will be lower
and closer to balance. Most of the cumulative slip deficit has been
released between depths of 30 to 40 km. The remaining slip deficit
appears unlikely to be able to generate a large event at these
depths. As our estimated coseismic rupture extends to the bor-
der of the interseismic creeping regions, we support the conclusion
that the Shumagin seismic gap has been almost filled by the 2020
Shumagin earthquake within the depth range of 30-40 km.

Our slip model also confirms that the 2020 Simeonof earth-
quake did not rupture the shallow part of the megathrust. In
the asperity model (Lay and Kanamori, 1981), the extent of large
earthquake ruptures depends on the size and spacing of asperi-
ties on the fault plane, their pre-existing stress state, and dynamic
stresses associated with the fault rupture (e.g., Brandes and Tanner,
2020; Corbi et al., 2017; Scholz, 2019). Larger and more homoge-
neous asperities may require a larger shear stress to fail. Asperities
that are pushed beyond the failure point by the static and dynamic
rupture stresses become part of the rupture zone, while asperities
that do not fail become barriers to further rupture. Although we
cannot rule out an interseismic slip deficit distribution without any
partially locked part shallower than the Simeonof earthquake rup-
ture, two different model regularizations both suggest that there
is an updip locked region that did not rupture in 2020. Thus, fu-
ture large shallow earthquakes must be considered possible, and
the 2020 Simeonof earthquake increased stresses on this presumed
shallow locked patch.

There have been several recent examples of large earthquakes
that ruptured only at depth, similar to the Simeonof event. The
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2015 Gorkha (Nepal) earthquake ruptured only the deeper part of
the locked zone of the Himalayan megathrust (Elliott et al., 2016;
Wang and Fialko, 2015). Postseismic studies confirm that no shal-
low afterslip followed the earthquake, consistent with a remaining
un-ruptured high-strength asperity (e.g., Mencin et al., 2016; Tian
et al,, 2020). The 2007 M8.4 Mentawai, Sumatra earthquake (Konca
et al, 2008) was followed in 2010 by an M7.8 earthquake that
ruptured only at shallow depth (e.g., Hill et al., 2012). This lat-
ter event pair indicates that a shallow asperity may fail to rupture
even when the earlier event brings it very close to failure.

Assuming the Drooff and Freymueller (2021) model, the accu-
mulated slip deficit near the trench is up to 2.3 m in Segment
[ and 1.8 m in Segment II. Regardless of the interseismic model,
the slip budget remains large enough for another Mw ~7.8 event
to occur at depths shallower than 25 km if it ruptured across both
segments. This indicates that the seismic and tsunami hazards may
remain high after the 2020 Simeonof event. Even though the slip
budgets near the trench are much smaller in the Gaussian model
than those predicted by Drooff and Freymueller (2021), ~2.0 m
compared to ~2.5 m for Segment I and ~0.9 m compared to ~1.9
for Segment II, the Gaussian model predicts higher slip budgets in
from 17 to 25 km. Ultimately, resolution of the seismic potential
of the accretionary toe portion of the Shumagin gap will require
additional constraints from seafloor geodetic observations.

An alternative to a M7+ earthquake would be for the accumu-
lated slip deficit to be partially or fully accommodated through
slow-slip events. Shallow, near-trench slow-slip events have been
documented along several margins including New Zealand (Wal-
lace et al., 2016), Japan (Yamashita et al., 2015), and Ecuador (Val-
lée et al.,, 2013), usually in segments where the interface is mostly
creeping or highly heterogeneous (Araki et al, 2017). The Shu-
magin segment has a heterogeneous plate interface (Bécel et al.,
2017) and appears to have low coupling based on onshore geode-
tic data (Drooff and Freymueller, 2021), but the lack of offshore
data prevents resolution of shallow transient events. To date no
such events have been reported from this region, although a small
transient event suspected to be under the Shumagin Islands was
reported in the supplement of Li and Freymueller (2018).

5. Conclusions

We examine the rupture process of the 2020 Simeonof earth-
quake using a combination of static GNSS displacements, high-rate
GNSS-inferred and global seismic waveforms, and InSAR LOS de-
formation. The rupture was unidirectional, propagating westward
during 130 s with an average rupture velocity of ~1.9 km/s. Co-
seismic slip was focused below and east of Big and Little Koniuji
Islands and mostly occurred between 20 s to 50 s after the rup-
ture initiation. The InSAR observations, especially the floating In-
SAR data on near-field islands, are essential to constrain the slip
distribution. Two alternative plate interface coupling models sug-
gest that the slip deficit in the 30-40 km depth range has been
mostly balanced. However, both models suggest some remaining
shallow slip deficit in the poorly constrained shallow portion of
the interface, suggesting significant remaining seismic risk in the
accretionary toe portion in the Shumagin gap, that requires near-
trench geodetic observations to assess.
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