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Abstract

On 19 October 2020, an M,, 7.6 earthquake occurred within the Shumagin Islands, Alaska,
which is the largest strike-slip earthquake occurred in the shallow subducted plates
with abundant seismic observations. Here, we relocated the earthquake sequence, imple-
mented back-projection analyses, and finite-fault inversion to investigate the source
processes of the mainshock, and calculated mainshock focal mechanisms using the polar-
ities of P waves and W-phase inversion, respectively. Our results show that the faulting of
the mainshock can be divided into two segments with the initial rupture along a steep
plane (strike = 15°, dip = 81°) and propagation southeastward along a more shallowly
dipping plane (strike = 344°, dip = 48°). The inferred strikes of the mainshock faults are
similar to the orientations of preexisting structures in the source region, likely indicating
that the 2020 M,, 7.6 earthquake ruptured along the preexisting plate fabric in the down-
going plate. The fabrics are located at the boundary with significant variations of the
plate coupling, indicating that these structures within the subducting plate may affect
the interplate coupling or as a result of the varying interplate coupling in subduction
zones.
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Supplemental Material

Introduction Previous studies suggested that large oceanic intraplate

The Shumagin gap had been identified as the region of a poten-
tial megathrust earthquake in the Shumagin Islands, Alaska
(Sykes, 1971; Davies et al., 1981), which was between the rup-
tured areas of the 1938 M, 8.2 and the 1942 M, 8.6 earthquakes.
Based on seismicity and geodetic observations, it was inferred
that the Shumagin gap was under low plate interplate coupling
and unlikely to host a great earthquake (Fletcher et al, 2001;
Cross and Freymueller, 2008). From July 2020 to August
2021, three large earthquakes with M,,>7.5 occurred in the vicin-
ity of the Shumagin Islands. The M, 7.8 thrust earthquake
occurring on 22 July 2020 was a subduction interface earthquake
that ruptured from the eastern Shumagin gap to the northwest
(Crowell and Melgar, 2020; Shillington et al, 2020; Ye et al,
2021). On 19 October 2020, an M,, 7.6 intraplate strike-slip
earthquake occurred within the subducting plate. On 29 July
2021, an M, 82 thrust faulting earthquake occurred along
the subduction interface and ruptured eastward from the hypo-
center (Fig. 1). This study focuses on the second largest event of
the sequence—the strike-slip earthquake of the 19 October 2020,
which is the largest intraplate strike-slip earthquake in shallow
subducted plates with rich seismic observations.
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earthquakes often ruptured along preexisting geological struc-
tures (e.g., Meng et al., 2012; Satriano et al., 2012; Wang et al.,
2012; Herman et al., 2014; Krabbenhoeft et al, 2018, 2021;
Jacob et al., 2021). For example, based on seismicity, marine
seismic reflection profiling and heat flow observations, the
intraplate strike-slip earthquakes in the northeastern Indian
ocean were interpreted as the activation of preexisting fractures
along the Ninety East ridge (Weissel et al., 1980), which was
further verified by multichannel seismic reflection profiles and
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focal mechanisms (Bull and Scrutton, 1990; Karner et al.,
1993). Relocations and focal mechanisms for the earthquakes
in the region of the southwest Pacific Ocean, suggested that
those earthquakes were attributed to the activation of a fossil
fracture at the Macquarie ridge complex (Valenzuela and
Wysession, 1993).

In the source area of the 2020 M,, 7.6 earthquake, there are
north-south-oriented fracture zones from the Vancouver-
Pacific spreading near the Shumagin gap (Naugler and
Wageman, 1973; Atwater, 1989); slight variations in the strikes
of the magnetic anomalies were observed in areas adjacent to the
source region of the M,, 7.6 Alaska earthquake (Naugler and
Wageman, 1973). Thus, a north-northwest-striking fault plane
was utilized in the finite-fault inversion and successfully modeled
the seismic observations (The U.S. Geological Survey [USGS];
Jiang et al., 2022; Zhou et al., 2022). Stress modeling indicated
that the July M, 7.8 thrust event and its afterslip helped to trigger
the October M,, 7.6 event, assuming that the Shumagin gap was
less coupled (Herman and Furlong, 2021; Jiang et al, 2022).

To investigate the source characteristics and the local seis-
mogenic structures, we relocated the earthquake sequence, cal-
culated the focal mechanism of the mainshock, and carried out
back-projection analyses for the mainshock. The results indi-
cated that the rupture process of the 2020 M,, 7.6 Alaska earth-
quake had two distinct parts. The earthquake first ruptured
southwestward ~16 km along a steep fault plane for the first
16 s; then the rupture propagated southeastward ~42 km along
a moderately dipping plane from 17 to 26 s after the origin
time. The strikes of the ruptured faults correlated well with
the orientations of the linear magnetic anomalies in the source
area. The 2020 M,, 7.6 Alaska earthquake and other M>5.5
intraplate strike-slip earthquakes since 1990 in this region are
located in areas with significant variations of coupling rates,
which delineated the boundary of the coupling changes.

Relocation of the Earthquake Sequence
According to the earthquake catalog of the USGS, there were
more than 2685 aftershocks in the three months following the
mainshock, including 121 M >4.1, 462 M 3.1-4.0, 1720 M 2.1-
3.0, and 382 M 2.1-3.0 events. The b-value for the Gutenberg-
Richter law was 0.76 (Fig. la), which is consistent with the
background b-value in the Shumagin Islands (Liu ef al., 2020).

We applied a relative relocation algorithm to determine the
locations of all 121 M,, 24.1 aftershocks, using seismic data
recorded mainly in the Gulf of Alaska and western Canada,
including ~350 broadband stations with the epicentral distan-
ces from about 5°-20° (Fig. 2a). We relocated the earthquakes
using the arrival time differences of the Pn waves at all stations
calculated by waveform cross correlation (Zhao et al., 2016;
Guo et al., 2017; Wang and Hutko, 2018). We first set the grid
points with 0.5 km spacing at 28.4 km depth (focal depth deter-
mined by the USGS) for the potential source locations. Then,
we aligned the waveforms of a reference and target earthquakes
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by the cross-correlation technique using a three-second win-
dow with a two-second offset followed by the manual check.
The origin time of the target earthquakes was designated
within #2 s relative to its origin time in the USGS catalog.
Next, we eliminated the station pairs of earthquakes with
cross-correlation coefficients <0.5 to remove the noisy data.
We searched for the best location and origin time of the target
earthquake by minimizing the travel-time residuals (Wang and
Mori, 2012). This method has a high horizontal resolution but
without depth resolution.

We selected an M,, 5.1 earthquake that occurred in the
northern portion of the rupture region as the reference event.
The distribution of the relocated aftershocks suggested two seg-
ments for the mainshock. The aftershocks in the north (close to
the epicenter) appear to be linearly distributed along a narrow
north-northeast-striking fault. Although the source depths of
the earthquakes were not relocated, the relocated earthquakes
in the north (cross section A-A’ of Fig. 2d) still suggested a
steeply dipping fault plane. In the south, the aftershock distri-
bution inferred a north-northwest-striking fault with a relatively
moderate dip angle. To evaluate the possible location bias in the
relocation analysis, we calculated the location uncertainties by
assuming laterally homogenous structure, and using Pn veloc-
ities at 7.6 and 8.3 km/s. The average value of the travel-time
residuals (~0.5 s) indicated a horizontal location uncertainty
of ~4 km (Fig. S1, available in the supplemental material to this
article). To check the potential bias caused by the selected refer-
ence event, we selected another M,, 5.1 event in the southern
part of the source region and relocated the earthquake sequence.
The general features of the results derived from the relative relo-
cations using different reference events were similar, implying
two segments for the mainshock rupture, likely a north-north-
east-striking fault plane with a steeply dipping angle in the north
and a north-northwest-striking fault plane with a moderately
dipping angle in the south (Fig. 2; Table S1).

Back Projections
High-frequency P waves are likely radiated from rupture front of
large earthquakes. Therefore, back projection of high-frequency
P waves could track the rupture propagation and source dura-
tion (Zhang and Ge, 2010; Koper et al., 2012; Yao et al, 2012;
Vallée and Satriano, 2014; Fan and Shearer, 2017; Huang et al.,
2022); therefore, it can image the fault geometry of large earth-
quakes in high resolution (Ishii et al., 2005). Here, we back-pro-
jected the seismograms recorded at the Global Seismographic
Network (GSN) (filtered between 0.6 and 5.0 Hz) and the
China array (filtered between 1.0 and 5.0 Hz) (Zheng et al,
2010). A total number of 92 GSN stations with epicentral dis-
tances of 30°-90° and 829 Chinese stations with epicentral dis-
tances of 40°-81° were used.

The horizontal grid of 100 x 100 points was set up with a
2 km spacing at 28.4 km depth. Numerous investigations have
shown that the fixed depth has a little impact on the horizontal
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Figure 1. Seismicity in and around the Shumagin Islands region.
(a) Locations and focal mechanisms of the earthquakes from 1976
t0 2021 (Global Centroid Moment Tensor [Global CMT]). The focal
mechanisms of the earthquake sequences before the July 2020, of
the 2020 M, 7.8, 2020 M,, 7.6, and 2021 M,, 8.2 earthquakes
are plotted in gray, green, red, and blue respectively, with circle
sizes scaled by magnitude. The rupture regions of the 1938 and
1946 earthquakes are delineated by the dashed orange lines

according to Benz et al. (2011). The top-right inset shows the

magnitude-frequency relationship and the corresponding b-value
for the M,, 7.6 earthquake sequence. (c) Time sequence of large
historical earthquakes (M,,>6.9) and their rupture extents along
longitude (Estabrook and Boyd, 1992; Liu et al., 2020). The seg-
ment labeled in white was termed the Shumagin gap. (b,d) Cross
sections A-A’ and B-B’ in a width of 50 km. Gray circle indicates
historical earthquakes before the M,, 7.6 earthquake sequence.
The red and blue circles represent the locations of the M,, 7.6 and
8.2 earthquake sequences, respectively. The gray dashed lines

show the slab surface of Slab2 (Hayes et al., 2018). The color

version of this figure is available only in the electronic edition.

resolution of the back projection (e.g., Kiser and Ishii, 2012; Yao
et al., 2012; Wang et al., 2018). Then, using the Earth model
International Association of Seismology and the Physics of
the Earth’s Interior, 1991 (IASPEI91) (Kennett and Engdahl,
1991), we determined the travel times between the stations
and the grid points, and we aligned the filtered waveforms
(0.05-0.5 Hz) using a 30 s window with an 8 s offset by cross
correlation. After using the time offset obtained in the first
cross-correlation calculation, we cross-correlated the filtered
data (0.6-5.0 Hz for GSN and 1.0-5.0 Hz for China array) with
a 6 s window and allowing 1 s offset. Finally, the most likely
source locations were derived from the locations of points with
the largest stack amplitude in each time window.

The results of the back projections showed that the rupture
lasted ~26 s (Fig. 3). The rupture initiated with a relatively slow
rupture speed of 1 km/s in the first 16 s, then changed direc-
tion, and ruptured ~42 km with a speed of 4.2 km/s. This speed
is faster than the local shear-wave velocity at the depth of
28.4 km (4.0 km/s, according to Pasyanos et al., 2014), indicat-

ing a potential supershear rupture, despite the marginally
supershear speed. The results derived from the GSN and
China array showed similar rupture patterns, although there
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were some differences in the locations of the southern portion,
which could be attributed to the uncertainties in the back pro-
jection due to differences in azimuthal coverage. To assess the
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www.srl-online.org January 2023



Earthquake catalog Relocated earthquakes Relocated earthquakes
(USGS) (reference event 1) (reference event 2)

55°00' %
2
o o2 04 Gs 03 1o 12 0 os os os as to 12
Travel-time residuals (s) Travel-time residuals (s)
AL Clko
54°30" L % A 1 F TN = 7/ c 54°30'
B\K =T DX ==
54°00' : 1 L S0
iy e = i _ - - S V- —
lei Kas mmjyr  20km | o= K“mm/yr 20 km [ [\63 mm/yr 20 km
-160°30 —-159°45' -159°00" -160°30 —159°45" -159°00" -160°30 -159°45' -159°00'
(d) (e)
0 0
10 1 10
Slah? | slab2 |
’é\ , O — e e
= 20 S 1 20 O X
S — .
= = Y — \‘
2 [ — b === (
Q30 1< 30t Ro
o &
40 \ a0t \
i \ A [¢ \ C
30 20 -10 0 10 20 30 30 20 -0 0 10 20 30
) , (9),
1 10
’ stah2_ Stab2.
N o0 | =% o O 0
2 2} N 20 P
= \ X
& \ N
2 30 S\ 30} A\
40 . a0t ]
B B’ D D’
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Distance (km) Distance (km)
location uncertainties in the back-projection analyses, we back- Figure 2. Locations of the original and relocated earthquake
projected five M,, >5.5 moderate aftershocks. The station cor- ~ sequences (M,, >4.1) that occurred within three months

rections derived from the mainshock were applied to analyze following the mainshock. The gray dashed line represents the
these smaller events (Wang ef al., 2018). There were small trench. (a) Locations of the M,, >4.1 earthquakes according to

i ) the U.S. Geological Survey (USGS) catalog. (b) Location of the
differences of approximately 10-20 km between the back-pro-  rejocated earthquake sequence using an M,, 5.1 earthquake in

jection locations of the five aftershocks and the USGS or Global ~ the north as the reference event (green star). Inset exhibits the
Centroid Moment Tensor (Global CMT) locations. Therefore, results of travel-time residuals and the standard deviations with

the average uncertainties of absolute locations in our back-pro- ~ the mean value represented by the red line. (c) The same as in

ecti n d 10-20 km (Fig. 4). panel (b) except that the reference event is an M,, 5.1 earth-
Jection results were aroun (Fig. 4) quake in the south (green star). (d,f) Cross sections of the

.. earthquake sequence along cross sections A-A’ and B-B’,
Rupture Process from Finite-Fault respectively. The red dashed lines in panels (d) and (f) represent

Inversion the dip angles of inferred fault planes derived from the focal
Focal mechanisms mechanisms of P-wave first motion and W-phase inversion,

We calculated the focal mechanism of the mainshock using the respectively. (e,g) The same as panels (d) and (f) but for the cross
sections C—C’ and D-D’. The color version of this figure is

first-motion data observed at the vertical components of global . . o
available only in the electronic edition.

stations (Fig. S2a) following the algorithm of Hardebeck and
Shearer (2002). First, we identified the P-wave first-motion
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polarity on the unfiltered vertical components of 928 seismic
stations with epicentral distances of up to 85°. We calculated
the takeoff angles for each station, and then utilized the
grid search to locate all acceptable solutions (the number of
misfit polarities less than 8). The preferred focal mechanism
solution was further selected according to the root-mean-square
angular difference among all the acceptable focal mechanisms.
Those preferred focal mechanism solutions were averaged to
form the final focal mechanism. Similar to the default setting
in Hardebeck and Shearer (2002), we included all the acceptable
focal mechanism solutions to form the final focal mechanism.
We utilized two different velocity models (preliminary reference
earth model [Dziewonski and Anderson, 1981] and IASPEI91
[Kennett and Engdahl, 1991]) in calculating the takeoff angles,
but the estimated focal mechanisms did not show observable
differences.

The obtained P-wave first-motion solution represented
the focal mechanism of the initial rupture of the mainshock
(15°/81°/137° for strike/dip/rake). The focal mechanism derived
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Figure 3. Source process of the 2020 M,, 7.6 Alaska earthquake
imaged by back-projecting seismograms recorded at (a) Global
Seismographic Network (GSN) and (b) Chinese stations. The red
star represents the location of the mainshock epicenter. Gray
circles represent the locations of relocated aftershocks (Fig. 2b).
The inset represents the seismic stations included in the back
projections. (c) Time—distance plots of the back-projection
results. The distances are calculated from the epicenter (red star)
except for the southeastward rupture that started 16 s after the
origin time, in which a reference point (red square) is given for
calculating the rupture propagation distance. The black square
indicates the end position of the second segment. The red
dashed lines indicate the average speed for the rupture after 16 s.
(d) Normalized maximum amplitude estimated from each time
window as a function of time. The color version of this figure is
available only in the electronic edition.

from the W-phase inversion in this study (344°/48°/171° for
strike/dip/rake) was different from the P-wave first-motion sol-
ution but consistent with the centroid mechanisms determined
Volume 94 « Number 1 =«
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by the Global CMT (350°/46°/176° for strike/dip/rake) and
USGS (350°/49°/173° for strike/dip/rake). The clear difference
between the two types of focal mechanisms showed the com-
plexity of the rupture process, indicating that the focal mecha-
nism of the mainshock varied during the rupture process
(Fig. 5). Another evidence that indicated the source complexity
is the relatively large non-double-couple component (29%)
shown in the focal mechanism solution of the W-phase inver-
sion (USGS).

The strike and dip angles of the rupture plane (15°/81°/137°
for strike/dip/rake) derived from the P-wave polarities were con-
sistent with the orientation of the north segment delineated by
the relocated aftershocks and back projection. The strike and dip
angles of the fault plane from the W-phase inversion (344°/48°/
171° for strike/dip/rake in this study) were consistent with the
orientation of the south segment of the fault plane, as shown by
the relocated aftershocks and back projection. In addition, both
the back-projection results of the GSN and China arrays showed
that the large seismic energy was radiated from the second seg-
ment (Fig. 3d). Hence, we used the focal mechanism of the W-
phase inversion as the focal mechanism of the second segment
in the following finite-fault modeling.

Number 1 www.srl-online.org
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Figure 4. Back-projection results for five M,, >5.5 earthquakes
using station corrections derived from the mainshock. The
triangle and inverted triangle represent the locations of the
maximum stacked amplitudes of the aftershocks derived
from back projections using Chinese and global seismic data,
respectively. The octagon, pentagon, diamond, and square
indicate the epicenters determined by the USGS, Global
CMT, and relocated locations using reference event 1 and
reference event 2, respectively. Available focal mechanisms
are plotted from the Global CMT (red) and the USGS (blue).
The color version of this figure is available only in the elec-
tronic edition.

In summary, the rupture of the mainshock consisted of two
stages. For the first stage, the earthquake ruptured along a steep
(dip angle 81°) rupture plane with a strike of 15°, according to
the focal mechanism of the P-wave polarities. In the second
stage, the rupture propagated southeast along a moderate dip-
ping (dip angle 48°) fault plane with a strike of 344° according
to the W-phase inversion. The two-staged rupture process was
verified by the back-projection analyses and relocations of the
aftershocks.

Seismological Research Letters 57
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Figure 5. Geometries of the fault planes of the 2020 M,, 7.6 Alaska earthquake delineated by focal
mechanisms and the relocated aftershocks. (a) The focal mechanisms of P-wave polarities and
waveform inversions (Global CMT [see Data and Resources], W phase from the USGS, and W phase
in this study); the uncertainties were plotted by gray lines on the P-wave first-motion mechanism
and W-phase solution. The clear difference between the focal mechanisms of the P-wave polarities
and waveform inversion indicated the varying focal mechanism during the rupture process. (b) The
distribution of the relocated aftershocks shown in Figure 2b, in which two faults are inferred (gray
dashed rectangle). (c) A two-fault rupture model for the earthquake. The color version of this figure

is available only in the electronic edition.

slip angle can be estimated by
two slip vectors (slip angle
+45°); G  represents the
Green’s function, and the far-
field P-wave Green’s function
is calculated by the QSSP algo-
rithm (Wang et al, 2017). The
value of the smoothing factor
p is determined by the trade-
off curve showing the model
roughness and the residual. A
nonnegative least-squares algo-
rithm (Lawson and Hanson,

1995) is used to calculate
48° the amount of slip on each
2O sub-fault.

Based on the analyses in
focal mechanisms of the main-
shock, we set up a two-fault
model to implement the
finite-fault modeling for the
M, 7.6 earthquake. Fault 1
(strike 15°, dip 81°) was set
as 32 km x 33 km and was
divided into 8 x 11 subfaults
along the strike and dip direc-
tions, respectively. Fault 2
(strike 344°, dip 48°) was set
as 48 km x 30 km and was
divided into 12 x 10 subfaults

Slip inversion

We downloaded P waveforms recorded at 52 GSN broadband
stations with epicentral distances in the range of 30°-90° from
the Incorporated Research Institutions for Seismology. We first
removed the instrument response, converted the data to dis-
placement, and then filtered them with a band-pass filter of
0.01-0.5 Hz with a 0.5 s sampling interval. Next, we used a
kinematic source inversion package (MudPy) to model the slip
distribution along the fault planes (Crowell and Melgar, 2020;
Li et al., 2020; Xiao et al., 2022). The inversion of the source
rupture slip distribution can be simplified to a linear problem
in time domain, and the inversion process seeks to minimize
the fit of the observed slips and the roughness of the slip
distribution:

minimum||w(G - M - D)||? + B?||L- M|[%, (1)
in which w represents the weight, centered dots represent dot
product, and D represents the observed waveforms; L is the

Laplace operator; M represents the slip amount or seismic
moment, which is the quantity to be determined, and the variable
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along the strike and dip direc-
tions, respectively. For each
subfault, we parameterized the source by three triangle func-
tions with a duration of 3 s for each and separated by 1.5 s. The
optimal smoothing factor in this study is set as 0.13 (Fig. S3).

To estimate the rupture speeds of the entire rupture and
evaluate their influence in the finite-fault modeling, a series
of rupture speeds for both the northern and southern seg-
ments were utilized (Fig. 6). Inversions assuming rupture
speeds of 1.0 and 4.0 km/s for the first and second segments
and a rupture speed of 2.0 km/s for the first and second
segments fitted the observations almost equally well (Fig. 6;
Figs. S4-56). However, results from the back projection of
global and Chinese stations supported the first scenario
(Fig. 3). Considering the rupture speeds estimated by the
back projections, the slip model with the varying speeds of
1.0 and 4.0 km/s were favored.

Results of finite-fault modeling with rupture speeds of
1.0 and 4.0 km/s for the first and second segments indicated
that the earthquake started from the north-northeast-striking
fault and released ~30% of the total seismic moment in the
first 15 s, which was shown as the first peak in the source-time
function (Fig. 7b). The majority of the moment was released
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Figure 6. Residuals between observed and synthetic waveforms for a range of rupture speeds for the
two segments of the ruptures during the 19 October 2020 M,,, 7.6 Alaska earthquake. Red triangle
indicates the locations of the minimum residuals. The RMS is the residual displacements between the
observations and synthetics. The color version of this figure is available only in the electronic edition.

5 et al., 2012; Song et al., 2019;
Jacob et al., 2021; Krabbenhoeft
et al, 2021), it is still unclear
how this correlation is solid
due to limited seismic observa-
tions. The 2020 M,, 7.6 Alaska
strike-slip event is the biggest
strike-slip  earthquake that

from 16 to 25 s, indicating that the radiated energy of
the earthquake was predominantly produced in the second
segment (north-northwest-striking fault), thereby explaining
why the focal mechanisms derived from waveform inversions
(USGS and Global CMT) were more consistent with the
second fault. The slip that occurred on the south segment
was mainly strike-slip motion, and the maximum slip was
~6.0 m at ~30 km depth (Fig. 7c), which was almost the bot-
tom of the aftershock zone. There were two possible explan-
ations for this point. The first possible reason was that the
locations of the aftershocks and the mainshock slips were
complimentary to each other. It was frequently seen in many
large earthquakes. Another possible reason was that the
depths of the aftershocks might be biased in the original
earthquake catalog by the USGS, because there were not
many close seismic stations for the offshore earthquakes.
The total source duration was ~25 s, which generally matched
the results of the back projections. This two-fault model
showed a 32% non-double-couple component, comparable
to the value of 29% shown in the solution in the W-phase
inversion by the USGS.
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occurred in the shallow portion
of the downgoing plate with
abundant seismic observations. For this earthquake, a north-
northwest-striking preexisting plate fabric was suggested and
used as the fault plane to model the seismological and geodetic
observations (Jiang et al, 2022; Zhou et al, 2022; USGS).
However, the fine process of the source process and its correlation
to the previous fabrics was not comprehensively investigated.
With rich local, regional, and global observations, we were
able to observe the rupture pattern in unprecedented resolu-
tion. The detailed two-stage rupture pattern showed very sim-
ilar characteristics of the seafloor fabrics in and around the
source region (Fig. 8b). If the ruptured faults of the earthquake
were related to preexisting seafloor fabrics, the strikes and dips
of the fabrics can be restored back to the unsubducted status
by considering the dip angles of the subducted plate interface
and the geometry of the ruptured faults using a stereographic
projection (Coxeter, 1969). Using the strike and dip angles of
the subducted plate (237.7°/14.5° for strike/dip from Slab2), we
restored the orientations of the north and south segments of
the rupture faults to the oceanic plate, which were 185°/88°
and 355°/53°, respectively (Fig. 8a). The restored strikes of
the ruptured faults were consistent with the orientations of
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the magnetic anomalies, and such bent characteristics of the
plate fabric is very similar to those of the restored two-staged
fault planes.

A similar pattern of two-stage rupture was also seen in the
1999 M,, 7.0 strike-slip earthquake, Kodiak Island, as inferred
from the difference of focal mechanisms derived from the
P-wave first-motion mechanisms and the W-phase inversion
(Fig. 8c; Hansen and Ratchkovski, 2001; Ratchkovski and
Hansen, 2001). The two strikes of the rupture segments for
the 1999 event were similar to the strikes of the two-stage rup-
ture found in this study for the 19 October 2020 event.

Stress modeling in the Shumagin Island suggested that a
north-south-oriented preexisting fabric was favored to gener-
ate the M,, 7.6 earthquake, because the stress field across the
coupled and weakly coupled boundary may not be sufficient to
cause an M,, 7.6 earthquake without an existing host fault
(Herman and Furlong, 2021). Therefore, we suggest that both
the 1999 Kodiak earthquake and the 19 October 2020
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Figure 7. Finite-fault inversion for the 19 October 2020 M,, 7.6
Alaska earthquake with rupture speeds of 1.0 and 4.0 km/s for
the north and south segments, respectively. (a) Distribution of the
inverted slip in map view. Inset shows the locations of the utilized
seismic stations (black triangle). (b) The source-time function for
the slip model. (c) Distribution of the inverted slip on the two fault
planes. The color version of this figure is available only in the
electronic edition.

earthquake in this study are related to the activation or reac-
tivation of the plate fabric of the magnetic anomalies.

Subducted plate fabrics and interplate coupling

There are many along-strike variations in seismicity and cou-
pling in subduction zone. Understanding the physical mecha-
nism of along-strike variations of plate coupling is important
for the seismic hazard and related hazards such as tsunamis.
The thickness and lithology of sediments, dehydration of
Volume 94«
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sediments, and the fluids on the interface are associated with
the coupling process and seismic behavior at various active
convergent margins such as Costa Rica, northern Japan, and
Hikurangi (e.g., Saffer and Tobin, 2011; Sun et al., 2020).
Also, the variation of fault geometry and large topographic fea-
tures (such as seamounts) in the Nankai subduction zone was
suggested to contribute to the varied interplate coupling
(Yokota et al., 2016; Tsuji et al., 2017).

Coupling variation in the Alaska-Aleutian subduction zone
showed a gradient from the highly coupled rupture area of the
1938 M, 8.2 earthquake to a less coupled Shumagin gap
according to the dense Global Positioning System (GPS) obser-
vations (Fournier and Freymueller, 2007). Comparing the loca-
tions between the intraplate earthquakes and the boundaries of
Number 1 www.srl-online.org
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Figure 8. Location correlations of the ruptured faults with the
linear magnetic anomalies. (a) Transparent green rectangles
indicate the inferred geometries of the ruptured faults for the
2020 M,, 7.6 Alaska earthquake. Those fault planes were then
restored to the unsubducted status by a stereographic projection
(Coxeter, 1969), which is shown by the transparent red rectan-
gles. (b) The heavy solid lines indicate the magnetic lineation
(Naugler and Wageman, 1973). The red stars represent the
epicenters of the 1999 M,, 7.0 and 2020 M,, 7.6 earthquakes.
The geometries of the two fault planes are represented by green
solid lines. (c) Focal mechanisms of the 1999 M,, 7.0 Kodiak
Island earthquake derived from the P-wave first motions and
waveform inversions. GCMT, Global CMT. The color version of
this figure is available only in the electronic edition.
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Figure 9. Interplate coupling and locations of intraplate strike-slip
earthquakes on subduction zone. (a) Coupling distribution and
locations of the M,, 7.0 intraplate strike-slip earthquakes on the
Japan Trench (modified from Graham et al., 2021). (b) Coupling
distribution and locations of the M,, =7.0 intraplate strike-slip
earthquakes on the Ryukyu subduction zone (modified from
Graham et al., 2021). (c) Schematic illustration of the interplate
coupling and locations of intraplate strike-slip earthquakes in

coupling changes—the interplate coupling information from Li
and Freymueller (2018). The rupture regions of the 1938 and
1964 earthquakes are indicated by the dashed orange line
according to Benz et al. (2011). The focal mechanisms from
Global CMT of intraplate strike-slip earthquakes are plotted in
red. The color version of this figure is available only in the
electronic edition.
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plate coupling in this region, we found that the refined rupture
pattern of the 2020 M,, 7.6 strike-slip earthquake separated the
boundaries of coupling rate of ~10% to ~40% (Fig. S8). The
other M,, >5.5 intraplate strike-slip earthquakes since 1990
(Table S2) in this region were also located in areas with
significant variations of plate coupling (Fig. 9c¢).

According to the offshore GPS observations, the subduction
speed is varied from 63 mm/yr at Shumagin Island to 56 mm/
yr at Kodiak Island along the Alaska—Aleutian subduction zone
(Benz et al, 2011). The different subducting speed of the
downgoing plate would generate nearly trench-parallel tension
stress environment, and prompt right-lateral strike-slip move-
ment of trench-perpendicular fabrics (Herman and Furlong,
2021). The right-lateral slip of the trench-perpendicular fabrics
would release the strain caused by the downgoing plate with
nonuniform subducting speeds and thus likely cause the differ-
ence of the interplate coupling between both the sides of the
strike-slip faults.

The correlation between the locations of intraplate strike-
slip faults and variation of interplate coupling was also
observed in the Japan trench and the Ryukyu subduction zone.
We determined the orientations of the ruptured faults of the
2010 M,, 7.0 Ryukyu and the 2011 M,, 7.0 Honshu intraplate
strike-slip earthquakes by back-projecting seismic data
recorded at the U.S. stations (Fig. S9). The ruptured strike-slip
faults in the two earthquakes well confined the boundaries of
the coupling variations. The 2011 M,, 7.0 Honshu intraplate
strike-slip earthquake occurred in the boundaries of the cou-
pling rate of ~80% to ~90% (Fig. 9a), and the 2010 M,, 7.0
Ryukyu intraplate strike-slip earthquake occurred in the boun-
daries of the coupling of 0% to ~80% (Fig. 9b; Graham et al.,
2021). Although we were not clear whether those strike-slip
faults were linked to preexisting fabrics in the downgoing plate
or were newly formed faults during the subducting process,
their relations to the variation of the interplate coupling are
evidently observed.

Therefore, we suggest that these structures within the sub-
ducting plate not only control the occurrence of intraplate
earthquakes but also affect the interplate coupling. More
importantly, intraplate earthquakes can be used to delineate
the boundary of the coupling change. Hence, investigating pre-
existing fabrics is important for evaluating seismic hazards of
future damaging intraplate earthquakes and understanding
plate coupling information in subduction zones.

Conclusions
Two-staged rupture migration of the 2020 M, 7.6 Alaska
earthquake was identified based on high-precision relocation
of the earthquake sequence (M,, 24.1), back-projection analy-
ses, and finite-fault modeling. The earthquake first ruptured
southwestward ~16 km along a steeply dipping fault plane
(strike = 15°, dip = 81°) for the initial 16 s and then propagated
southeastward along a moderately dipping fault (strike = 344°,
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dip = 48°) for the following ~10 s. Considering the ruptured
length of ~42 km for the second portion, a fast speed of 4.2 km/
s was obtained. Our two-staged rupture model can adequately
explain the teleseismic observations. The strikes of the rup-
tured faults we obtained for the mainshock correlated well with
the orientations of the linear magnetic anomalies. Therefore,
the preexisting plate fabric in the subducted slab may act as
the seismogenic faults of the intraplate strike-slip earthquakes.

In addition, the intraplate strike-slip earthquakes since 1990
in this region were located in areas with significant variations
of plate coupling. Thus, preexisting plate fabric within the sub-
ducting plate may not only control the occurrence of intraplate
strike-slip earthquakes but also affect the interplate coupling,
which is critical for evaluating the seismic hazards of future
megathrust earthquakes in subduction zones.

Data and Resources

Global seismic data were obtained from the Incorporated Research
Institutions for Seismology (http:/ds.iris.edu/ds). The earthquake
catalog is available online at the U.S. Geological Survey (https://
earthquake.usgs.gov/earthquakes). The moment tensor solutions of
the mainshock are available at Global Centroid Moment Tensor
(https://www.globalemt.org/). The LITHO1.0 model is available from
the website https://igppweb.ucsd.edu/~gabi/lithol.0.html. The finite-
fault model inversion code is MudPy (https://github.com/dmelgarm/
MudPy) developed by Diego Melgar. Most figures were plotted using the
software Generic Mapping Tools (http://mirrors.ustc.edu.cn/gmt/;
Wessel and Smith, 1991). The seismic data recorded at Chinese stations
are available at DOI: 10.5281/zenod0.6490101 with free access. The sup-
plemental material for this article includes 2 tables and 12 figures. All
websites were last accessed in August 2021.
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