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Abstract

The Alaska Peninsula section of the Alaska-Aleutian subduction zone shows significant
along-strike variations in seismic activity and interseismic plate coupling. This region
experienced the 2020 M,, 7.8 Simeonof megathrust, M,, 7.6 Sand Point strike-slip,
and 2021 M,, 8.2 Chignik megathrust earthquakes. This study, utilizing deep learning
techniques, presents a high-precision earthquake catalog, providing insights into back-
ground seismicity, aftershocks, and slab geometry. An abrupt change in the slab dip angle
at 30-40 km depths in the Shumagin segment acted as a barrier to the Simeonof and Sand
Point earthquake ruptures. The Simeonof event triggered more aftershocks in the over-
riding plate than the Chignik event, suggesting the overriding plate is more deformed
and hydrated in the Shumagin segment. The Sand Point earthquake triggered numerous
aftershocks in the overriding plate, delineating a fault in the overriding plate with similar
geometry as the intraslab mainshock fault, but activated around seven days after the
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mainshock.

Introduction
The Alaska-Aleutian subduction zone is the most tectonically
and seismically active convergent margin in North America.
The Alaska Peninsula section of this subduction zone, with its
diverse seismicity patterns, has been identified by the scientific
community as a top site to address fundamental questions of sub-
duction processes. This region, comprising several distinct seg-
ments identified through slip deficit distribution and seismic
imaging, exhibits notable along-strike variations in both interseis-
mic plate coupling and seismicity (Fig. 1). In particular, the
“Shumagin seismic gap” first identified by Davies et al. (1981)
remained unruptured by any M > 8 earthquakes for at least
200 yr, whereas the megathrust was ruptured by an M., 8.3 earth-
quake in 1938 (Freymueller ef al., 2021) to the northeast and an
M,, 8.6 earthquake in 1946 to the southwest (Davies et al., 1981).
In the fore-arc region between Kodiak Island and Shumagin
Islands, the slip deficit decreases from northeast to southwest
(Drooft and Freymueller, 2021; Xiao et al., 2021), and slab dehy-
dration and overriding plate hydration also become more exten-
sive and intensive to the southwest (Wang et al., 2025). These
variations reflect the heterogeneous nature of the megathrust,
likely influenced by sedimentary and crustal structures of the sub-
ducting slab, such as pre-existing fault systems (Shillington et al.,
2015), sediment layer thickness (Wei et al., 2021), and the rigidity
of the overriding plate (Shillington et al., 2022).
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Since 2020, a new megathrust sequence, including the 2020
M,, 7.8 Simeonof earthquake and the 2021 M,, 8.2 Chignik
earthquake occurred offshore the Alaska Peninsula. Several
coseismic slip models indicate that the 2020 Simeonof event
ruptured the eastern part of the Shumagin gap at 25-45 km
depths (Crowell and Melgar, 2020; Xiao et al, 2021; Ye et al.,
2021). The slip occurred in localized patches, likely related to
the rheological heterogeneity revealed by active-source P-wave
tomography (Shillington et al., 2022). Subsequently, the 2021
Chignik earthquake, located northeast of the 2020 Simeonof
event and potentially triggered by it, ruptured the megathrust
at 25-45 km depths and farther east into the 1938 M,, 8.3
earthquake rupture area (Elliott et al., 2022; Liu et al., 2022;
Ye et al., 2022). Active-source studies have identified signifi-
cant changes in the plate interface dip angle and width
(Shillington et al., 2022), potentially providing rupture barriers
to the Simeonof and Chignik earthquakes.
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Figure 1. Maps of seismic stations and events. (a) Bathymetry and
topography of the Alaska Peninsula and adjacent region. The
squares represent seismic stations of various networks. The red,
blue, and green focal mechanism plots indicate the 2020 M,, 7.8
Simeonof, 2020 M,, 7.6 Sand Point, and 2021 M,, 8.2 Chignik
earthquakes, respectively. The coseismic slip models for the 2020
Simeonof and 2021 Chignik earthquakes are shown with 1, 1.5,
and 2 m contours in red and green, respectively (Xiao et al., 2021;
Elliott et al., 2022). The solid brown curves outline terrane
boundaries and known faults in this region (Horowitz et al., 1989).
The black dashed contours outline the rupture zones of previous
megathrust earthquakes (Davies et al., 1981) and the 1 m contour
of the 1938 M, 8.3 earthquake slip model (Freymueller et al.,
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2021). The light blue bars illustrate the four segments discussed in
this article, following Wang et al. (2024), and the pink arrows
denote the islands mentioned in the text. The inset map shows the
location of the study area. Gray shading denotes the North
America Plate, and the black box outlines the study region. (b) The
reference catalog from May 2018 to August 2019 manually
examined by the Alaska Earthquake Center (AEC). Earthquakes
are color-coded by depth with Global Centroid Moment Tensor
(Global CMT) focal mechanisms shown as focal mechanism plots.
The bold black line represents the trench, and the gray lines depict
the coastline. (c) Iteration number 1 output catalog. (d) Iteration
number 2 output as the final catalog. The color version of this
figure is available only in the electronic edition.
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About three months after the Simeonof earthquake, an M,,
7.6 strike-slip event, called the Sand Point, occurred nearby. It
originated inside the subducting slab with the fault plane
nearly aligned with the slab dip. This event has been attributed
to several causes, including stress changes produced by the
Simeonof earthquake (Jiang et al., 2022; Yang et al., 2023;
Senapati et al., 2024), abrupt coupling changes (Herman and
Furlong, 2021; Jiang et al., 2022), and pre-existing structures
from the incoming and overriding plate (Clarke et al., 2024).
This strike-slip event generated an unexpected tsunami
with wave heights higher than those produced by the larger
Simeonof megathrust event. Bai et al. (2023) proposed a three-
fault coseismic model to fit the tsunami data, although after
including more Global Positioning Sys data (Grapenthin et al,
unpublished manuscript, see Data and Resources) favored a sin-
gle-fault model with additional contributions from slip on the
plate interface.

In this study, we explore the three 2020-2021 earthquakes
by building a high-precision regional earthquake catalog pow-
ered by deep learning techniques. Deep learning has demon-
strated its ability to detect an order of magnitude more events
than conventional catalogs examined by human analysts
(Mousavi and Beroza, 2022). The resulting increase in detected
earthquakes enables more detailed spatial and temporal analy-
sis of aftershocks and helps delineate fault systems (Park et al,
2020; Tan et al, 2021). With more information about the
background seismicity and aftershocks of these earthquakes,
we provide new insights into the three mainshocks as well as
subduction zone processes.

Data and Methods
Data and reference catalog
We used seismic data recorded by 218 stations from January
2018 to December 2022 (Fig. 1a). These stations include those
from permanent networks (network codes: II, GM, AK, AT,
and AV), as well as temporary stations from the EarthScope
USArray (network code: TA), ocean-bottom seismographs
(OBSs) and land-based seismic stations from the Alaska
Amphibious Community Seismic Experiment (AACSE, net-
work code: XO), and a 1-year temporary seismic array deployed
immediately after the 2021 M,, 8.2 Chignik earthquake (net-
work code: 6]). Only data from broadband stations were utilized.
We assembled a reference catalog of local earthquakes, con-
sisting of 7,242 events, 212,853 P-wave arrivals, and 100,292 S-
wave arrivals from May 2018 to August 2019, which were man-
ually picked by the Alaska Earthquake Center (AEC) (Ruppert
et al., 2022; Fig. 1b). Based on this reference catalog, we created
a reference dataset by selecting 5 min before and after each P-
wave arrival, ensuring to include the corresponding S-wave
arrival from the same event. Time windows containing only
S phases without P phases were discarded to maintain data
quality. Traces with missing data were filled with zeros, and
missing channels were also replaced with zero-filled traces.
Volume XX »
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All three-component waveforms were detrended, demeaned,
tapered, and resampled to 40 Hz. Because about half of the
stations were operated with a sample rate of 100 Hz, this down-
sampling approach potentially leads to the loss of high-fre-
quency signals recorded by some stations. However, because
all the training, validation, testing, and continuous data are
consistently resampled to 40 Hz, this approach should not
introduce systematic bias to phase picking.

We also assembled a continuous dataset from January 2018
to December 2022 by cutting waveforms into 10-day segments
and processing them in the same manner as the reference data-
set. Given the large data volume, exceeding 2 TB in miniSEED
format, the dataset construction was facilitated by the mseedin-
dex package and ObsPy wrapper (Beyreuther et al., 2010) to
ensure efficient data access and improved input/output
performance.

Earthquake detection and relocation

To develop a new earthquake catalog, we use a semi-supervised
learning workflow (Xi et al., 2024) starting with PhaseNet-TF
to pick phases, then associating phases with GaMMA-1D, and
finally relocating earthquakes with tomoDD. This process is
iterated twice. We use the reference dataset for training in iter-
ation number 1, and use the output of iteration number 1 for
training in iteration number 2. Previous experience (Xi et al.,
2024) shows that two iterations are sufficient to obtain a nearly
complete catalog.

PhaseNet-TF was initially trained and applied to a dataset in
the Tonga subduction zone (Xi et al, 2024) and showed a
much better performance in picking S waves at OBSs and land
stations compared to its predecessor PhaseNet (Zhu and
Beroza, 2019). Because the tectonic setting, instrument types,
and earthquake mechanisms at the Alaska Peninsula differ
from those in Tonga, we retrain the PhaseNet-TF model using
the reference dataset to optimize performance. The PhaseNet-
TF Alaska model is trained for a maximum of 400 epochs with
potential early stopping to prevent overfitting, achieving an F1
score higher than 0.97 on the test dataset. We then apply this
model to the continuous dataset to obtain probabilities for P-
and S-wave arrivals. Peak probabilities higher than 0.5 are con-
sidered positive picks, resulting in more than 9,000,000 picks.
In iteration number 1, training and predicting took 37 and
163 hr on eight graphic processing units (GPUs), respectively.
In iteration number 2, with a 6 times larger training dataset,
training and predicting took 185 hr on 16 GPUs and 163 hr on
8 GPUs, respectively.

Next, we associate PhaseNet-TF output picks using
GaMMA-1D, a Bayesian Gaussian Mixture Model Associator
with a 1D velocity structure. Compared to its predecessor
GaMMA (Zhu et al., 2022), this new version utilizes a 1D veloc-
ity model, which is necessary for associating arrivals of events
deeper than 30 km. In this study, the velocity model comes from
averaging previous 3D shallow (0-240 km; Wang et al., 2024)
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and deep (240-400 km; Wang et al,, 2025) tomography models
in this region. Events with fewer than ten picks are discarded
before further relocation. Associating more than 9,000,000 picks
took only 2 hr on 20 central processing units, resulting in a
preliminary catalog of over 150,000 events. After the initial asso-
ciation, we then refine the earthquake locations using a resam-
pling strategy adapted from the Random Sample Consensus
algorithm (Zhu et al., 2025). For each event, we locate it with
random subsets of the associated picks to identify and exclude
outlier picks. Because of the large uncertainties associated with
estimating magnitudes of small earthquakes, we excluded the
magnitude information from the new catalog to avoid additional
uncertainties.

We use tomoDD (Zhang and Thurber, 2003), a double-dif-
ference tomography and relocation package, to relocate earth-
quakes. We fix the 3D velocity structure as the combined
model from Wang et al. (2024) and Wang et al (2025) and
only invert for the locations and origin times of earthquakes.
We estimate uncertainties with a bootstrap resampling strat-
egy. We create 100 datasets, each consisting of 80% random
P- and S-wave arrivals for relocation. The output catalog is
relocated using the complete dataset, whereas the uncertainties
of location and origin time of each event are computed from
the standard deviations of the 100 bootstrap resampling inver-
sions. We discard events with uncertainties exceeding 0.05° in
longitude, 0.1° in latitude, 5 km in depth, or 1 s in origin time
for future discussion. In addition, we also discard events with
station azimuthal gaps greater than 270°, many of which are
offshore events before or after the AACSE deployment.

After iteration number 1, the output catalog contains
110,147 events, of which 32,036 events fall within the same
time range as the reference catalog (May 2018 to August 2019).
54,177 events, along with 1,253,058 P- and 528,190 S-wave
arrivals, are retained to construct the training dataset for iter-
ation number 2 (Fig. 1c). Because of our high-quality control
requirements, 31,316 P- and 17,231 S-wave manually picked
arrivals in the reference catalog are not included in the itera-
tion number 1 output catalog. By combining these arrivals, we
have a new dataset consisting of 59,968 events, 1,284,374
P-, and 545,421 S-wave arrivals with a size of 692 GB, 6 times
larger than the reference dataset. We then use this dataset to
retrain PhaseNet-TF and conduct a second iteration of phase
picking, phase association, and event relocation to produce the
final catalog (Fig. 1d). In addition, we associate the final catalog
with the Global Centroid Moment Tensor (Global CMT) cata-
log (Dziewonski et al., 1981; Ekstrom et al., 2012) to obtain the
moment magnitude and focal mechanism parameters of large
events.

Results

Final catalog and assessments

The final catalog, output of iteration number 2, contains 117,151
events with 2,631,256 P- and 1,091,693 S-wave arrivals in
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2018-2022, about 30 times larger than the International
Seismological Center (ISC) Reviewed Bulletin (Bondar and
Storchak, 2011; International Seismological Center [ISC]
Bulletin, 2018) during the same period. In addition, our catalog
contains about 5 times more events than the AEC catalog
(Ruppert et al, 2022) during the overlap time from May
2018 to August 2019. 72,434 of these events have a spatial uncer-
tainty (square root of the sum of the squares of horizontal and
vertical uncertainties) lower than 5 km (Fig. 1d) and are used for
the following discussions. Figure 2 shows examples of spectro-
grams, waveforms, and prediction probabilities for both shallow
(< 50 km) and deep earthquakes (> 50 km) at one land station
and one OBS, highlighting the robustness of the PhaseNet-TF
Alaska model in accurately identifying phase arrivals.

We evaluate the earthquake detection/relocation perfor-
mance against the AEC-picked reference catalog from May
2018 to August 2019 (Table 1). The recall, precision, and F1
metrics are calculated based on the numbers of true positives,
false positives, and false negatives. An arrival with a time differ-
ence of 3 s or less compared to the reference is considered a
true positive, whereas an event is treated as a true positive if it
has a majority of matching phases and its origin time is within
15 s compared to the reference. Iteration number 1 achieves
recall rates of 0.93 for P-wave arrivals, 0.94 for S-wave arrivals,
and 0.95 for events. After iteration number 2, the final catalog
successfully autodetects 95% of the earthquakes from the AEC-
picked reference catalog. 5% of the events are missed because
each of them has less than 10 phases or has large relocation
uncertainty, and we do not use all AEC stations out of the
Alaska Peninsula. More metrics are listed in Table 1.

Although many offshore earthquakes in our catalog lack
offshore constraints, we are still confident in most of their
depths. From a methodological perspective, the double-differ-
ence relocation algorithm integrates the 5-year onshore data
with the 15-month AACSE offshore data into the same inver-
sion, so that the OBS data can help constrain the earthquakes
that occurred before or after the AACSE deployment. More
importantly, the relocated hypocenters of the Simeonof and
Chignik mainshocks and most aftershocks (see the Aftershocks
in the overriding plate section) coincide with the plate interface
independently determined by active-source seismic studies
(Kuehn et al, 2024). This coincidence provides strong
independent evidence for the reliability of the majority of
our relocated earthquake depths and locations. About 10
events located deeper than 50 km beneath the fore-arc seem
tectonically impossible. Careful manual examinations suggest
that these events are false detections. Because our methods are
based on statistics and these events constitute only 0.01% of the
entire catalog, we avoid using a subjective way to discard them.

Comparing different deep learning methods
We first assess the associator by applying different versions of
GaMMA to the AEC manually labeled phase arrivals (Fig. 3,
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Table 2). When using GaMMA-1D, the performance of both
association and relocation improves significantly, as seismic
velocity changes dramatically with respect to depth in a sub-
duction zone. For instance, GaMMA incorrectly splits single
earthquakes into multiple events in the outer-rise, resulting
in numerous artificially deep earthquakes (Fig. 3¢c). GaMMA-
1D addresses this issue by generating more accurate synthetic
travel-time estimates using a 1D velocity model, which enhan-
ces the reliability of phase association and improves the pre-
cision of earthquake locations. Using a 3D velocity model
Number XX« —2025 .
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Figure 2. Examples of PhaseNet-TF picking on continuous data.
Each panel displays the event origin time, event latitude, lon-
gitude, depth, and network station in the title. (a) A shallow
event (<50 km) recorded by a land station. (b) The same shallow
event recorded by an ocean-bottom seismometer (OBS). (c) A
deeper event (>50 km) recorded by a land station. (d) The same
deeper event recorded by an OBS. The color version of this figure
is available only in the electronic edition.
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TABLE 1

Assessment for Prediction, Association, and Relocation in Iteration Number 2

Stage Phases Autodetected Manual Pick True Positive False Positive False Negative Precision Recall
Phase picking P phase 4,815,991 212,853 207,207 4,608,784 5,646 0.04 0.97

S phase 952,109 100,292 99,585 852,524 707 0.10 0.99
Association P phase 1,135,419 212,853 198,817 936,602 14,036 0.18 0.93

S phase 435,284 100,292 82,361 352,923 17,931 0.19 0.82

Event 43,719 7242 7,153 36,566 89 0.16 0.99
Relocation P phase 971,284 212,853 191,939 779,345 20,914 0.20 0.90

S phase 399,031 100,292 80,427 318,604 19,865 0.20 0.80

Event 34,834 7,242 6,845 27,989 397 0.20 0.95

Performance is evaluated against the Alaska Earthquake Center (AEC)-picked reference catalog from May 2018 to August 2019.

potentially improves the association performance but will sig-
nificantly increase the computational demand, which is unnec-
essary at this stage. The use of an Alaska-specific velocity
model further enhances the association performance, particu-
larly for deep events. These improvements ensure robust
association and relocation, providing a solid foundation for
comparing the phase-picking models. All the following tests
in this section use GaMMA-1D with a 1D Alaska velocity
model and the same relocation processes.

To further evaluate phase pickers, we compare our PhaseNet-
TF Alaska model with two other deep learning models:
PhaseNet-TF Tonga trained with land-station and OBS data in
the Tonga subduction zone (Xi et al, 2024) and Earthquake
Transformer (EQT) trained with global data (Mousavi et al,
2020). This comparison is conducted on two months of continu-
ous data from January to February 2019, during the operation
period of most OBSs and land stations (Fig. 4, Table 3).

The new PhaseNet-TF Alaska model significantly improves
the performance, not only detecting more events, but also
achieving a recall of 0.98, much higher than the EQT global
model’s recall of 0.81 and the PhaseNet-TF Tonga model’s
recall of 0.67 (Fig. 4, Table 3), even though the PhaseNet-TF
Tonga and EQT models pick more arrivals. The comparison
between the PhaseNet-TF Alaska (Fig. 4b) and PhaseNet-TF
Tonga (Fig. 4d) models highlights the importance of training
with local data. Although the Tonga model is trained with data
after removing instrumental responses, the performance differ-
ence is minimal when applied to data with or without instru-
mental response (recall of 0.98 versus 0.98, Table 3). Thus,
removing the instrumental response does not significantly
impact the performance, saving computational resources in
future catalog building.

Neither the EQT nor the PhaseNet-TF Tonga model is
trained with local data, but the latter obviously outperforms
the former (Fig. 4c,d). Although EQT’s deep encoder and atten-
tion layers may reduce phase arrival uncertainty (Mousavi et al.,
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2020), our results show that it is unsuitable for the Alaska data-
set with both OBS and land stations and thus generates numer-
ous false picks and events. PhaseNet-TF performs better due to
incorporating spectrograms in the time-frequency domain.

Discussion
Slab dip angle change affects megathrust rupture
The new catalog shows the background seismicity before June
2020 and abundant aftershocks of the 2020 M,, 7.8 Simeonof
and 2021 M,, 8.2 Chignik earthquakes (Fig. 5). We use the back-
ground seismicity (black dots in Fig. 5) to determine the plate
interface below 40 km, as all intermediate-depth earthquakes
occur in the slab crust and mantle. We also estimated the
dip angle uncertainty by considering the spatial uncertainty
of the relocated earthquakes. By combining this information
with previous active-source seismic images of the top 40 km
in this region (Kuehn et al, 2024), we build a new model of
the plate interface geometry shown as red dashed curves in
Figure 5. In addition, we define the aftershocks of these three
major events following Tape and Lomax (2022). The relation-
ship between coseismic rupture and aftershock distribution has
been discussed in many previous studies and still remains con-
troversial. Traditionally, aftershock distributions are used to out-
line mainshock rupture areas (e.g., Davies et al, 1981; Tape and
Lomax, 2022). On the other hand, Wetzler et al. (2018) suggest
that regions of high coseismic slip often exhibit fewer after-
shocks, resulting in a generally complementary pattern between
the two. In this study, the aftershocks within 30 days after the
mainshocks, combined with the coseismic slip models by Elliott
et al. (2022) and Xiao et al. (2021), shed light on the coseismic
and postseismic deformation of the three major events. We also
compared the aftershocks with the coseismic slip models from
Ye et al. (2021, 2022) in Figure S1, available in the supplemental
material to this article, leading to the same interpretations.
The new plate interface model shows a rapid change in the
slab dip angle at 30-40 km depths in the Shumagin segment
Volume XX« Number XX
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Figure 3. Catalogs from manual pick tests. All the catalogs are
generated using AEC manually labeled phase arrivals, applying
different associators but following the same relocation process.
All other features are the same as Figure 1b. (a) The reference
catalog from May 2018 to August 2019 was manually examined
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by the Alaska Earthquake Center (AEC). (b) Catalog associated
using GaMMA-1D with the Alaska velocity model. (c) Catalog

associated using GaMMA. (d) Catalog associated using GaMMA-
1D with the PREM velocity model. The color version of this figure
is available only in the electronic edition.
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TABLE 2

Association and Relocation Result for Alaska Earthquake Center (AEC) Manual Picks in Iteration Number 2

Reference
Method Phase Relocated Catalog
GaMMA Pphase 139,863 212,850
Sphase 67,507 100,292
Event 6,944 7,242
GaMMA-1D with PREM model Pphase 201,512 212,850
Sphase 90,226 100,292
Event 6,957 7,242
GaMMA-1D with Alaska model ~ Pphase 202,503 212,850
Sphase 93,341 100,292
Event 6,978 7,242

True False False

Positive Positive Negative Precision Recall F1
137,451 2,412 75,399 0.98 0.65 0.78
66,184 1323 34,108 0.98 0.66 0.79
6,767 177 475 0.97 0.93 0.95
201,294 218 11,556 1.00 0.95 0.97
90,134 92 10,158 1.00 0.90 0.95
6,945 12 297 1.00 0.96 0.98
202,281 222 10,569 1.00 0.95 0.97
93,249 92 7,043 1.00 0.93 0.96
6,967 "1 275 1.00 0.96 0.98

Performance is evaluated against the AEC-picked reference catalog from May 2018 to August 2019. PREM, preliminary reference Earth model.

(Fig. 5 C-C’ and D-D’), in which the dip angle increases from
13.4° above 30 km depth to 30.6 + 2.1° at 40-100 km depths.
Although Kuehn et al. (2024) do not estimate the slab dip
uncertainty above 30 km depth, the lower bound of the slab
dip angle below 40 km is significantly greater than the shallow
dip angle. This dip angle change is most prominent in the
western Shumagin segment, gradually fading away toward
the east until it becomes indistinguishable in the Chignik seg-
ment. This feature is also observed in active-source seismic
reflection images along ALEUT lines 4 and 5 (Shillington
et al., 2022; Fig. S2). Recent studies suggest that slab dip is con-
trolled by subduction duration, with additional influence from
the nature of the overriding plate and convergence rate, where
thicker lithosphere with faster convergence tends to produce
flatter dips (Hu and Gurnis, 2020). Given the similar subduc-
tion duration along the Alaska Peninsula and the existence of
the Shumagin Islands, we suspect that the thicker continental
crust of the Shumagin Islands than the surrounding fore-arc
crust may be responsible for the slab dip angle change.

This slab dip angle change at 30-40 km depths coincides with
changes in the aftershock distribution and coseismic deforma-
tion of the 2020 M,, 7.8 Simeonof earthquake. Coseismic mod-
eling indicates that the mainshock ruptured the megathrust at
20-45 km depth, with the most slip concentrating in a narrow
zone at 25-40 km depth, propagating primarily to the west from
the hypocenter (Crowell and Melgar, 2020; Xiao et al., 2021; Ye
et al., 2021). Most megathrust aftershocks were confined in the
Shumagin segment, extending westward and landward from the
mainshock hypocenter and coseismic peak slip area. On the
western end of the rupture area, most aftershocks concentrated
at 30-40 km depths along the plate interface (Fig. 5 C-C'),
whereas on the eastern side, aftershocks extended up-dip to
about 25 km depth (Fig. 5 E-E’). Therefore, our results, along
with coseismic slip models, show that the coseismic and

8 Seismological Research Letters

postseismic deformation of the western portion of the 2020
M., 7.8 Simeonof rupture area was mainly confined at 30-40 km
depths on the megathrust, where the slab dip angle changes rap-
idly. In contrast, the 2021 M,, 8.2 Chignik earthquake ruptured
a wider portion of the megathrust along-dip at 20-45 km depths
without an obvious change in the slab dip angle. Similarly, the
aftershock distribution is wider than that of the 2020 event,
ranging from 20 to 45 km depth, although most aftershocks
are up-dip. In sum, both coseismic slip models and aftershock
distributions suggest that the western portion of the 2020
M, 7.8 Simeonof earthquake ruptured the megathrust in a rel-
atively narrow zone along the dip (30-40 km depths), whereas
the 2021 M,, 8.2 Chignik event rupture area was much wider.

The contrast between the Simeonof and Chignik rupture
areas suggests that the slab dip angle change may play a role
in controlling rupture propagation. Fault geometry signifi-
cantly influences seismicity and slip distribution (Segall and
Pollard, 1980; Ben-Zion and Rice, 1995) because bends and
segmentations often act as barriers to rupture propagation
(AKki, 1979). Various global earthquakes support this phenome-
non; for example, the 2007 M,, 7.7 Tocopilla earthquake rup-
ture was likely inhibited by an abrupt dip angle change
(Contreras-Reyes et al., 2012), and a lateral change in the dip
angle limited the rupture propagation of the 2015 M, 7.8
Gorkha earthquake (Zhang et al., 2017). Along the Alaska
Peninsula in the Shumagin segment, the abrupt slab dip angle
change at 30-40 km depths likely inhibited the seaward propa-
gation of the Simeonof earthquake rupture and triggered stress
release in the overriding plate (see the Aftershocks in the over-
riding plate section). In contrast, the megathrust to the east,
where the dip angle change was less pronounced, experienced
less restriction and allowed for slightly shallower rupture dur-
ing the Chignik earthquake. Other factors, such as plate inter-
face roughness, slab hydration, and variations in the overriding
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Figure 4. Catalogs comparing different deep learning models. All
the catalogs are generated using phase arrivals picked by dif-
ferent models on data from January to February 2019, applying
GaMMA-1D with the Alaska velocity model and the same
relocation process. All other features are the same as Figure 1b.
(@) The reference catalog from January to February 2019 was
manually examined by the Alaska Earthquake Center (AEC).
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(b) Catalogs generated from phase arrivals picked by PhaseNet-
TF trained with the Alaska dataset. (c) Catalogs generated from
phase arrivals picked by EQTransformer trained with the global
dataset. (d) Catalogs generated from phase arrivals picked by
PhaseNet-TF trained with the Tonga dataset. The color version of
this figure is available only in the electronic edition.
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TABLE 3

Comparison Between Different Deep Learning Phase Pickers on Two Months of Continuous Data from January

to February 2019

Model Phases Autodetected
PhaseNet-TF Alaska P phase 128,825
S phase 54,752
Events 4,467
PhaseNet-TF Alaska (Instrument response P phase 118,288
removed)
S phase 52,801
Events 4,251
PhaseNet-TF Tonga P phase 21,036
S phase 15,684
Events 929
EQT Global P phase 219,440
S phase 125,044
Events 27,910

Manual True False False

Pick Positive Positive Negative Precision Recall
25,028 23,991 104,834 1,037 0.19 0.96
11,754 10,922 43,830 832 0.20 0.93
740 728 3,739 12 0.16 0.98
25,028 22,977 95,311 2,051 0.19 0.92
11,754 10,164 42,637 1,590 0.19 0.86
740 728 3,523 12 0.17 0.98
24,965 10,523 10,513 14,442 0.50 0.42
11,754 4,619 11,065 7,135 0.29 0.39
740 499 430 241 0.54 0.67
25,028 10,891 208,549 14,137 0.05 0.44
11,754 2,262 122,782 9,492 0.02 0.19
740 595 27,315 145 0.02 0.80

Performance is evaluated against the Alaska Earthquake Center (AEC)-picked reference catalog. EQT, Earthquake Transformer.

plate strength and thickness, likely also play important roles
(e.g., Shillington et al., 2022; Liu et al., 2023). These combined
factors limited the Simeonof rupture propagation.

Aftershocks in the overriding plate

In addition to along-strike variations in the plate interface, the
distribution of aftershocks within the overriding plate also
shows significant differences. Within 30 days following the
2020 M,, 7.8 Simeonof mainshock, our catalog shows at least
four distinct aftershock clusters extending from the plate inter-
face to the overriding plate (Fig. 5 C-C’, D-D’, and E-E’).
These aftershocks suggest the Simeonof mainshock activated
a complex fault system within the overriding plate in the
Shumagin segment, consistent with active-source images
(Shillington et al., 2022). This type of dynamic triggering has
been observed globally. For instance, the 2010 Maule megathrust
earthquake (M,, 8.8) in Chile triggered seismic slip on a normal
fault within the overriding plate (Hicks and Rietbrock, 2015). In
contrast, after the 2021 M,, 8.2 Chignik mainshock, fewer after-
shocks occurred in the overriding plate during the first 30 days
(Fig. 5 F-F', G-G', and H-H', Fig. 6¢,d).

The activation of the fault system in the overriding plate
after the 2020 M,, 7.8 Simeonof earthquake indicates that
the overriding plate in the Shumagin segment is weaker com-
pared to that in the Chignik segment. Previous seismic tomog-
raphy studies show extremely low-velocity and high-V,/V
anomalies in the overriding plate of the Shumagin segment,
suggesting a high degree of deformation and hydration in this

10 Seismological Research Letters

region (Li et al., 2024; Wang et al., 2024). Therefore, we attrib-
ute the abundant aftershocks in the relatively weak overriding
plate of the Shumagin segment to intensive and extensive
deformation and hydration because the fluids from slab dehy-
dration increase pore pressure, inducing microcracking, and
triggering earthquakes.

At the megathrust depths, the fluids released from slab
dehydration primarily originate from water stored in pore
spaces and loosely bound water within sediments and the
upper oceanic crust. This process is largely determined by plate
hydration in the outer-rise region and the thickness of sedi-
ments (Faccenda, 2014). Because the subduction of the Zodiac
sediment fan influences both the Shumagin and Chignik seg-
ments, the primary along-strike change in hydration arises
from the outer-rise geology. Shillington et al. (2015) proposed
that the existing fabrics on the incoming plate intersect the
trench at a smaller angle (<30°) in the Shumagin segment than
in the Semidi segment, thereby promoting the development of
outer-rise faults. This hypothesis is supported by recent bathy-
metric mapping results, which show the Shumagin segment
with more extensive and larger faults compared to the
Chignik segment (Clarke et al., 2024). In agreement with these
observations, our catalog also shows a significant number of
outer-rise events in the Shumagin segment, whereas only a
few such events are observed in the Chignik segment.

In sum, the aftershock distributions of the 2020 and 2021
major earthquakes confirm that the slab dehydration and over-
riding plate hydration are more intensive and extensive in the
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Figure 5. Map and cross sections of the final (iteration number 2)
catalog. On the map, red, blue, and green circles represent
aftershocks occurring within 30 days of the Simeonof, Sand
Point, and Chignik mainshocks, respectively. The black dots
indicate background seismicity before June 2020. On the map,
straight lines indicate the cross sections shown in other panels,
and other features are the same as in Figure 1b. The trench-
normal cross sections have the same length from the trench,
focusing on the main rupture areas at 20-50 km depths and 80—
190 km from the trench. In each cross-section panel, crosses
show the aftershocks of the three mainshocks with horizontal
and vertical uncertainties (1-sigma). The black dots indicate the
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background seismicity before June 2020. The black curve and
gray area on the top represent topography and bathymetry,
whereas the red and green curves show the coseismic slip dis-
tributions for the Simeonof (from Elliott et al., 2022) and Chignik
(from Xiao et al., 2021) earthquakes, respectively. The pink and
gray curves illustrate the slab surface (top of the plate interface)
from Wang et al. (2024), based on a model constrained by active-
source seismic experiments (pink, Kuehn et al., 2024) combined
with the Slab2 model (gray, Hayes et al., 2018). The red, dashed
curve indicates the revised plate interface based on the back-
ground seismicity relocation in this study. The color version of this
figure is available only in the electronic edition.
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Figure 6. (a—c) Background seismicity and aftershocks of the 2020
Sand Point earthquake. The black crosses represent events with
horizontal and vertical uncertainties. Other features are the same
as in Figure 5. The green, red, and blue boxes in (c) denote the
regions of the overriding plate, plate interface, and intraslab,
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respectively, used for estimating temporal changes in Figure 7.
Given the hypocenter uncertainties and plate interface thickness
(Kuehn et al., 2024), we assume all events within 5 km above or
below the slab surface occurred on the plate interface. The color
version of this figure is available only in the electronic edition.
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Shumagin segment than in the Chignik segment, as observed
in previous tomography images (Shillington et al., 2022; Li
et al., 2024; Wang et al., 2024).

Complex fault system of the 2020 M,, 7.6 Sand
Point strike-slip earthquake

The 2020 M,, 7.6 strike-slip event ruptured within the slab and
unexpectedly generated a notable tsunami. Contrary to previous
studies that mainly focus on the slab interior (Herman and
Furlong, 2021), our catalog shows two clusters of aftershocks
delineating two previously unmapped faults with almost iden-
tical strike and dip angles, one within the slab and the other in
the overriding plate (Fig. 5 A-A’ and B-B’). The intraslab fault
is responsible for the mainshock, extending 10-15 km down-
ward from the plate interface. Based on the distribution of
the first-day aftershocks, the intraslab fault has a strike of 1°
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Figure 7. Cumulative number of events and daily event rates
before and after the three events. The top panels show events
with Global CMT solutions plotted at their origin time and dis-
tance from the slab surface. Lower panels show event rates for
the overriding plate, on the interface, and inside the subducting
plate. (@) Number of events 100 days before and 200 days after
the Sand Point earthquake. (b) Zoomed-in view of (a), showing 5
days before and 30 days after the Sand Point earthquake.

(c) Number of events 20 days before and 60 days after the
Simeonof earthquake. (d) Number of events 20 days and 60 days
after the Chignik earthquake. The color version of this figure is
available only in the electronic edition.

and a dip angle of 70°. The aftershocks in the overriding plate
extended from the plate interface at ~25 km depth to the Earth’s
surface. If all of them occurred on a single fault, it would have a
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strike of 5° and a dip angle of 52° on the first day of activation,
and gradually change to a strike of 14°. Some of the aftershocks
ruptured along the plate interface, with the lower bound
coinciding with the slab dip angle change discussed in the
Slab dip angle change affects megathrust rupture section, sug-
gesting that the dip change also influenced the rupture propa-
gation of the Sand Point intraslab earthquake.

Examining the background seismicity from January 2018
through June 2020 reveals few events along these faults. To
further investigate the nature of these unmapped faults, we
relocate all events with Global CMT solutions in the aftershock
region back to 1970 with our catalog using the same setting and
find that none align with the geometry of the two fault planes,
indicating a long history of seismic quiescence. These faults are
not identified in previous active-source studies or regional tec-
tonic maps (Bruns et al, 1987; Bécel et al., 2017; Shillington
et al., 2022) in which most identified faults dip northward.
Based on Coulomb stress change studies (Herman and
Furlong, 2021; Elliott et al, 2022; Yang et al, 2023), the
Simeonof earthquake likely caused a maximum stress change
of four bars in this region, insufficient to initiate a new fault
plane in the overriding plate. Thus, we suspect that the after-
shocks in the overriding plate delineate a pre-existing,
unmapped fault system, possibly related to the backstop splay
fault zone along the trench (von Huene et al, 2021).

To better understand the deformation in this region south
of the Shumagin Islands, we plot the temporal evolution of
seismicity before and after the M,, 7.8 Simeonof and M,, 7.6
Sand Point mainshocks (Fig. 6a—c). In addition, our high-
precision catalog enables us to distinguish events in the slab
from those in the overriding plate (Figs. 6¢c and 7b). The
Simeonof earthquake on 22 July 2020 triggered overriding
plate aftershocks near but more seaward of background seis-
micity and more plate-interface aftershocks down-dip to
40 km depth (Fig. 6a,b). After the Simeonof event, seismic
activity did not increase significantly in the region where
the Sand Point earthquake occurred. The Sand Point main-
shock on 19 October 2020 triggered numerous aftershocks in
a previously seismically quiet region closer to the trench
(Fig. 6¢). After the Sand Point mainshock, aftershock activity
surged immediately in the slab and plate interface, with a sec-
ond peak of activity seven days after the mainshock (Fig. 7b).
This second peak coincides with the onset of aftershocks in
the overriding plate. No big (M > 5.5) earthquake occurred
on day 7 that could be potentially linked to this activation of
faults in the slab, plate interface, and overriding plate.

Given the temporal and spatial distributions of aftershocks,
we propose that the M, 7.6 Sand Point ruptured within the
slab and triggered slip along the megathrust. Shallow mega-
thrust slip during or shortly after the main M., 7.6 slip, possibly
with a low amplitude, could generate a tsunami, as suggested
by geodetic modeling and tsunamic simulation (Grapenthin
et al., unpublished manuscript, see Data and Resources).
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Intriguingly, the overriding plate remained silent for 7 days
after the mainshock before being ruptured by numerous
aftershocks. We suspect this 7-day delay of overriding plate
seismicity is related to fluid migration from the slab into the
fore-arc crust, although we do not observe obvious aftershock
migration in the overriding plate (Movie S1). We acknowledge
that our catalog is probably incomplete, and some small
aftershocks could have occurred within 7 days after the main-
shock. However, given the same detection capability across the
system, we are confident to conclude that the overriding plate
was seismically inactive compared to the slab and plate inter-
face immediately after the mainshock. Therefore, we suggest
that the slip within the overriding plate was not responsible
for generating the tsunami on 19 October 2020, in contrast
to some studies that invoke overriding plate faults (e.g., Bai
et al., 2023).

Conclusions

In this study, we examine complex seismic behaviors in the
Alaska Peninsula region, focusing on the aftershocks of
major earthquakes in 2020 and 2021. By integrating deep
learning techniques, advanced phase picking, and improved
association and relocation methods, we develop a high-pre-
cision earthquake catalog with 36 times more events than the
ISC Reviewed Bulletin. Our findings suggest that slab geom-
etry, particularly an abrupt dip angle change at 30-40 km
depths in the Shumagin segment, may influence rupture
propagation during both megathrust and intraslab events.
The 2020 M,, 7.8 Simeonof earthquake rupture appears to
have been inhibited from propagating up-dip by this dip
change, likely inducing stress release in the overriding plate.
In contrast, the 2021 M,, 8.2 Chignik earthquake ruptured a
smoother megathrust, possibly facilitating more extensive up-
dip rupture. Aftershocks in the overriding plate are more abun-
dant and widespread in the Shumagin segment than in the
nearby Chignik segment. We suggest that this contrast reveals
a more deformed and hydrated overriding plate, likely resulting
from more extensive and intensive slab dehydration in the
Shumagin segment. The 2020 M,, 7.6 Sand Point aftershocks
delineate two previously unmapped faults in the slab and over-
riding plate with nearly identical strikes and dip angles. The
overriding plate fault was activated 7 days after the mainshock,
but no big (M > 5.5) earthquakes could be linked to the onset of
this fault activation.

Data and Resources

All data and codes associated with this study are publicly accessible and
built on open-source platforms. PhaseNet-TF can be accessed at doi: 10
.5281/zenodo.14877592, and GaMMA-1D is available at doi: 10.5281/
zenodo.14877602. The compiled dataset is hosted on Hugging Face at
doi: 10.57967/ht/4498, with model weights available at doi: 10.57967/hf/
4499. The supplemental material includes cross sections of the final
catalog with coseismic slip model from Ye et al (2021, 2022;
Fig. S1), cross sections of the final catalog along ALEUT Line 3, 4,
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5 (Li et al., 2015; Fig. S2), final earthquake catalog (Data Set S1), and a
movie showing temporal evolution of seismicity before and after the
2020 M,, 7.6 Sand Point mainshock (Movie S1). Data processing
and visualization were carried out using open-source packages, includ-
ing ObsPy (https://github.com/obspy/obspy/) and GMT (https://
docs.generic-mapping-tools.org/latest/). All seismic data used in this
study were downloaded from EarthScope Consortium Web Services
(https://service.iris.edu/) including the following seismic networks:
(1) the II (Scripps Institution of Oceanography, 1986); (2) the GM
(US. Geological Survey [USGS], 2016); (3) the AK (Alaska
Earthquake Center, University of Alaska Fairbanks, 1987); (4) the
AT (National Oceanic and Atmospheric Administration [NOAA],
1967); (5) the AV (Alaska Volcano Observatory/USGS, 1988); (6)
the TA (Incorporated Research Institutions for Seismology [IRIS]
Transportable Array, 2003); (7) the XO (Abers et al., 2018); and (8)
the 6] (Abers et al, 2021). The unpublished manuscript by
Grapenthin et al. (in revision), “Late triggered megathrust slip following
the 2020 My, 7.6 Sand Point Alaska strike-slip earthquake explains its
tsunami,” submitted to Seismica.
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