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Geodetic Observations of Tectonic Deformation in Alaska
and Western Canada: The EarthScope Revolution

Julie Elliott?, Jeffrey T. Freymueller, and Ronni Grapenthin?

ABSTRACT

The number of GPS sites in Alaska and western Canada has exploded over the past 15 years, largely due to the
PBO/NOTA stations installed as part of the NSF-funded EarthScope project. This expanded geodetic data set
has provided an unprecedented view of deformation along the north Pacific margin. The entire region moves in
ways distinct from stable North America. Long-term motion of the upper plate includes northwestward motion
in southeast Alaska and the St. Elias region, a clockwise rotation from the southeast Alaska coast into the North-
ern Cordillera of Canada, a series of counterclockwise rotations south of the Denali Fault, and southerly motion
in northern Alaska. Geodetically determined coupling along the subduction interface varies greatly, with corre-
lations between past earthquakes, areas of high and moderate coupling, and lateral coupling boundaries. GPS
data from a number of large earthquakes have captured complex slip patterns, evolution of slip during events,
and interactions between earthquakes. Postseismic deformation from several large earthquakes, including the
1964 M9.2 Great Alaska and the 2002 M7.9 Denali earthquakes, is ongoing. Transient slow slip events along the

subduction interface may accommodate part or most of the slip budget in areas of partial coupling.

5.1. INTRODUCTION

Surface deformation in Alaska and western Canada is
highly variable and complex, far-reaching, and driven by
a number of different tectonic and nontectonic processes.
Deformation contributors include major plate boundary
faults in southern Alaska, other fault networks that trans-
fer and accommodate relative plate motion far inboard of
the main plate boundary, and expansive glacier systems
experiencing substantial change (Figure 5.1). This active
natural laboratory has long been a target for geodetic
measurements, from terrestrial triangulation networks
beginning in the early 1980s (e.g., Lisowski et al., 1987,
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Savage et al., 1981), to Very Long Base Interferometry
(VLBI) starting in the early 1980s (e.g., Ma et al., 1990),
and the Global Positioning System (GPS) starting with
the first survey conducted by the National Geodetic
Survey in 1984. GPS surveys and sites rapidly expanded
throughout the 1990s and 2000s, revealing new informa-
tion about large-scale tectonic motions, fault slip rates,
deformation during the various parts of the earthquake
cycle, and nontectonic processes such as glacial isostatic
adjustment (GIA) as detailed in a summary of geodetic
studies 15 years ago (Freymueller et al., 2008).

Over the past 15 years since that study, the quantity and
quality of geodetic measurements in Alaska has greatly
increased. New networks of both campaign and continu-
ous GPS sites have been installed and generated mature
data sets. The enhanced spatial coverage of these sites has
allowed both opportunities for broad, synoptic studies
and more detailed evaluations of plate motions, slip
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Figure 5.1 Tectonic Setting for Alaska and Western Canada. PFZ, Pamplona Fault Zone; TF, Totschunda Fault;
MG, Malaspina Glacier; DR, Duke River fault; GSZ, Gulf of Alaska Shear Zone; TZ, Transition fault; ISZ, interior

seismic zones. Red arrows and text demark different segments of the Alaska—Aleutian subduction zone. The area
labeled Yakutat block marks out the portion of that block that has not been subducted

rates on faults, and distributed deformation. Increased
temporal coverage from continuously operating GPS
sites (cGPS) has enabled precise characterization of slip
during earthquakes and more thorough characterization
of time-variable tectonic phenomena such as slow slip
events (SSEs) and postseismic deformation. Long, i
some cases, multidecadal, time series allow the investi-
gation of signals such as seasonal snow loading and the
evaluation of the different processes contributing to the
observed deformation.

In this study, we explore in detail the changes in the
geodetic data and processing and what these new data sets
have taught us about active tectonic processes in Alaska
and western Canada. After discussing the changes in
networks and processing techniques, we outline the
various contributing signals typically found in Alaska
geodetic data and strategies for isolating a desired tar-
get signal. Major findings over the past 15years about

steady-state tectonic motion, earthquakes (both recent
and re-evaluations of past events), postseismic defor-
mation, transient slow slip events along the subduction
interface, and geodynamics in Alaska are summarized.
Finally, we discuss the implications of these results for
Alaska tectonics and highlight developing data sets and

techniques that will likely lead to more exciting geodetic
discoveries over the next 15 years.

5.2. GEODETIC SITES AND NETWORKS IN ALASKA

The state of geodetic data and infrastructure has
changed dramatically over the past 15 years. At the time
of the publication of the previous AGU monograph
(Freymueller et al., 2008), most of the GPS data was
collected episodically at campaign sites. The number of
¢GPS was less than three dozen. Large areas of Alaska
had very sparse or no campaign or continuous GPS
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Figure 5.2 Comparison between GPS/GNSS sites in 2008 at the time Freymueller et al. (2008) was published and

the present day.

sites at all (Figure 5.2). While the continuous sites of
the Plate Boundary Observatory (PBO, now Network
of the Americas or NOTA) had begun to be installed in
2004 as part of the EarthScope project (funded by the
National Science Foundation), the data time series at
most sites were too short (<2-3 years) to produce reliable

steady-state velocities by the time that study’s data set
was finalized.

When the network installation was completed in 2008,
the PBO/NOTA network in Alaska contained almost
150 ¢GPS, and the majority of sites remain in operation.
The network increased station density in southcentral,
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southeast, and interior Alaska as well as along the Alaska
Peninsula and the Aleutian Islands (Figure 5.2). New
stations were installed in previously uninstrumented
regions in western and northern Alaska. In addition to
the PBO/NOTA network, other research projects (primar-
ily focused on long-term tectonics, earthquake-related
deformation, and GIA) added new cGPS sites in the
Wrangell Mountains and Copper River Valley, the
Matanuska-Susitna Valley, the Shumagin and Semidi
Islands, and the Mackenzie Mountains. The number of
¢GPS sites in Alaska will be continuing to expand, as the
state is planning its own network (Alaska Continuously
Operating Reference Network, ACORN). The number of
both new campaign (or episodic) sites and occupations at
existing campaign sites also significantly increased over
the past 15 years. Campaign sites have only a permanent
benchmark, and GPS equipment is typically set up to
collect data over the benchmark for a few days each
year or every few years. The main drivers of the new
campaign data have been individual and collaborative
research projects funded by a variety of entities including
the National Science Foundation, the Geological Survey
of Canada, the University of Victoria, Michigan State
University, the University of Alaska Fairbanks, and
Purdue University. These projects investigated long-term
tectonic motions (including in the Mackenize and the
Chugach-St. Elias Mountains), earthquakes (including
the 2018 M7.1 Anchorage, 2020 M7.8 Simeonof, and
2021 M8.2 Chignik earthquakes), postseismic deforma-
tion (including from the 2002 M7.9 Denali earthquake
as well as from the Anchorage, Simeonof, and Chignik
earthquakes), and GIA.

As the networks have expanded, navigation satellite
constellations and hardware developments have also
undergone significant changes. GPS, while often used as a
generic term for satellite navigation systems, refers to the
U.S. operated navigation satellite system. Other systems
are now operational, including GLONASS (Russia),
Beidou (China), and Galileo (European Union), which
along with GPS are collectively referred to as “Global
Navigation Satellite Systems” (GNSS), and modern
GNSS equipment can receive and record signals from
multiple satellite constellations. In the case of the results
discussed below, however, the vast majority of the data
is GPS only. For this reason, we use GPS rather than
the more broadly encompassing term GNSS. Another
recent, major advance is the advent of seafloor or acoustic
GPS/GNSS systems. These systems, consisting of acous-
tic transponders installed on the seafloor and receivers
and antennas that are episodically positioned over the
transponders at the sea surface, are capable of ~ cen-
timeter level accuracy (e.g., Chadwell & Spiess, 2008).
While this is an order of magnitude lower accuracy than
land-based GPS measurements, the acoustic systems can

provide invaluable information in the offshore regions of
subduction zones and transform fault systems. The first
three acoustic sites in Alaska were installed offshore the
Alaska Peninsula in 2018, and measurements were taken
several times between 2018 and 2021 (Brooks et al., 2023;
DeSanto et al., 2023). A new community experiment
will install several additional sites offshore the Alaska
Peninsula starting in 2024.

Data from both the ¢GPS and the campaign sites
play critical roles in evaluating deformation in Alaska.
Campaign sites require only a benchmark as infrastruc-
ture, making them an economical way to densify sites
in a region or making sites possible in areas in which
permitting for more permanent structures may be dif-
ficult. Episodic data from campaign sites is valuable
for determining long-term steady-state motions, earth-
quake offsets, longer-term postseismic signals, GIA, and
longer-term uplift and subsidence signals. cGPS requires
additional infrastructure (including antenna mounts,
enclosures, power systems, and ideally communications),
but their daily or subdaily positioning capabilities allow
the investigation of short-lived or rapidly varying signals
(such as seasonal hydrologic loading, slip developing
during earthquakes, or rapid postseismic deformation) in
addition to the signals captured by the episodic campaign
measurements. The combination of the campaign and
¢GPS sites provides both spatial and temporal measure-
ment densities. The new results enabled by the expanded
networks shown in Figure 5.2 are discussed below.

5.3. A BRIEF HISTORY OF UAF/MSU
GPS DATA ANALYSIS

Almost all results described or shown in this chapter
come from the GPS time series analyzed at the University
of Alaska Fairbanks and Michigan State University over
the past 28 years. Data analysis methods have evolved
considerably over that time, so this section updates the
description of data analysis presented in Freymueller
et al. (2008). In this section, we summarize the cur-
rent approach and briefly discuss how the older analysis
results that appear in the cited papers differ. Over time, we
used different versions of the NASA/JPL GIPSY/OASIS
data analysis package (Bertiger et al., 2010; Zumberge
et al., 1997). In all cases, daily position solutions were
estimated, with all data from a given UTC day being
combined to estimate a single position for each site, and
all solutions were aligned to the International Terrestrial
Reference Frame (ITRF) (e.g., Altamimi et al., 2016),
with the version of ITRF used changing over time. Dis-
placements or velocities were then estimated from those
daily position time series. The methods used to estimate
displacements or velocities have changed very little over
time, being standard least-squares methods.
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Since about 2010, all of our published results (with rare
exceptions) have used the precise point positioning (PPP)
method, in which satellite orbit and clock parameters
from a global solution are held fixed, and each individual
site is processed one at a time. This method is highly
scalable and allows large networks of sites to be analyzed.
Older work used network solutions, in which a regional
group of sites are processed together each day, in a single
estimation step. Network solutions are computationally
burdensome for large numbers of sites due to the com-
putational time needed to invert the very large matrices
involved.

The different analysis approaches over time have been
given (internal) version numbers, which are referenced
below. In general, estimated site velocities changed very
little from version to version, except for unusual cases
where sites had very few observations, used unusual anten-
nas, or antenna calibrations changed. However, the noise
level of the solutions decreased substantially with each
version, so the displacement and velocity uncertainties
have tended to decrease with each reanalysis.

All individual daily solutions are aligned to the ITRF
(ITRF2014 [Altamimi et al., 2016] for the current solu-
tions). The frame alignment involves using the ITRF
coordinate model to compute the position of all sites
in the ITRF model for the day in question and then
computing a seven-parameter similarity transformation
(translation, rotation, and scale) to align our (frame-free)
solution to the ITRF. Over time, accumulating forward
projection error, earthquakes, antenna changes, and other
events or offsets invalidate the ITRF coordinate model
for certain sites. Therefore, we maintain a time-dependent
list of the sites that should be used to compute the
transformation.

5.3.1. Current Analysis (Version 4, 2020 to Present)

The current analysis uses the goa-6.4 version of GIPSY
and the second Jet Propulsion Laboratory (JPL) repro-
cessed set of orbit and clock products (IGS repro2) for
the International GNSS Service (IGS) for 1995-2014,
along with the current JPL operational products for
all later times. We apply correction models for subdaily
displacements due to solid earth tides and ocean tidal
loading. Models for atmospheric loading are not currently
removed. Loading models are computed in the center of
mass of Earth System (CM) frame, which is the center of
mass of the solid Earth plus all fluids and atmosphere. We
apply the second-order ionospheric correction, using the
IGS Final IONEX file as the daily ionospheric model. We
apply azimuth and elevation-dependent antenna phase
center corrections and estimate the site position, receiver
clock error, and atmospheric delay.
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The antenna phase center models are azimuth and
elevation-dependent models, based on the IGS14 phase
center models (Rebischung & Schmid, 2016; https:/files
.igs.org/pub/station/general/igs14.atx), augmented by
models published by the National Geodetic Survey for
non-IGS antennas. The IGS14 models include many more
antenna types than older models and are overall more
self-consistent. These models also differ in scale from the
IGS08 models, part of an iterative process to measure
an accurate scale for GPS positioning. The issues with
the definition of scale result from the fact that the GPS
spacecraft antennas had no published calibrations from
before launch and thus had to be empirically estimated
given an assumed set of ground antenna calibrations.

We model atmospheric path delays wusing the
VMFIGRID wet and dry tropospheric path delays
and mapping functions provided by TU Wien (Béhm
et al., 2006). VMF1GRID values are provided on a 2° x
2° global grid each day based on ECMWF global weather
models, and these are interpolated to each site’s location
accounting for site elevation above the ellipsoid. We apply
the VMF1GRID a priori values for both wet and dry tro-
posphere zenith delays and the day- and location-specific
mapping function. We then estimate a correction to the
wet delay that includes the time-varying value at zenith
and a constant gradient with azimuth.

After estimating point positioning solutions for all
sites of interest, locally and global, we construct a global
solution by concatenating coordinate solutions for all
sites. This includes the globally distributed sites that are
included in the ITRF2014 coordinate model, which are
primarily used for the frame alignment. Global solutions
are then aligned to ITRF2014 as described above. Our
software also has the capability to define one or more
regional subsets of sites. In older work using the version
3 solutions, the results always came from these regional
subsets, but in the version 4 solutions we use the full
global set.

5.3.2. Older Point Positioning Methods
(Version 3, ~2010-2020)

In most respects, our older point positioning solu-
tions (Fu & Freymueller, 2012; Fu et al., 2012) were
done in largely the same way as the current analyses.
Those solutions used an older version of the GIPSY
software, goa-5.1 (Zumberge et al., 1997), which lacked
a few important modeling capabilities present in goa-6.4.
The two most important differences are that the older
solutions did not use single-station ambiguity resolution
(Bertiger et al., 2010) as in the current version 4 solutions,
and the older version 3 solutions used the Global Pressure
and Temperature (GPT) model (B6hm et al., 2007) for
tropospheric mapping functions and a priori parameter
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values rather than VMF1GRID. GPT is a seasonalized
average of VMF1, but the VMFGRID model currently
used is significantly better, and results in about a 25%
reduction in the short-term scatter of vertical positions.
The older version 3 solutions also lacked second-order
ionospheric corrections, but this makes only a very small
improvement to the current solutions. The version 3
solutions used the JPL-reprocessed set of orbit and clock
products (now called “IGS reprol”) for 1996-2008, along
with the JPL operational products for all later times. The
reprol campaign was the first systematic reprocessing
of all IGS data with updated models, and the orbit and
clock products were substantially improved and more
self-consistent over the older operational products. The
daily solutions were aligned to the ITRF2008 realization
of ITRF, which was the current version at that time.

The antenna phase center models applied azimuth and
elevation-dependent corrections, based on the IGS08
phase center models or models published by the National
Geodetic Survey for non-IGS antennas. These phase
center models are “absolute” models although based
on assumed values for the transmitter phase center
variations.

5.3.3. Network Solutions (Version 2, 2002-2010)

The network solution strategy used prior to about 2010
was also based on GIPSY goa-5.1 software, but with a set
of up to 250 sites processed together in a single network
solution. The network solution included all sites within
Alaska, plus all IGS sites within ~4000 km of Alaska.
After the construction of the Plate Boundary Observatory
network, the continued use of network solutions became
impractical due to the large number of sites present. This
set of solutions used orbits from the JPL operational
submission to the IGS for all dates. As a result, there were
changes over time in the orbit quality as models and JPL’s
analysis center procedures were improved. Because these
were network solutions, we did not use the JPL clock
solutions but instead estimated the satellite clock errors.

The network solution strategy was more fully described
in Freymueller et al. (2008). In network solutions, the
clock at one site must be held fixed as a reference clock,
and all estimated clock errors are relative to that clock’s
value. The specific site chosen does not matter too much
as long as its clock is well behaved, but receivers such
as Trimble receivers that include millisecond offsets in
their clock to account for drift cannot be used as a
reference clock. Typically, we used the site ALGO (Algo-
nquin Park, Canada) because it had an ultrastable clock.
Those solutions were aligned to either the ITRF2000
or ITRF2005 reference frames, depending on the date
each given study was done, although all work always
referenced all solutions to the same frame. The network

solutions used ocean tidal loading models computed
using the TPXO.2 ocean tidal model, in the center of
mass of solid Earth frame.

Antenna phase center corrections were applied using
the IGSO0S5 calibration models or models published by the
National Geodetic Survey for non-IGS antennas. These
models did not correct for azimuthal variations, only
variations with elevation angle. These calibrations were
based on relative antenna elevation models, in which the
Dorn-Margolin with choke ring antenna was taken as the
reference for all phase center models, and thus had zero
elevation-dependent variation. An error in applying the
antenna phase center models was present in this solution
series and was discovered and corrected in preparing
for the version 3 solution series (the elevation angle and
angle from nadir were accidentally swapped). This caused
biases in the computed site positions but had little impact
on displacements or velocities except in the case of a
few unusual antennas with large elevation-dependent
corrections.

5.3.4. Estimating Velocities and Displacements

Each previously published study described how veloc-
ities and displacements were computed from the time
series, in varying detail. The general process is described
in this section, and the methods used in individual studies
can be assumed to reflect this description except as noted
in any individual paper.

Currently, velocities are estimated on a site-by-site
basis (independently). We first extract all solutions for a
given site from our complete set of global solutions and
store these values in a site time series file using software
written in MATLAB. We do not apply a regional filter for
common mode errors for velocity solutions but do apply
such a filter for estimating displacements from smaller
earthquakes. The velocities are estimated along with other
parameters in a standard least-squares solution, assuming
a colored noise model (Mao et al., 1999) for the time cor-
relations in the data. Additional parameters include the
position at a reference time and optionally may include
seasonal (annual and semi-annual) terms, offsets for
antenna changes or earthquakes, and postseismic tran-
sient terms (exponential and/or logarithmic relaxation).
For large earthquakes, we have typically based velocities
on only the pre-earthquake data rather than trying to fit
both the pre-earthquake and the postseismic time series
accurately.

We build a data covariance matrix by scaling the formal
uncertainties from the position solution (variance scaled
by a factor of 3) and adding flicker noise of an uncer-
tainty of 1 mm for the horizontal components and 2 mm
for the vertical. The default variance scaling is based
on the typical short-term (day-to-day) repeatability of
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coordinate estimates, and the flicker noise uncertainties
are based on typical values from a noise analysis of many
sites. After the model fit, the final parameter variance is
rescaled so that the reduced chi-square statistic is equal
to 1. This rescales both components of the noise model
by the same value. Older estimates did not use colored
noise but compensated for the time-correlated errors
by adding an additive uncertainty proportional to 1/7T,
where T is the total time span of data for the site. In
practice, the use of a white noise or colored noise model
for episodic campaign data gives almost the same results,
but the velocity and other parameter uncertainties for
continuous sites are much more realistic when a colored
noise model is used.

New coseismic displacements presented here are based
on the difference between the pre- and post-earthquake
positions in ITRF. For each earthquake, we averaged the
5 days prior to the earthquake to get the pre-earthquake
position and the 5 days after to get the post-earthquake
position. This strategy is appropriate for continuous sites.
The solutions on the day of the earthquake were not
used. We scaled the uncertainties of each of the pre- and
post-earthquake positions so that the reduced chi-square
of the 5-day average would be equal to 1; this is assessed
over the whole network considered. The post-earthquake
positions likely include some postseismic deformation.
The choice of a 5-day average reflects a trade-off between
improved noise reduction by averaging against some early
postseismic deformation leaking into the coseismic dis-
placements. In some cases (e.g., Hreinsdéttir et al., 2006),
we have instead fit a linear trend plus offset (and poten-
tially postseismic terms) to the time series to compute a
coseismic displacement that does not include any post-
seismic deformation or to allow inclusion of data from
sites (like campaign sites) that were not recording right
at the time of the earthquake. Among the earthquakes
presented in this chapter, only the October 2020 M7.2
Sand Point earthquake was treated this way due to the
fact that it occurred within the middle of an ongoing
postseismic transient.

For the new results shown below, we extracted a sub-
set of our global solution that includes all sites within
1,500-2,500 km from each earthquake, depending on its
magnitude. The pre- and post-earthquake solutions with
scaled errors were differenced to get the displacements
and their covariance matrix. For some of the smaller
earthquakes, we applied an additional local reference
frame stabilization step. In this step, we first extracted all
sites within our initial subset that were far enough from
the event to have zero displacement. We averaged the pre-
and post-earthquake positions for those sites only and
re-aligned each daily solution with those average coordi-
nates. We then recomputed the pre- and post-earthquake
solutions from the stabilized solutions and computed
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the displacements. The difference between the stabilized
and original globally aligned solutions was negligible
for the horizontal components, but biases in the verti-
cal are smaller after stabilization. We hypothesize that
the stabilization is mainly compensating for unmodeled
time-dependent loading, likely atmospheric pressure
loading.

5.3.5. North American Reference Frame

Velocities and displacements are computed (above) in
the ITRF, reflecting the underlying reference frame defini-
tion of the solutions. By convention, the ITRF is defined
such that there is no net rotation of the lithosphere due
to ongoing plate motions (Altamimi et al., 2007). This
is a geologically arbitrary definition but one that can be
precisely defined and accurately computed. To analyze
tectonic motions relative to a plate, we must estimate the
motion of the plate in ITRF or use such an estimate from a
previous study. We subtract the predicted motion of North
America (Argus et al., 2010) from the estimated ITRF
velocities, which results in velocities relative to the North
American plate that we can use for modeling tectonic
processes. We add an uncertainty to the velocity relative
to North America that reflects the uncertainty in the
definition of North America. Currently that uncertainty
is ~1 mm/year, but in our pre-2010 network solutions, it
was 2-3 mm/year (Freymueller et al., 2008). In the case of
abrupt displacements (e.g., earthquakes), we can simply
use displacements computed in ITRF directly because the
displacement of North America relative to ITRF is negli-
gible over time periods of a few days or even a few weeks.

In the case of the North American plate, the plate
motion estimate is complicated by the combination
of broad tectonic deformation over the western part
of the continent and GIA deforming the eastern part of
the continent (Ding et al., 2019; Kreemer et al., 2018).
Although the GIA strains are small, they are nonzero and
ignoring the horizontal motion due to GIA causes biases
in the estimated plate motion, with the bias varying with
the choice of sites used to define the plate. As a result,
different estimates of North America motion can result in
motion differences that can reach the level of 1-3 mm/year
over Alaska. In most of our published results over the
past several years, we adopted the estimate of the motion
of North America from the GEODVEL model of Argus
et al. (2010), updated to the ITRF2014 frame. The dif-
ference between ITRF and a North America fixed frame
is a rotation about an axis that passes through the Earth
surface offshore of Ecuador so that the motion of stable
North America in ITRF shows a broad counterclockwise
rotation. The GEODVEL model also includes a small
frame origin shift, with the most recent estimate being
that the center of plate rotation is moving at a rate of
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~0.6 mm/year relative to the center of mass of Earth
system (Argus et al., 2014). Ding et al. (2019) showed
that this frame origin shift, in combination with GIA
horizontal motions (Peltier et al., 2015), can explain the
observed strain across eastern North America.

5.4. SIGNALS IN GPS DATA

Alaska’s extremely active and complex geologic envi-
ronment, which includes active tectonics, volcanism, and
current and past cryosphere change, results in a superposi-
tion of signals in geodetic observations. We briefly discuss
the signals that are most influential in Alaska, how they
impact the geodetic data and can influence data interpre-
tation, and strategies to isolate target signals in the data.

5.4.1. Tectonic Signals

Tectonic signals can be broadly divided into those
related to earthquake cycle deformation and those related
to transient tectonic deformation, although some behav-
ior crosses boundaries and cannot be neatly categorized.
The simplest version of an earthquake cycle model
consists of the interseismic, coseismic, and postseismic
phases (e.g., Scholz, 2002; Figure 5.3). The interseismic
phase is characterized by steady-state or linear motion
over time periods of decades or centuries depending
on the region or individual fault. During the interseis-
mic phase, the sides of a fault will be locked, or stuck
together, due to frictional forces while the crustal blocks
on either side of the fault continue to move. This results
in the accumulation of stress and strain. Eventually, the
frictional forces along the fault are exceeded, and the
coseismic phase begins as the fault abruptly slips in an
earthquake. The coseismic slip on a fault loads stress
onto the crust and mantle which in turns leads to the
postseismic phase. During the postseismic phase, stress
imposed by the earthquake may be released through
afterslip along the fault plane, poroelastic deformation,
or viscoelastic relaxation of the ductile lower crust and
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upper mantle (e.g., Biirgmann & Thatcher, 2013). Post-
seismic deformation is time-dependent and nonlinear and
may last months to decades (and in rarer cases, a century
or more) depending on the local material properties of
the solid Earth and the characteristics of the earthquake
(e.g., Biirgmann & Dresen, 2008). During the postseismic
phase, the fault becomes frictionally locked again, and
strain begins accumulating toward the next earthquake.
Eventually, the nonlinear postseisemic signals decay to
an insignificant rate, steady-state motion resumes, and a
new interseismic phase begins.

Transient tectonic signals, such as SSEs along sub-
duction interfaces, do not fit neatly within the simple
model of the earthquake cycle. Slow slip events release
strain over a period of days to years instead of seconds to
minutes. Characteristics of the SSEs, including duration,
depth, reoccurrence interval, and size, vary by location,
but SSEs appear to primarily occur within areas of the
fault plane that are not strongly locked (e.g., Bartlow
et al., 2021). Multiple SSEs have been recorded along the
Alaska subduction zone and are discussed in detail below.

5.4.2. Nontectonic Signals

Geodetic data often also contain nontectonic signals.
In Alaska and western Canada, the most impactful of
these signals are GIA, seasonal hydrologic loading, and
volcano deformation. Glacial isostatic adjustment is the
response of the solid Earth to changing ice loads, includ-
ing an immediate elastic response and a longer-term
viscoelastic response if the change in ice mass is large.
Although GIA produces the largest signals in the vertical
component, significant horizontal deformation is also
possible and can bias tectonic interpretations (e.g., Larsen
etal., 2005; Kreemer et al., 2018). In Alaska and Canada,
the loss of the Laurentide and Cordilleran ice sheets
since the Last Glacial Maximum produces vertical signals
(dominantly subsidence) of 1-3 mm/year (DeGrandpre
& Freymueller, 2019; Peltier et al., 2015). The largest
ongoing GIA signals in the region are along the Gulf of
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Figure 5.3 North-South component of GPS time series for site AC13 on Chirikof Island (Figure 5.1), illustrating
how deformation during different phases of the earthquake cycle is recorded in geodetic data. The horizontal axis

is shown as years.
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Alaska coast (especially southeast Alaska) and are due
to the massive ice loss since the end of the Little Age less
than 300 years ago. In southeast Alaska, GIA produces
uplift rates of 30-35mm/year and horizontal rates of
>5mm/year (Elliott et al., 2010; Larsen et al., 2005).
Over the past two decades, time-varying GIA signals have
been observed in GPS data as ice loss in the region has
accelerated (Hu & Freymueller, 2019).

Seasonal deformation due to hydrologic loading is
widespread across the region and is particularly impor-
tant in areas that receive heavy snow (Figure 5.4). The
hydrologic seasonal signals primarily not only occur in
the vertical component of the signal but can also impact
the horizontal signals. Permafrost change can also pro-
duce signals in the GPS data. Liu and Larson (2018)
documented seasonal freeze—thaw cycles in permafrost at
a continuous GPS site along the Arctic Alaska coast. The
influence of permafrost signal on GPS data may increase
as warming continues.

Volcano-related deformation due to crustal magma
transfer, eruptive activity, or surface processes is gener-
ally constrained to the vicinity of the volcano. Surface
deformation patterns depend on the depth and volume

of the magmatic activity and the shape of the magma
reservoir (e.g., Segall, 2010; Sigmundsson et al., 2018).
Episodes of magma intrusion are generally accompanied
by horizontal motion directed away from the volcano and
uplift while eruptions generally result in a revered pattern.
Alaska’s frequent volcanic activity and large number of
volcanoes means that signals may be present in data at
a significant number of GPS sites along the subduction
zone boundary (Figures 5.1 and 5.2). During the 2009
Redoubt eruption, pre- and co-eruptive deformation of
about 1 cm was observed at a GPS site almost 30 km from
the vent (Grapenthin et al., 2013). Expanded geodetic
data sets have shown that volcano deformation is rarely
constant during or between eruptions. Okmok Caldera
in the central Aleutian Islands is a textbook example of
pulsing behavior that is modulated onto relatively steady
inflation since its 2008 eruption (e.g., Xue et al., 2020).

5.4.3. Signal Superposition in GPS Data

Given the high rate of geological activity in Alaska,
GPS sites are likely to contain a number of different
signals including the possibility of multiple earthquakes
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and transient events. Interpretating such data requires
a careful evaluation of the data set and strategies for
isolating the signal or signals desired. Failing to fully
evaluate possible signals in the data and account for
them can result in severe biases in models and inter-
pretations. A site in Palmer, Alaska, located over the
subduction interface, shows some of the complexity that
can occur in a GPS time series (Figure 5.4). This site
has several long-wavelength signals including interseis-
mic deformation, postseismic deformation from the 1964
earthquake, and GIA. Offsets from the 2002 M7.9 Denali,
2018 M7.9 Offshore Kodiak, and 2018 M7.1 Anchorage
earthquakes are readily apparent in the time series, and
there is also some degree of postseismic deformation
from these events. An SSE in upper Cook Inlet strongly
impacted the time series from 2009 to 2013, especially
in the North-South (latitude) and vertical components.
Seasonal signals, largely due to snow loading, cause the
vertical signal to oscillate by more than 20 mm.

In Alaska and western Canada, strategies for isolating
a desired target signal vary depending on the signal
in question. For the case of the long-term interseismic
signal, multiple strategies are involved. As discussed
above, earthquake offsets and periodic seasonal signals
can be addressed during processing. When available,
models can be applied to account for signals such as
postseismic deformation from the 1964 earthquake and
GIA. No model yet exists that can explain all of the
postseismic deformation observed after the 2002 Denali
earthquake, so in some regions an empirical correction
for the postseismic deformation is applied to the data
(Elliott et al., 2013) while in other areas (such as near the
fault) data is limited to that collected before the earth-
quake. In southeast Alaska, we only use data collected
before October 2012 to avoid the overlapping coseismic
and postseismic effects of the 2012 M7.8 Haida Gwaii
and 2013 M7.5 Craig earthquakes. In some areas around
Cook Inlet, data from some sites are entirely excluded
as SSEs that are difficult to model and remove impact
the majority of the time series. Moving forward, GPS
data along the Alaska Peninsula will need to be limited
to pre-July 2020 time periods to avoid the overlapping
coseismic and postseismic signals from the M7.8 2020
Simeonof and M7.6 Sand Point earthquakes and the
2021 M8.2 Chignik earthquake. Signals due to volcanic
activity can be removed through the use of deformation
models if they exist or by exclusion of data impacted by
magmatic processes.

5.5. EARTHQUAKE CYCLE DEFORMATION

Much of the deformation observed in Alaska is due
to earthquake cycle deformation. In the sections below,
we discuss how the expanded geodetic data coverage in

Alaska and western Canada has provided new insights
into these processes.

5.5.1. Interseismic Deformation

Interseismic tectonic signals in the GPS data can be
evaluated and modeled in a variety of ways including
investigating deformation across individual fault strands,
analysis of strain fields, and block modeling. Block mod-
eling simultaneously estimates slip rates on faults and
block rotations and thus avoids possible kinematic incon-
sistencies over larger regions. The exact block modeling
scheme varies depending on the software used, but the
general method assumes that the interseismic velocity
at a GPS site is due to a combination of block motion
and elastic effects from strain accumulation along block
bounding faults. The block motion is dependent on the
GPS site location. The elastic effects depend on the site
location, fault geometry, and fault slip rate. The block
motion and elastic effects can be described in terms of the
block angular velocity, Q:

d= (vBlock - VElaslic) = RQ

where d is the GPS data vector, and the block motion and
elastic effects have been combined into a single term R.
A weighted least-squares inversion is then used to solve
for the block angular velocities. Details on the particu-
lar modeling schemes used in the results discussed below
can be found in Elliott et al. (2010, 2013) and McCaftrey
(2002).

Isolating the interseismic signal in GPS data can be
challenging given other tectonic and nontectonic signals
discussed above and requires the use of both models of
nonsteady-state signals and exclusion of data that contain
signals with particularly complex signals. Interseismic
deformation (Figure 5.5) is discussed by region in the
sections below.

Southeast Alaska and the St. Elias Orogen

The southeastern Alaska panhandle and the St. Elias
orogen of Alaska and Canada contain the transition from
a translational margin with a rapidly moving transform
fault to a collisional margin that accommodates several
cm/year of convergence, and the GPS velocity field reflects
this complexity (Figures 5.5 and 5.6). Previous geodetic
studies in southeast Alaska relied on small geodetic net-
works and were limited in scope. The expanded number of
campaign and continuous sites (Figure 5.2) have allowed
more detailed evaluations through the use of block mod-
els and the analysis of strain fields (Elliott & Freymueller,
2020a; Elliott et al., 2010, 2013; Marechal et al., 2015).

South of Glacier Bay, the margin is dominantly trans-
lational, with GPS velocities that are parallel to the



GEODETIC OBSERVATIONS OF TECTONIC DEFORMATION IN ALASKA AND WESTERN CANADA 139
20 s
70.9-

60- L5

g [\
i
620, i ’}3
o9 [ AN L el N A - - -
Ssg- / Bering Sea
Jg o f = R NESARNAST e fileeceaaalT
R odiak
N
4 ) =
B4 sland &‘gﬁ\ _’f,_\
\}:\\@”\ 10 mm/year
& —_—) o 4
S0, i \ o
v ‘: Shumagin & 25 mm/year “ >
: Island: ¥ . i %/
~174 I mm/year uncertainty in east and north "
20

SCALE ity
1360

1600 50

-152.0°

LT R

Figure 5.5 Interseismic velocities are from Elliott and Freymueller (2020a) and Drooff and Freymueller (2021)
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has been applied at far field sites in the Chugach-St. Elias region (Elliott et al., 2013) while sites closer to the fault
only use pre-earthquake data. SP, Seward Peninsula; BG, Bering Glacier; KF, Kaltag fault; YB, Yakutat block; PW
is Prince of Wales Island. The green dot marks the location of Sitka. AC13 is the site shown in Figure 5.3, and
ATW?2 is the site shown in Figure 5.4. Dashed line boxes show extent of areas shown in Figures 5.6 and 5.9. CM;

Castle Mountain fault and BB; Bruin Bay fault.

coastline and largest near the coast and the Queen
Charlotte fault. Margin parallel motion continues well
inboard of the Queen Charlotte fault (Figure 5.5),
demonstrating that not all of the Pacific-North Amer-
ica plate motion is accommodated on the main plate
boundary fault. Estimating slip rates along the Queen
Charlotte fault is complicated by its offshore location.
Based on the onshore GPS data and predicted motion
of the Pacific Plate, the average geodetic slip rates for
the northern Queen Charlotte fault (outboard of Sitka,
Figure 5.5) are 48 +0.4mm/year of right-lateral strike
slip and 4+ 0.3 mm/year of fault normal motion while
the central Queen Charlotte fault (outboard of Prince
of Wales Island) has 46 + 0.4 mm/year right-lateral strike
slip and 11 + 0.3 mm/year of fault normal motion (Elliott

& Freymueller, 2020a). Utilizing high-resolution seafloor
bathymetry data, Brothers et al. (2020) analyzed fault
locations and offsets to estimate average right-lateral
strike-slip rates of 54 + 8 mm/year and <3 mm/year fault
normal motion along the northern and central Queen
Charlotte fault. While the geodetic and geomorphic
strike-slip rates agree within uncertainties, the fault
normal rates are significantly higher for the geodetic
estimates. In an attempt to reconcile the geologic and
geodetic data, Elliott and Freymueller (2020b) used
the geomorphic fault normal rates as loose slip con-
straints in a revised geodetic block model for southeast
Alaska. This revised model predicted average model slip
rates along the northern and central Queen Charlotte
fault of 49 +0.6 mm/year right-lateral strike slip and



140

62.0°

TECTONICS AND SEISMIC STRUCTURE OF ALASKA AND NORTHWESTERN CANADA

62.0°

500°

25 mm/year velocity

58.0°

I mm/year uncertainty in east and north

61.0°

- 600"

—148.0°  _460:

! T
—144.07 =142.0°

: . 130
_1400° -1380° 1360 13

Figure 5.6 Interseismic velocities in the Chugach-St. Elias region and southeast Alaska from Elliott and Freymueller
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nector fault.

3+ 0.6 mm/year fault normal motion, values that are
compatible with both the geodetic and geomorphic data.
The revised block model also predicts a few mm/year
of extension along the fault segment offshore of Mt.
Edgecumbe volcano (west of Sitka), which has recently
showed renewed activity (Grapenthin et al., 2022). The
overall regional pattern of GPS velocities continues across
the Chatham Strait fault without any discernable change
(Figure 5.6). This, in combination with offshore seismic
data across the fault that shows undisturbed sediment
layers, suggests that the Chatham Strait fault is no longer
an active structure accommodating significant relative
plate motion (Brothers et al., 2018). North of Glacier Bay,
the deformation is strongly influenced by the Yakutat
block, an oceanic plateau that is currently translating
along, colliding with, and subducting beneath southern
Alaska (Christeson et al., 2010; Worthington et al., 2012).
It is important to note that the geodetic definition of the
Yakutat block is not exactly the same as the geologic
definition of the Yakutat terrane (e.g., Plafker & Berg,
1994). The Yakutat block in the most recent geodetic
models (Elliott & Freymueller, 2020; Elliott et al., 2013)
consists of a wedge bounded by the Transition fault and
the Pamplona fault zone to the west (Figure 5.1) attached
to a shallowly subducting slab that extends beneath much
of southcentral Alaska. The motion of all of the Yakutat
block (wedge and slab) is defined by a single rotation pole.

The surface extent of the geologically defined Yakutat
terrane extends farther west and north, but that region
moves distinctly from the Yaktuat block and thus is not
included in the geodetic definition. Based on the GPS
data, the Yakutat block moves an average of 53 mm/year
oriented at 23°W of N relative to North America (Elliott

& Freymueller, 2020a). The speed of the Yakutat block
in this region is almost identical to the predicted speed of
the Pacific Plate (Argus et al., 2010), but the orientation
of the Yakutat motion is almost 10° more westerly than
the orientation of the Pacific motion. The azimuth of the
Yakutat block motion is about 10° more easterly than
the average azimuth of the Fairweather fault, leading
to convergence that is largely accommodated across
two faults and two crustal slivers immediately outboard
of the Fairweather fault (Elliott et al., 2010). Average
right-lateral strike-slip rates on the Fairweather fault
decrease from 45 mm/year in the south to 36 mm/year
in the north (Elliott & Freymueller, 2020a). There are
limited areas of predicted convergence along the southern
portion of the fault, but as GPS velocities close to the
fault are parallel to the fault, it is likely any convergence
is accommodated through off-fault deformation. Inboard
of the Fairweather fault, the GPS velocities show a
clockwise rotation that results in transpression across the
eastern Denali Fault (Figures 5.6 and 5.7).

Moving north into the St. Elias orogen, the tectonic
regime is dominated by the collision of the Yakutat block
with southern Alaska, and the effects of this collision and
indentation are reflected in the GPS velocities (Figure 5.6).
A fan-shaped pattern of GPS velocities surrounds the St.
Elias syntaxis (Elliott & Freymueller, 2020a; Marechal
et al., 2015). The relative motion is accommodated in
several ways. Part of the motion is transferred inboard
to the Totschunda and Duke River fault systems, with
a portion likely localized on a Fairweather—Totschunda
connector fault (Figure 5.6). A connector fault was first
proposed based the alignment between the Fairweather
and Totschunda faults (Richter & Matson, 1971; Lahr &
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Figure 5.7 Blocks and model predictions of block motions for Alaska and western Canada. Note the three different
scales for the velocities. BB, Baranof block; NUNA, Nunatak block; FT, Foothills block; YAK, Yakutat block; MP,
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Dashed box shows area of Figure 5.8. Modified from Elliott and Freymueller (2020a).

Plafker, 1980). Using data from a network of GPS sites in
the Yukon and a few sites in Alaska, Marechal et al. (2015)
concluded that motion along a discrete structure such as
a connector fault was not required by the deformation
observations. A much larger data set spanning both sides
of the proposed fault found evidence of right-lateral
strike slip across a discrete structure along with possi-
ble diffuse deformation (Elliott & Freymueller, 2020a).
Some motion in the collisional corner is accommodated
through the clockwise block rotation inboard of the Fair-
weather fault discussed above (Figures 5.7 and 5.8). The
majority of the motion is accommodated to the west of
Yakutat Bay and the Malaspina Glacier. Here, the GPS
velocities show a sharp gradient from the coast northward
(Figure 5.6), indicating convergence of almost 40 mm/year
over a relatively narrow region (Elliott et al., 2013). This
high rate of convergence is accommodated along a
series of north-to-northwest-dipping onshore—offshore
crustal thrust faults, leading to the development of one

of the highest coastal mountain ranges on Earth (Elliott
etal., 2013). The highest percentage of the relative motion
is focused on the Yakataga-Chaix Hills fault, with smaller
amounts distributed across the Malaspina fault through
Ice Bay and the Foreland Fault zone, the latter of which is
modeled as a creeping blind thrust and may be the newly
developing deformation front for the Yakutat collision
with southern Alaska (Figure 5.8; Worthington et al.,
2012; Elliott et al., 2013). There is an abrupt change
from the sharp gradient in GPS velocity magnitude in
the thrust belt to larger, more broadly uniform velocities
to the west of the Bering Glacier (Figures 5.5 and 5.6).
This correlates to a transition from 20 to 30km thick
Yakutat oceanic crust east of the Pamplona zone to
~17km thick Yakutat crust to the west (Worthington
et al., 2012), which, while still very thick, is able to
shallowly subduct. The transition between deformation
regimes and crustal thicknesses aligns with the Gulf
of Alaska shear zone (Figure 5.1), suggesting that the
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differential stresses between collision and subduction of
the Yakutat block may be transferred outboard to cause
deformation in the Pacific Plate (Elliott et al., 2013).

The areas immediately surrounding the Yakutat block
share two major characteristics: small or narrow blocks
and relatively high data-model residuals. The inclusion of
the Foothills, Nunatak, Icy Bay, and Malaspina blocks
(Figure 5.8) provides statistically significant improve-
ments to the data-model fit, but the blocks are less than
50km in width, which is close to the crustal thickness
in much of this region (Elliott et al., 2010; Elliott et al.,
2013; Miller & Moresi, 2018) and much less than the
lithospheric thickness. While known discrete structures,

including major plate boundary faults, bound these nar-
row blocks, these areas may be more aptly called zones
of distributed deformation. Residuals in northernmost
southeast Alaska and the St. Elias are higher than in
other parts of Alaska, such as western Alaska, which is
discussed below. The higher residuals suggest that the
deformation observed through the GPS data cannot be
fully explained through the rigid block rotations and elas-
tic strain on faults defined by the block model. Altogether,
the areas of Alaska and western Canada surrounding the
Yakutat block likely require some degree of distributed or
continuum deformation in response to the rapid collision
of the Yakutat oceanic plateau.
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Southcentral Alaska and the Alaska Peninsula

Tectonic deformation in southcentral Alaska is dom-
inated by subduction of the shallowly dipping Yakutat
slab and the Pacific Plate (Figures 5.5 and 5.6). We dis-
cuss the subduction interface in a later section; in this
section, we focus on motion of upper-plate blocks and
faults in the region south of the Denali Fault as well
as along the Alaska Peninsula. In areas over or near
the subduction interface, upper-plate motion is usually
estimated as part of a block model as the steady-state
interseismic GPS velocities result from a combination
of block motion and strain accumulation from the
interface. A number of published models covered parts
of the region and used different upper-plate and fault
configurations. Elliott et al. (2013) defined the area
north and west of the St. Elias thrust faults (except for
a small zone around the Bering Glacier) as the Elias
block (Figure 5.8). The eastern boundary of the block
was the Fairweather-Totschunda Connector fault while
the northern and western boundaries were not explicitly
defined. The counterclockwise-rotating Elias block pre-
dicted north-northwesterly motion of 10-15mm/year in
the eastern part of the block and westerly velocities of less
than 10 mm/year near the eastern edge of Prince William
Sound. Focusing on the Prince William Sound to Kodiak
region (Figure 5.1), Li et al. (2016) defined the region east
of Prince William Sound and north of the Castle Moun-
tain fault to be the counterclockwise-rotating Southern
Alaska block of Fletcher (2002), the rotation of which
was based on geodetically derived slip rates along the
Denali Fault. The area north of the Castle Mountain
and Bruin Bay faults was defined to be the southwesterly
moving Bering plate of Cross and Freymueller (2008).
The region bounded to the east by Prince William Sound
and to the north by the Castle Mountain—Bruin Bay sys-
tem was defined to be the Peninsula block, which moved
to the southwest and became more arc parallel along the
Alaska Peninsula. Li and Freymueller (2018) used the
same configuration of blocks but re-estimated the motion
of the Peninsula block using a different set of GPS sites.
This resulted in predicted block motion that was slightly
faster and more northwesterly than that predicted by the
2016 model. Examining deformation along the Alaska
Peninsula, Drooff and Freymueller (2021) adopted the
block configuration of Li et al. (2016) as well as that
study’s estimate of the Peninsula block motion.

The expanded, Alaska-wide GPS data set used in Elliott
and Freymueller (2020a) required a re-evaluation and
reconfiguration of upper-plate blocks. Overall, the area
south of the Denali Fault moves roughly parallel to the
Fairweather—Queen Charlotte—Totschunda fault system
in the east and gradually undergoes a counterclockwise
rotation until the upper plate is moving nearly arc parallel
along the Alaska Peninsula (Figures 5.7 and 5.8). The
Elias block ends to the east of Prince William Sound and
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has predominately northwestward motion. The Prince
William Sound block shows slower and slightly more
westerly velocities. To the west of the Kenai Peninsula,
the Bruin Bay block has similar magnitude motion but
at a more westerly orientation. West of Kodiak Island,
the Peninsula block has significantly smaller velocities
oriented parallel to the trench. This updated Peninsula
block is similar to but slightly slower than the previous
versions discussed above. Outboard of the Bruin Bay
block, a block moving more rapidly to the northwest was
required to explain the GPS observations on the seaward
side of Kodiak Island. The model boundary between
the Kodiak Sliver and the Bruin Bay block is consistent
with geomorphic and paleoseismological evidence for
Holocene deformation (Carver et al., 2008; Ramos et al.,
2022). The upper boundary for this series of coastal
blocks is a fault system comprised of the Bruin Bay
and Castle Mountain faults along with a boundary that
runs through the Chitina River Valley to connect to the
Duke River-Totschunda system (Figure 5.8). Between
this boundary and the Denali system, two blocks divide
the region. In the east, the Wrangell block moves north-
westerly, with speeds half as large as those displayed by
the Elias block. In the western half of the region, the
Southern Alaska block undergoes a westward rotation
that results in velocities roughly parallel to the Denali
Fault. Similar, smaller motion continues into western
Alaska, which is discussed further below.

There is a distinct change in the pattern of the predicted
block velocities across the region south of the Denali
Fault. In the east, the Wrangell and Elias blocks display
northwesterly motion. Farther west, blocks undergo
increasing amounts of westward rotation. The division
between these regimes roughly aligns with the eastern
edge of the Alaska subduction interface and, in particu-
lar, the eastern edge of the Yakutat flat slab. This suggests
that the Yakutat collision, for which the convergence
direction is northwest, drives deformation in the east
while the flat slab drives counterclockwise rotation of the
region to the west (Elliott & Freymueller, 2020a).

Interior Alaska

Geodetic studies of long-term motion in interior Alaska
are complicated by the impact of the ongoing postseis-
mic deformation due to the M7.9 2002 Denali Fault
earthquake. For that reason, data used in recent studies
has been limited to pre-November 2002 data. Pre-2002
GPS velocities throughout most of interior Alaska are
smaller than velocities to the north in the Arctic and
to the south of the Denali Fault (Figures 5.5 and 5.9),
suggesting that interior Alaska may be an inflection point
between deformation driving forces in Alaska (Elliott
& Freymueller, 2020a). One area of interior Alaska
that shows larger velocities is the eastern Alaska Range
directly north of the Denali Fault, where northward GPS
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Figure 5.9 Interseismic velocities in interior Alaska from Elliott and Freymueller (2020a). Models and corrections

used are the same as those detailed in Figure 5.5.

velocities occur in the same region as high topography,
active thrust faults, and high rates of exhumation (e.g.,
Bemis et al., 2015; Benowitz et al., 2011; Figures 5.8
and 5.9). A major tectonic feature of interior Alaska
is the Denali Fault, a right-lateral strike-slip fault. The
block model of Elliott and Freymueller (2020a) predicts
a slip rate of 6-7 mm/year strike slip and ~1 mm/year of
contraction along the west central and central segments
of the Denali Fault and smaller amounts of right-lateral
transpression on the western and eastern Denali faults.
The updated geodetic estimates along the central Denali
Fault are quite similar to those of Fletcher (2002), which
should not be surprising as both studies used geodetic
data collected before the 2002 earthquake. While the
general pattern of faster rates along the central fault
and lower rates to the west and east agrees with geo-
logic studies (e.g., Haeussler et al., 2017), the geodetic
rates along the central Denali are half the geologic rates.
There is a question of whether the pre-2002 GPS data
represent true interseismic deformation since they were
collected in the decade prior to the M7.9 earthquake.

To match the geologic rates, the motion of the region
south of the Denali Fault would have to increase signif-
icantly and that would be inconsistent with GPS data
through southcentral Alaska and the St. Elias orogen
(Figure 5.6). Resolving the discrepancy between geodetic
and geologic slip rates along the central Denali Fault
will ultimately require longer-term interseismic data
collected after the Denali postseismic signal has fully
decayed. Another notable feature in interior Alaska
is the series of northeast-trending, left-lateral seismic
zones that have nucleated several M7+ events (Ruppert
et al., 2008; Figure 5.1). The sparse pre-2002 GPS data
in interior Alaska do not allow slip rates to be resolved
across the individual seismic zones, but the bulk defor-
mation across the region is consistent with left-lateral
motion on the shear zones (Elliott & Freymueller,
2020a).

Western Alaska and the Eastern Bering Sea Region
Previous geodetic work in western Alaska and the

Bering Sea region was based on a sparse network of

mainly campaign sites and suggested that a single,
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clockwise-rotating Bering block or plate occupied the
region (Cross & Freymueller, 2008). The expansion of
the PBO/NOTA network into western Alaska added
significantly more spatial coverage (Figure 5.2). Using the
updated data set and a block modeling technique, Elliott
and Freymueller (2020a) found a more complex scenario,
with four blocks spanning the region of the Bering plate
of Cross and Freymueller (2008) (Figure 5.7). Block
motions transition from southerly directed in the north
around the Bering Strait area to southwest directed in
southwest Alaska to nearly margin parallel along the
Aleutian arc. The eastern boundaries of the blocks run
along the western edge of the interior seismic zones and
the Revelation Mountains (Figures 5.1 and 5.7). Bound-
aries between the blocks are the Kobuk, Kaltag, western
Denali, and Castle Mountain/Bruin Bay fault systems
and implied offshore extensions.

As discussed in Elliott and Freymueller (2020a), defor-
mation in western Alaska and the eastern Bering Sea
region is explained well by the rotation of several rigid
blocks divided by major faults as the residuals between
the GPS data velocities and the model predictions are
very small. With the exception of three sites that are
complicated by signals from the subduction zone, all
the residuals fall well within the two-sigma uncertainty
limits of the data, and 78% of the residuals are smaller
than their respective one-sigma data uncertainty lim-
its. The excellent fit to the data provided by the small
number of rigid block rotations supports the idea that
additional faults or blocks are not required to explain
the data, but this does not preclude the existence of a
fault or faults with very low slip rates within a block.
To be able to capture the effects of elastic strain along a
fault with geodetic data, an adequate density of sites to
characterize the deformation across the fault and elastic
strain signals higher than data uncertainties are needed.
In western Alaska, the GPS network is sparse, making
it more difficult to delineate elastic strain along faults
unless the slip magnitude is high or there is a notable
difference in motion direction between blocks. Based on
the formulation of Savage & Burford, (1973), the surface
deformation due to a strike-slip fault locked to a depth
of 10km with a slip rate of 1 mm/year would approach
a maximum of 0.5 mm/year on each side of the fault far
from the fault, with areas closer to the fault slowing lower
values with minimum values near 0 next to the fault. The
average one-sigma uncertainty in the GPS data in western
Alaska is 0.5 mm/year, making it unlikely that elastic
deformation from faults with slip rates of <1 mm/year
would be captured.

Arctic Alaska
GPS data in Arctic Alaska reveal a gentle counterclock-
wise rotation above the Kobuk fault (Figure 5.5). This
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is a sharp contrast to the clockwise rotations observed
in western Alaska and the Bering Sea region. The hinge
line between the two regimes appears to be along or near
the Kobuk fault, and the mix of right-lateral strike slip
and extension predicted to occur across that boundary
is consistent with the series of earthquakes that occurred
during 2014 in the area of Noatak, Alaska (Elliott &
Freymueller, 2020a). Like the regions of western Alaska
discussed above, data-model residuals for the 2020 block
model are very small throughout Arctic Alaska, suggest-
ing that the data are fit well by rigid block motion and
that further subdivisions of the region are not required
by the current data set.

Northern Cordillera of Canada

Based on the GPS data, the region of Canada imme-
diately adjacent to Alaska is divided into two blocks:
one in the north, next to the Beaufort Sea, and the other
encompassing the Yukon and parts of British Columbia
(Figure 5.7). Due to the current extent of the available
data, exact boundaries of these blocks are uncertain,
but the eastern limit of deformation is likely east of the
Mackenzie and Canadian Rocky Mountains (Drooff &
Freymueller, 2021; Leonard et al., 2008). In the south,
the deformation pattern shows overall northeastward
motion, with velocities generally larger as you move
north (Figures 5.5 and 5.7). No discernable strain is
present across the Tintina fault, and the small data-model
residuals suggest that the region is fit adequately by a
combination of rigid block motion and elastic strain
accumulation along the eastern Denali Fault (Elliott &
Freymueller, 2020a; Elliott et al., 2010). The direction and
magnitude of the motion in the Northern Cordillera aligns
with the counterclockwise rotation north of Glacier Bay
and the fan-shaped deformation field around the Yakutat
collisional front, suggesting that the motion may be due
to strain transfer from the Yakutat collision (Elliott &
Freymueller, 2020a; Leonard et al., 2007; Marechal et al.,
2015). Although the block modeling concept seems to
describe the deformation well, the GPS data do not rule
out the possibility that strain is transferred via an oro-
genic float mechanism where a brittle upper crust moves
over viscous lower crust and lithospheric mantle, an idea
that is supported by the regional hot geotherm (Mazzotti
& Hyndman, 2002; Mazzotti et al., 2008). North of about
65° north, GPS velocities are smaller and are not fit
by the block rotation derived from the velocities to the
south and so are defined to be on a separate block. Based
on the current data set, it cannot be determined if the
velocities are a continuation of the deformation across
Arctic Alaska or if the velocities are a completely separate
regime, perhaps related to the observed seismicity in the
Richardson Mountains (Leonard et al., 2008; Mazzotti
et al., 2008).
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Coupling and Slip Along the Subduction Interface

Interseismic slip along a subduction interface estimated
through geodetic data is usually defined by the slip deficit
(or slip deficit rate) or coupling. The slip deficit rate
is the amount of fault motion that is not happening
because the fault sides are stuck or locked together and
is the amount of motion that is accumulating toward slip
during the next earthquake. Coupling is equal to the slip
deficit rate divided by the full rate of plate convergence.
Coupling can vary from 0 (fully uncoupled or unlocked,
also known as creeping) to 1 or 100% (fully coupled or
locked). The estimated slip deficit (and thus coupling) is
influenced by a number of factors, including the lower
plate motion, upper-plate motion, the distribution of data
used, the model geometry of the subducting slab used in
the interseismic model, and modeling parameters such as
smoothing.

Geodetic coupling estimates along the Alaska—Aleutian
subduction interface are highly heterogenous both
downdip and along strike as shown in Figure 5.10,
which is a composite map based on a number of studies
of interseismic coupling. In the paragraphs below, we
discuss the studies that have contributed to our under-
standing of coupling in each region of the interface, the
assumptions and reasons for variations between models,
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and implications for seismic hazard evaluation using
geodetic coupling estimates.

Suito and Freymueller (2009) estimated an inter-
seismic slip model that focused on the region of the
interface that ruptured during the M9.2 1964 Prince
William Sound earthquake. This model assumed that
the Pacific Plate was the subducting plate throughout
the region while the upper plate was assumed to be the
counterclockwise-rotating Southern Alaska block of
Fletcher (2002). Their model predicts a high degree of
coupling throughout the Prince William Sound region
(the site of one of the major asperities that ruptured
during the 1964 earthquake [Suito & Freymueller, 2009;
Suleimani & Freymueller, 2020]), with fully coupled
patches to the east of Prince William Sound and beneath
western Prince William Sound and the eastern Kenai
Peninsula (Figure 5.1). A highly coupled interface is
also predicted beneath and outboard of Kodiak Island
and throughout the Semidi region. The region between
western Prince William Sound and Kodiak displays much
lower coupling, with an area of almost no coupling along
the northern half of the Kenai Peninsula. Li et al. (2016)
also focused on the 1964 rupture region but used a block
modeling technique with a different configuration of
blocks along with an interface geometry defined by the
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Figure 5.10 Coupling and rupture or aftershock areas of major earthquakes along the Alaska—Aleutian subduction
zone. Coupling estimates are a composite from Cross and Freymueller (2008), Xue and Freymueller (2020), Elliott
and Freymueller (2020a), Drooff and Freymueller (2021), and Xiao et al. (2021). Orange outlines are aftershock
or ruptures areas (Sykes et al., 1980; Lopez & Okal, 2006; Freymueller et al., 2021; Xiao et al., 2021; Elliott et al.,

2022).
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Slab 1.0 model (Hayes et al., 2012) which was signifi-
cantly steeper and deeper than the interface geometry
used by Suito and Freymueller (2009). The geometry
used by Li et al. (2016) also did not extend as far west
or east as the earlier model. The subducting plate was
assumed to be Pacific Plate throughout while the upper
plate was comprised of the Peninsula block (estimated
as part of the model inversion) through Prince William
Sound and the Alaska Peninsula with the southern
Alaska block of Fletcher (2002) to the east and north of
the Peninsula block and the Bering block of Cross and
Freymueller (2008) to the northwest. Predicted motion
of the Peninsula block was to the west-southeast, with
nearly arc-parallel motion along the Alaska Peninsula.
Despite differences in assumptions and geometries, the
best-fit steady-state coupling distribution of Li et al.
(2016) shared broad similarities with that of Suito and
Freymueller (2009): strong coupling in the Prince William
Sound region and offshore and under part of Kodiak
Island with significantly lower coupling beneath and
outboard of the western Kenai Peninsula.

Moving westward, Li et al. (2018) investigated the
interseismic deformation between western Kodiak Island
and the Sanak region. The model used the block mod-
eling technique and most modeling parameters of Li
et al. (2016), but re-estimated the motion of the Peninsula
block using GPS velocities from the western portion
of the Alaska Peninsula and excluding some data from
the Cook Inlet area that may have biased the motion
estimate of that block due to SSEs. The new estimate
of the Peninsula block was still roughly arc parallel but
of smaller magnitude than that of Li et al. (2016). The
estimated coupling distribution displayed an overall west-
ward decrease in the degree of coupling: strong coupling
beneath and outboard of Kodiak and Chirkof Islands,
moderate coupling in the Semidi region, lower coupling
in the region of the Shumagin Islands, and a fully creep-
ing interface in the Sanak region. Sharp transitions in
coupling, particularly between the Kodiak and Semidi
segments of the interface, provided the best fit to the data.
Drooft and Freymueller (2021) used an expanded GPS
data set in the Shumagin Islands to re-evaluate the cou-
pling distribution along the Alaska Peninsula region. The
upper-plate blocks were set to the block motion used in Li
et al. (2018), and the same modeling technique was used.
The estimated coupling distribution was very similar to
the earlier model in the Kodiak and Semidi segments.
Coupling boundaries between the Semidi, Shumagin, and
Sanak segments were slightly shifted, and the expanded
GPS data set required an additional coupling boundary
that divided the Shumagin segment into two segments.
The western Shumgain segment showed lower coupling
than the eastern segment. Xiao et al. (2021) presented an
alternate version of the coupling model of Drooff and
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Freymueller (2021). The latter model, along with the mod-
els of Li and Freymueller (2018) and Li et al. (2016), used
an imposed model smoothing constraint that required
the highest coupling to occur at the trench and decreasing
degrees of coupling in the downdip direction on the
subduction interface. In contrast, the alternative model in
Xiao et al. (2021) used a Gaussian smoothing constraint,
which put the highest coupling toward the middle of each
segment. This difference between the coupling models
was particularly consequential in the Semidi segment,
where the Gaussian model located the highest coupling in
the vicinity of the rupture area of the 2021 M8.2 Chignik
earthquake. The Gaussian model provided a similar
goodness of fit to the data as the original model.

Elliott et al. (2013) focused on the eastern portion of the
Alaska subduction zone and used a different modeling
technique than the studies discussed above along with
a greatly expanded campaign GPS data set across the
Chugach and St. Elias ranges. The downgoing plate in
this case was the Yakutat flat slab, with a motion defined
by the block model estimate of Elliott et al. (2010). The
slab geometry had a very shallow dip of 5° and extended
east to the Bering Glacier and through Prince William
Sound (Figure 5.1), where the model space ended. The
upper plate was the counterclockwise-rotating Elias
block, motion for which was estimated as part of the
model inversion. Estimated coupling was high beneath
and to the northwest of the Bering Glacier region as well
as under northeastern Prince William Sound. More mod-
erate coupling was predicted for the region offshore the
Bering Glacier and between the Bering Glacier and Prince
William Sound Building on this model. Elliott and Frey-
mueller (2020a) presented an Alaska-wide block model
that included a subduction interface from the Bering
Glacier through the Alaska Peninsula. The upper plate in
this model was comprised of a number of different blocks
as discussed above, all of which were estimated as part of
the model inversion. The model slab geometry was more
complex than in any of the previous block models. In
the east, the shallowly dipping Yakutat flat slab extended
from the Bering Glacier to the Denali Fault in the north to
the Kenai Peninsula in the west. The motion of the Yaku-
tat block and slab were estimated as part of the model
inversion. The geometry of the flat slab was determined
by a combination of seismic data (e.g., Worthington
et al., 2012; Eberhart-Phillips et al., 2006) and best fit
to the geodetic data. The slab geometry transitioned
from Yakutat flat slab to Pacific Plate under the Kenai
Peninsula (Kim et al., 2014). Estimated coupling varied
widely across the subduction interface (Figure 5.10). The
eastern edge of the flat slab showed moderate coupling
while the northern edge has low coupling. Areas of the
interface outboard of the Bering Glacier and extending
through eastern and northern Prince William Sound are
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strongly coupled as is the area underlying the southeast
Kenai Peninsula to the trench. Areas to the east of Prince
William Sound and the rest of the Kenai Peninsula have
moderate coupling. The region from the southern half
of Kodiak Island to Chirikof Island to the trench is fully
coupled while the interface beneath the Semidi Islands is
moderately coupled. The Shumagin Islands region has
low coupling. Based on the onshore GPS velocities, the
Sanak region is fully creeping.

As mentioned during the discussion of the cou-
pling distribution in the Shumagin region, there can
be nonuniqueness issues with models using the same
geodetic data sets. This is particularly true in regions
with uneven or sparse data, such as the Alaska sub-
duction zone where most of the data are onshore while
most of the interface is offshore far from the GPS sites.
Investigating what coupling distributions are allowed
(or not allowed) given a data set is useful for evaluating
hazards. Here, we present a series of new alternate cou-
pling distributions using the model geometry of Elliott
and Freymueller (2020a) and the data set from that paper
augmented by that of Drooff and Freymueller (2021) in
the Shumagin region (Figure 5.11). All of the alternate
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coupling distributions fit the data at an acceptable level
given the data uncertainties. In Figure 5.11a, we modify
the coupling distribution of Elliott and Freymueller
(2020a) to match the coupling distribution of Xiao et al.
(2021) to better fit the Shumagin data and place an area
of high coupling within the rupture of the 2021 M8.2
Chignik earthquake. We add a band of lower coupling
near the trench in the Kodiak segment while a region
of moderate coupling has been added near the trench in
the Sanak region (Figure 5.11b). This latter region has
been estimated to be fully creeping (zero coupling) in all
of the models discussed in the paragraphs above due to
the fact that the data on the Alaska Peninsula do not
require (and is poorly fit by) any significant coupling.
As there are no data constraints offshore, the creep has
been assumed to continue to the trench. This has created
a conundrum, as the Sanak segment of the subduction
interface ruptured during the 1946 M8.6 earthquake that
also generated an abnormally large tsunami (Lopez &
Okal, 2006). The alternate model shows that a narrow
band of low-to-moderate coupling can occupy the region
near the trench without misfitting the data on the Alaska
Peninsula. This band could provide a mechanism for
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Figure 5.11 (a) Coupling distribution model of Elliott and Freymueller (2020a) modified to match Xiao et al. (2021)
in the vicinity of the Shumagins. (b) Model A, modified to have different near-trench values in the Sanak and Kodiak
segments. (c) Model B, with varied coupling in the vicinity of the Semidi Islands. (d) Model C, with lower coupling

outboard of Chirikof Island.
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the generation of tsunamigenic subduction earthquakes
along this segment of the interface which could then
rupture into surrounding regions. The lack of offshore
constraints is also why the near-trench region outboard
of Kodiak Island is usually assumed to be fully coupled.
Narrow bands of lower coupling near the trench are
compatible with the available GPS data set on Kodiak
Island. We introduce variable coupling under the Semidi
Islands (Figure 5.11c), with low-to-moderate coupling
to the west and higher coupling to the east. Finally, we
reduce the fully coupled west of Kodiak to a narrower
band directly beneath Chirikof Island with lower (but
still relatively high) coupling stretching outboard toward
the trench (Figure 5.11d). The developing network of
seafloor/acoustic GPS stations will provide crucial future
constraints for the near-trench region of the subduction
zone and will help resolve some of the current ambiguity.

Another important question for subduction zone
hazard evaluation is how (or if) the present coupling
distribution is related to past earthquakes. The composite
coupling distribution for the Alaska subduction zone
with rupture areas of historic earthquakes is shown in
Figure 5.10. Almost all of the great (M > 8) earthquakes
ruptured areas of the interface that exhibit moderate
or strong coupling within at least part of the rupture.
The two major areas of high slip (asperities) during
the 1964 M9.2 earthquake (Suito & Freymueller, 2009;
Suleimani & Freymueller, 2020) are strongly coupled
now. Most of the area that ruptured during the M8.3
1938 earthquake (e.g., Freymueller et al., 2021) is also
strongly coupled in the present day. The exception to this
trend is the 1946 M8.6 tsunamigenic earthquake, which

=170.0°
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ruptured an area generally regarded as fully creeping. But
as discussed above, a narrow band of higher coupling is
allowed within the rupture area given the current data
set, providing a possible explanation. Lateral boundaries
in geodetic coupling may be correlated to structural
differences and influence earthquake nucleation and
propagation (e.g., Elliott et al., 2022; Shillington et al.,
2015). The geodetic data require a coupling boundary
between the Shumagin (lower coupling) and the Semidi
(higher coupling) segments (Figure 5.10). Offshore seis-
mic imaging suggests that the Shumagin segment has a
rougher interface while the Semidi segment has an inter-
face smoothed by thick sediment, which may explain the
difference in the coupling estimates (Bécel et al., 2017; Li
et al., 2018; Shillington et al., 2015). The 2020 M7.8 Sime-
onof earthquake nucleated near the boundary between
this segment and ruptured to the west (Crowell & Melgar,
2020; Xiao et al., 2021) while the 2021 M8.2 Chignik
earthquake began near the boundary and ruptured to the
east (Elliott et al., 2022; Liu et al., 2022). Several other
earthquakes appear to have followed a similar pattern
of nucleating near the boundary and rupturing away
from the boundary, including the 1938 M8.3 earthquake,
suggesting a persistent coupling boundary (Briggs et al.,
2014; Freymueller et al. 2021; Nishenko & Jacob, 1990;
Witter et al., 2014).

5.5.2. Coseismic Deformation

A large number of earthquakes and SSEs have occurred
within Alaska and the surrounding area in recent decades
(Figure 5.12; Table 5.1). In this section, we present
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Figure 5.12 Focal mechanisms of M>5 earthquakes in Alaska over the past 15 years. Red focal mechanisms
show earthquakes that will be discussed in the paper: 1. 2017 M7.8 Komandorsky, 2. 2014 M7.9 Little Sitkin,
3. 2020M7.6 Sand Point, 4. 2020M7.8 Simeonof, 5. 2021 M8.2 Chignik, 6. 2018 M7.9 Offshore Kodiak,
7.2016 M7.1 Iniskin, 8. 2018 M7.1 Anchorage, 9. 2017 Haines Doublet (M6.2 and M6.3), 10. 2013 M7.5 Craig,
and 11. 2012 M7.8 Haida Gwaii. Focal mechanisms are taken from the Global CMT catalog (Dziewonski et al.,

1981; Ekstrom et al., 2012).
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Table 5.1 Summary of major earthquakes since 2004 that have useful displacement data from GPS.

Event Date M,, Lat Long Depth Global CMT ID

Haida Gwaii 27 October 2012 7.8 52.79 -132.10 14 201210280304A
Craig 5 January 2013 7.5 55.23 —134.86 8.7 201301050858A
Little Sitkin 23 June 2014 7.9 51.85 178.74 109 201406232053A
Iniskin 24 January 2016 7.1 59.62 —153.34 125.6 201601241030A
Haines doublet 1 1 May 2017 6.2 59.82 -136.71 10 201705011231A
Haines doublet 2 1 May 2017 6.3 59.83 -136.7 2.5 201705011418A
Komandorsky 17 July 2017 7.8 54.44 168.86 10 201707172334A
Offshore Kodiak 23 January 2018 7.9 56.00 -149.17 14.1 201801230931A
Anchorage 30 November 2018 7.1 61.35 —149.96 46.7 201811301729A
Simeonof 22 July 2020 7.8 55.07 —158.60 28 202007220612A
Sand Point 19 October 2020 7.6 54.60 —-159.63 28.4 202010192054A
Chignik 29 July 2021 8.2 55.36 -157.89 35 202107290615A

Notes: Locations and depths are taken from the USGS earthquake catalog. Earthquake IDs are from the Global CMT catalog

(Dziewonski et al., 1981; Ekstrom et al., 2012).

updated coseismic displacement estimates and summarize
the key findings about most of the significant earthquakes
that have occurred since the first deployments of the
EarthScope program in 2004. Earlier events were dis-
cussed in Freymueller et al. (2008). Except where figures
were taken from past publications, the displacements
shown here have been recomputed using the approach
described in Section 3 from our current solution series
(version 4), for continuous sites only. Displacements are
available in the data repository linked in the Data Avail-
ability section. Some events in remote parts of Alaska are
not included here because they were too poorly recorded
by the cGPS network. One such event, an M6.4 earth-
quake in the northern Brooks Range foothills southwest
of Kaktovik on 12 August 2018, was the subject of more
intensive studies based on InSAR data (Gaudreau et al.,
2019; Rollins et al., this volume). Several events in the
western Aleutians were recorded only by the GPS site
AC66 and are not discussed here. Figures 5.13-5.25 show
displacements from cGPS only in most cases, but a few
cases are augmented with displacements from campaign
sites. In addition to the recent earthquakes, important
new insights have been gained into several older earth-
quakes over the past 15 years, mostly through re-analysis
of older data or newly acquired geological data. This
work provides important new context for interpreting the
newer geophysical data and has revised our picture of the
1938, 1957, and 1964 earthquakes (Figure 5.10).

Haida Gwaii Earthquake (M7.8, 27 October 2012)
Pacific-North America relative motion is obliquely

transpressive in the Haida Gwaii region, in part due to

the geometry of the margin. Slip partitioning results in

largely thrust motion on a low-angle thrust fault beneath
the Queen Charlotte terrace seaward of the strike-slip
Queen Charlotte transform fault (Cassidy et al., 2014).
The 2012 Haida Gwaii earthquake involved slightly
oblique thrusting (~20° from pure thrust slip) on the
low-angle thrust fault (e.g., Lay et al., 2013; Nykolaishen
et al., 2015). It generated a large tsunami with up to
~7m runup on the Pacific coast of Moresby Island in the
Haida Gwaii archipelago (Leonard & Bednarski, 2014).
Most of the near-field coseismic displacements came from
repeated surveys of campaign GPS sites (Nykolaishen
et al., 2015) as there was only one near-field cGPS site,
BCSS (Figure 5.13).

Postseismic displacements suggest a component of
afterslip or triggered slip on the Queen Charlotte fault,
based on observed accelerated right-lateral shear (Nyko-
laishen et al., 2015). Hayward and Bostock (2017) used
repeating earthquakes to infer accelerated postseismic
slip on the Queen Charlotte fault. Tian et al. (2021)
developed a viscoelastic relaxation and afterslip model
for this event and the nearby 2013 M7.5 Craig earthquake
(next section). Although constrained mainly by relatively
far-field data, they were able to distinguish between the
rapid decay of afterslip and the longer-term relaxation of
the asthenosphere and estimate the asthenospheric vis-
cosity to be a Burger’s body with a Maxwell element
viscosity of (0.8-3) x 10 Pa-s and a Kelvin element
viscosity 1 order of magnitude lower.

Craig Earthquake (M7.5, 5 January 2013)

The Craig earthquake struck off the coast of southeast
Alaska (Figure 5.14), rupturing an ~150 km long segment
of the Queen Charlotte fault, and an ~100 km portion of
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order to fit on the map. Vertical displacements from this event were small and are not shown. Major active faults
are shown by red thick lines, from the Alaska Quaternary Faults and Folds database (Koehler et al., 2012).

the fault featured super-shear rupture (Yue et al., 2013). It
likely ruptured the gap between the earlier 1949 and 1976
events on the Queen Charlotte fault (Ding et al., 2015).
Displacements from this event were predominantly hori-
zontal at all sites, reflecting the strike-slip motion of the

rupture and the distance from the fault of all of the GPS

sites.
Ding et al. (2015) modeled the coseismic displacements
based on a combination of static GPS displacements and

high-rate (1 Hz) kinematic displacement records. Because
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Figure 5.14 Displacements from the 2013 M7.5 Craig earthquake, shown by vectors tipped with 95% confidence
ellipses. Displacements were computed in ITRF2014, including regional frame stabilization based on sites located
more than 500 km from the epicenter. Other features in the figure are as described in the caption for Figure 5.13.

Vertical displacements from this event were small and are not shown.

the event occurred far offshore, only the coarse details
of the slip distribution can be determined and the depth
distribution of slip was poorly resolved, but the event
was clearly shallow. Because of the extensive super-shear
rupture (Yue et al., 2013), early coseismic slip distribu-
tions based on teleseismic data that had an assumption of
subshear rupture velocity, such as the USGS finite fault
model, were too compact and thus predicted near-field

displacements poorly. Postseismic displacements over the
first 1.6 years were as large as ~30 mm (at site AC48, the
site closest to the earthquake). The postseismic transient
time series could be fit with a logarithmic relaxation with
a relaxation time of 56 days. The postseismic displace-
ments could be well fit by a model of afterslip downdip
of the coseismic rupture, but the inferred afterslip patch
was shifted southward relative to the coseismic slip (Ding
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Figure 5.15 Displacements from the 2014 Little Sitkin earthquake, shown by vectors tipped with 95% confidence
ellipses. Red vectors indicate vertical displacements, where north-pointing arrows indicate uplift, and vertical
displacement 95% confidence uncertainty is shown by a red bar. Displacements are computed in ITRF2014.
Other features in the figure are as described in the caption for Figure 5.13. Orange outlines show the approximate
rupture areas of the 1957 M8.6 (east) and 1965 M8.7 (west) great earthquakes (Sykes et al., 1980).

etal., 2015). It remains unclear whether this truly reflected
an example of along-strike afterslip or was related to some
issue with model resolution.

Little Sitkin Earthquake (M7.9, 23 June 2014)

A deep earthquake (~105 km depth) ruptured the sub-
ducted Pacific Plate beneath the islands of Little Sitkin
and Amchitka in the Western Aleutians (Macpherson
& Ruppert, 2015). The PBO/NOTA network is very
sparse in that region, but significant displacements were
recorded at the sites AC66 (Amchitka), AC60 (Shemya),
AB21 (Atka), ABO1 (Nikolski), and AC58 (St. Paul,
Pribilof Islands) (Figure 5.15). Very small displacements
were observed at more distant sites. The horizontal and
vertical displacements at the site AC66 on Amchitka
exceeded 30 mm, but most observed static displacements
were smaller than 10 mm.

For deep events such as this one, it can be difficult to
distinguish between the two possible fault planes defined
by the focal mechanism as the data resolve a few details
of the source. Twardzik and Ji (2015) concluded that the

steeply dipping (84°) plane striking 309° was the fault
plane, based on a Joint Hypocenter Determination of
the mainshock and aftershocks and a finite-fault model
using teleseismic data. Ye et al. (2016) combined high-rate
and static GPS displacements with teleseismic records to
estimate both point source and finite fault slip models for
this event. The near-field GPS displacements are better
fit by rupture on a shallowly dipping fault plane, but
the steeply dipping plane could explain the data if the
hypocentral location is shifted by >15 km. Ye et al. (2016)
developed a simple five-segment finite rupture model,
indicating a slip zone ~50 km long and ~30 km wide on
the shallowly dipping plane.

Iniskin Earthquake (M7.1, 24 January 2016)

The 2016 Iniskin earthquake ruptured the subducted
plate at a depth of ~110km beneath the Iniskin Penin-
sula, Cook Inlet. It produced ~10mm horizontal and
vertical displacements across the whole Cook Inlet region
(Figure 5.16) and caused shaking related damage in
communities on the Kenai Peninsula and in Anchorage.
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ellipses. Red vectors indicate vertical displacements, where north-pointing arrows indicate uplift and the 95%
confidence interval for the vertical displacement is shown by a red bar. Displacements are computed in ITRF2014.
Red star shows the USGS location. Other features in the figure are as described in the caption for Figure 5.13.
Orange outlines show the approximate rupture area of the 1964 M9.2 Alaska earthquake (Sykes et al., 1980).

No geodetic slip model has been estimated for this
earthquake. Grapenthin et al. (2017) used the event as a
case study for the application of GPS data to Earthquake
Early Warning. Grapenthin et al. (2018) computed GPS
velocity records using single-frequency observations,
filtered to isolate the main frequencies of strong ground
shaking. They showed that the GPS velocity records
faithfully recorded the ground motion amplification
within the Cook Inlet Basin, which demonstrated that

GPS kinematic solutions can be used effectively and inter-
changeably with seismic waveforms within their common

frequency band.

Haines/Duke River Earthquake Doublet

(M6.2 and M6.3, 1 May 2017)
Two earthquakes, M6.2 and M6.3, struck at ~14km

depth about 2h apart on 1 May 2017 near the eastern

Denali Fault in Yukon Territory, BC, Canada. The two

hypocenters were located close together, but the focal
mechanisms were different, indicating rupture of two
different faults. One event had a roughly strike-slip mech-
anism and the other mainly thrust. A displacement of
~10mm for the sum of the two events was observed at
the near-field site MDFC, and other sites within ~150 km
of the events had displacements of a few to several



GEODETIC OBSERVATIONS

OF TECTONIC DEFORMATION IN ALASKA AND WESTERN CANADA

64?-?-—4_—J- = e A o oE g I__‘_—i——‘—-—"-—L_'L__'__T64
| II
| |
T '_““\.\ II—
|II Q :l I'|
l‘l"___“"\ III
{ i} 3
NS Berk - |
doublet] M6.2 201705011231 A .
= \ > SCALE /~ \ [
|| B W, I.-"f \"-,II
] | | - IJ|
Il cm i ” ﬁ
.\ Ao
\ / 161
\\ /-'/ I|
o = |
L Iﬁ
) “doublet2 M6.3 201705011418A|
N B -
Y o \ |
e %
FrhaiLl ',
= }fﬁ/’j |
N 59
|
'\
N T
~ BC])@!# ' |
_. ,SR_,L ST '| o
7 >
Ve '.
;3\% s J "
I| Y |‘ )
-l T e AR e e -12
140 ~138° ~136° _134° {99 130

Figure 5.17 Displacements from the 2017 Haines/Duke River earthquake doublet, shown by vectors tipped by

95% confidence ellipses. Displacements are computed in ITRF2014. Vertical displacements from this event were
small and are not shown. Red stars show the USGS locations for the earthquakes. Other features in the figure are
as described in the caption for Figure 5.13.

millimeters (Figure 5.17). He et al. (2018) analyzed
teleseismic and regional seismic waveforms to study the
rupture processes of the two events. The near-field GPS
displacement at campaign site TRTH, located very close
to the epicenters, proved to be critical in distinguishing
between the primary and auxiliary fault planes for the
two events. The continuous site data shown in Figure 5.17
were not available at the time of the analysis of He et al.
(2018) because the sites closest to the rupture (MDFC,
TATC, and BMCP) were recording on-site and were

not downloaded until summer 2019. He et al. (2018)
determined that the first event ruptured an SW-dipping
fault with a primarily thrust mechanism, and the second
event ruptured along an unmapped left-lateral strike-slip
fault. Thus, neither of these events could have occurred
on the (right-lateral) Denali Fault, but instead they rep-
resent part of a complex zone of faulting associated with
the intersection of the Denali and Duke River faults

(Figure 5.1). Feng et al. (2019) analyzed ALOS-2 InSAR
interferograms for the events and came to the same

155
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Figure 5.18 Displacements from the 2017 M7.8 Komandorsky earthquake, shown by vectors tipped with 95%
confidence ellipses. For clarity, only a few selected sites in the eastern Aleutians are shown. Displacements are
computed in ITRF2014. Vertical displacements from this event were small and are not shown. Other features in
the figure are as described in the caption for Figure 5.13. Orange outlines show the approximate rupture areas of
the 1957 M8.6 (east) and 1965 M8.7 (west) great earthquakes (Sykes et al., 1980).

conclusion. The earthquake doublet mechanisms are in
line with the regional GPS velocities and block model
predictions of transpression across this area (e.g., Elliott
& Freymueller, 2020a; Figure 5.8).

Komandorsky Farthquake (M7.8, 17 July 2017)

A large, shallow, strike-slip earthquake ruptured along
the Bering-Kresta trough north of the Komandorsky
Islands (Russia), in the westernmost part of the Aleu-
tian arc (Figure 5.18). Slip partitioning in the western
Aleutians increases with distance to the west, with the
Aleutian arc itself moving in a trench-parallel direction
toward Kamchatka at a rate reaching a few centimeters
per year (Avé Lallemant & Oldow, 2000; Cross & Frey-
mueller, 2008). Shortly before the earthquake, Kogan
et al. (2017) estimated that the Komandorsky arc massif
moves 51 mm/year trench-parallel toward Kamchatka,
based on modeling of interseismic velocities.

This rapid motion is accommodated on a strike-slip
fault north of the islands, which they proposed was
located within the Bering-Kresta trough immediately
north of the arc (the Bering Fracture Zone). The 2017
event ruptured for 400km along the Bering Fracture
Zone (Lay et al., 2017), exactly as proposed based by
Kogan et al. (2017) on the interpretation of the interseis-
mic models. The event ruptured mainly within the upper
15km and was comparable in length and magnitude to
the 1906 San Francisco earthquake. Lay et al. (2017)

estimated that the average slip in the earthquake was
comparable to the total accumulated slip deficit since the
last earthquakes on the fault in 1849 and 1858, given the
51 mm/year slip rate.

Within Alaska, the earthquake caused a displacement
of ~15mm at site AC60 (Shemya), and smaller but still
detectable displacements were observed across the entire
Bering Sea region and Kamchatka (Figure 5.18).

Offshore Kodiak Earthquake (M7.9, 23 January 2018)

An intriguing event ruptured a complex network of
faults within the Pacific Plate crust in the Gulf of Alaska,
offshore of Kodiak Island. The earthquake occurred near
the outer rise, outboard of the trench, but did not involve
trench-parallel extension or contraction, as would be
expected for a plate bending fault. Instead, the earth-
quake ruptured an array of roughly orthogonal, vertical
strike-slip faults that extended over a ~100x 100km
region (Ruppert et al., 2018; Krabbenhoeft et al., 2018).
Displacements from this event were detectable across
almost all of Alaska and the adjacent parts of Canada
(Figure 5.19). This includes small but coherent displace-
ments across the Mackenzie Mountains (Northwest
Territories, Canada; Figure 5.1), at the extreme upper
right part of the figure.

The inferred array of faults includes both right-
lateral faults striking ~N-S or left-lateral faults striking
~E-W. Aftershocks show predominantly ~N-S lineations
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Figure 5.19 Displacements from the 2018 M7.9 Offshore Kodiak earthquake, shown by vectors tipped with 95%
confidence ellipses. Red vectors indicate vertical displacements, where north-pointing arrows indicate uplift
and vertical displacement 95% confidence uncertainty is shown by a red bar. Displacements are computed in
ITRF2014. This figure includes displacements from several remotely recording sites in southeast Alaska and Canada
that were not available at the time of the work of Ruppert et al. (2018), because the sites were not downloaded
until 2019. Other features in the figure are as described in the caption for Figure 5.13. Orange outlines show the

approximate rupture area of the 1964 M9.2 Great Alaska earthquake (Sykes et al., 1980).

(Figure 5.20), but it was not possible to fit the observed
GPS displacements with slip only on the ~N-S faults.
A single ~E-W fault segment could reasonably approxi-
mate the observed displacements, but the slip distribution
inferred from a single-fault model had the maximum slip
at the far northeast end of the model fault, where back
projection did not locate any significant high-frequency
radiation (Ruppert et al., 2018). The fit to the observa-
tions improved with a more complex fault model, and
their final fault model included six fault segments in total
(Figure 5.20b).

This event has a number of similarities to the 2012 My,
8.6 and My, 8.2 Wharton Basin earthquakes, offshore
of western Sumatra (Hill et al., 2015; Singh et al., 2017;
Wei et al., 2013). Like the Kodiak event, the largest of
the Wharton Basin sequence ruptured a set of nearly
orthogonal faults, extending over an even larger area than
the smaller event offshore of Alaska. The majority of slip
occurred on WNW-trending faults rather than the faults

that are more evident in the bathymetry. The seismic
moment of the Wharton Basin event was large because of
the number of faults ruptured and high slip at lithospheric
mantle depths, within high rigidity material. Singh et al.
(2017) later used new high-resolution bathymetry and
seismic reflection data to identify the WNW-trending
faults that had high slip in that event. Unlike the Offshore
Kodiak event, the Wharton Basin event had aftershocks
that outlined all of the fault traces with major slip.

The Wharton Basin has been interpreted as the
location of a nascent plate boundary, part of the pro-
cess of breakup of the former Indo-Australian plate
(Coudurier-Curveur et al., 2020), with estimated slip
rates of 0.8-2.5 mm/year on some of the faults that could
be identified from bathymetric mapping and seismic
imaging. The North Pacific seafloor south of Alaska has
not been studied so intensively, but we propose that the
Pacific Plate may be deforming internally and perhaps
beginning to break apart as well. Internal deformation of
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Figure 5.20 Map of aftershocks and moment tensor solutions following the 2018 Offshore Kodiak earthquake,
from Ruppert et al. (2018)/John Wiley & Sons. (a) Enlargement of a portion of the aftershock sequence, showing
clear N-S-striking faulting. (b) The final fault geometry and sense of slip.

the northeast corner of the Pacific Plate is also seen in the
1987-1988 Gulf of Alaska earthquake sequence, located
~400km to the northeast (Pegler & Das, 1996; Sauber
et al.,, 1993). The two largest events in the 1987-1988
sequence ruptured N-S-striking right-lateral strike-slip
faults, suggestive of a more mature stage of fault devel-
opment. However, some of the smaller events in the
sequence ruptured E-W-trending left-lateral strike-slip
faults. This internal deformation of the Pacific Plate may
be due to stresses being transmitted outboard from the
collision and subduction systems (Elliott et al., 2013;
Krabbenhoeft et al., 2018).

Anchorage Earthquake (M7.1, 30 November 2018)

Another large event within the subducted plate struck
beneath the Susitna Valley just north of Anchorage in
November 2018, at a depth of ~50 km. It is located near
the western edge of the subducted Yakutat slab crust
(Kim et al., 2014). The earthquake caused roadway and
other damage across the region and caused coherent
horizontal displacements as much as 200-300 km away
(Figure 5.21).

Liu et al. (2019) estimated a slip model based on static
and high-rate GPS displacements and near-field strong
motion seismic data. They found it difficult to determine
the fault plane, with both alternate fault planes producing
a similar fit to the data. Ruppert et al. (2020) produced
an extensive catalog of aftershocks and relocated 2038
events. They found that the aftershocks were located
predominantly in two clusters, a diffuse one to the south
and a steeply dipping one to the north. Guo et al. (2020)
used this aftershock catalog and near-field strong motion
data to infer that both candidate faults had ruptured in
the event.

It is not clear whether a single fault plane or rupture
of two conjugate planes best explains this event. For
example, although the alignments of the two fault planes
proposed by Guo et al. (2020) match the alignments of
the aftershock clusters, the location of one of the two
proposed segments is shifted at least 10 km away from the
aftershocks.

Simeonof Earthquake (M7.8, 22 July 2020)

The July 2020 M7.8 Simeonof earthquake (Figure 5.22)
began a sequence of events offshore of the Alaska Penin-
sula that later included the October 2020 M7.6 Sand Point
earthquake and the July 2021 M8.2 Chignik earthquake
(Figures 5.10, 5.24 and 5.25). The earthquake ruptured
beneath the eastern Shumagin Islands and continued
with lower slip further to the west, through the east-
ern part of what had been identified as the Shumagin
seismic gap (Crowell & Melgar, 2020; Liu et al., 2020;
Xiao et al., 2021; Ye et al., 2021; Zhao et al., 2022).
Xiao et al. (2021) included static and kinematic GPS
displacements in their slip model, along with InSAR
displacements, and regional and teleseismic waveforms.
The various finite fault slip models generally agree that
most of the slip occurred between 20 and 40 km depth,
and the earthquake produced only a minor tsunami. Data
from one GPS-Acoustic site offshore the rupture support
the land-based data conclusion that coseismic slip was
limited to intermediate depths and did not propagate into
the shallower region of the megathrust (DeSanto et al.,
2023). Measurable displacements extended for at least
700-800 km, with coherent displacements at the ~1 mm
level observed as far north as the Seward Peninsula,
~1100 km north of the rupture (Figure 5.22).

This earthquake provided a rare opportunity to develop
a slip budget over a complete, century-long earthquake
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Figure 5.21 Displacements from the 2018 M7.1 Anchorage earthquake, shown by vectors tipped with 95% con-
fidence ellipses. Red vectors indicate vertical displacements, where north-pointing arrows indicate uplift and ver-
tical displacement 95% confidence uncertainty is shown by a red bar. Displacements are computed in ITRF2014.
Sites with isolated, large vertical displacements are likely outliers, although these observations persist even with a
regional reference frame stabilization. Red star shows USGS location. Other features in the figure are as described
in the caption for Figure 5.13. The orange outline shows the approximate rupture area of the 1964 M9.2 Great

Alaska earthquake (Sykes et al., 1980).

cycle. The last similar-sized earthquake that likely rup-
tured the same part of the subduction interface was
in 1917, giving an interpreted recurrence interval of
113 years (Ye et al., 2021). Xiao et al. (2021) compared
the slip as a function of depth in the Simeonof earth-
quake with the total century-long accumulated slip
deficit, based on two alternative models of interseismic
slip deficit (Figure 5.23). The two alternative models differ
in the regularization of the inversion. The Drooff and
Freymueller (2021) model (Figure 5.23a) assumed that
the slip deficit could decrease with depth, but not increase,
forcing the maximum slip deficit to be at the trench. The
alternative model (Figure 5.23b) assumed a Gaussian
shape to the slip deficit distribution with depth, although

the peak could be at any depth. These two models fit the
data about equally well, which is a common situation
given the lack of model resolution in the near-trench area
(e.g., Schmalzle et al., 2014). Although the two models
are visually quite different, the slip deficit distributions
(blue and green curves in the lower panels) are similar
outside of the near-trench area, with the Gaussian model
having a 10%-20% higher slip deficit rate at depths below
20 km. Within the depth range of the 2020 main rupture
area (25-40 km), the 2020 event slip was essentially equal
to the century-long slip deficit. However, at shallow depth
both models predict a substantial remaining slip budget,
to be released by some mode of slip in the future. It is not
yet clear whether shallow afterslip could account for the
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Figure 5.22 Displacements from the 2020 M7.8 Simeonof earthquake, shown by vectors tipped with 95% con-
fidence ellipses. The near-field displacements are shown with gray vectors, at 1/10 the scale of the far-field
displacements. Displacements are computed in ITRF2014. Vertical displacements are not shown. Other features
in the figure are as described in the caption for Figure 5.13. The orange outlines show the approximate rupture
area of the 1964 M9.2 Great Alaska earthquake (east), the 1938 M8.3 Alaska Peninsula earthquake (center), and

the 1957 M8.6 Andreanof Islands earthquake (Sykes et al., 1980).

needed slip, or if future large shallow earthquakes would
be required.

Sand Point Earthquake (M7.6, 19 October 2020)

Three months after the Simeonof earthquake, the
Sand Point earthquake occurred 80 km to the southwest
(Figure 5.24). Unlike the Simeonof earthquake, Sand
Point was a dominantly strike-slip event that ruptured
within the downgoing Pacific slab (Zhou et al., 2022).
The M7.6 earthquake caused small displacements at GPS
sites in the region, except at AC12 that was closest to
the rupture (Figure 5.24). The earthquake was notable
for several reasons. It was one of the largest strike-slip

events in oceanic lithosphere to have occurred over the
past few decades (e.g., Choy & McCarr, 2002), joining a
group that includes the 2012 Wharton Basin earthquakes
(Hill et al., 2015; Singh et al., 2017; Wei et al., 2013),
the 2018 Offshore Kodiak event discussed above, and the
1987-1992 series of M7+ earthquakes along the Gulf of
Alaska shear zone (e.g., Pegler & Das, 1996). While the
Global CMT solution suggests a fault plane with a 350°
strike and 49° dip, there is not a known structure of that
orientation within the Pacific Plate in the region (Herman
& Furlong, 2021). While aftershocks are distributed along
this geometry, they also extend into the overriding plate.
Finally, the Sand Point earthquake generated a larger
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Figure 5.23 Slip model and slip budget from Xiao et al. (2021)/with permission of ELSEVIER.

tsunami than the Simeonof megathrust event despite
being strike-slip event (Mulia et al., 2022).

Herman and Furlong (2021) suggested that a coupling
boundary, where the coupling was higher to the east
than to the west of the boundary, may have led to the
occurrence of the earthquake. Coulomb stress modeling
showed that the difference in coupling would result in
stress loading that would be favorable to right-lateral
strike-slip faulting perpendicular to the trench within the
oceanic crust. In addition, stresses imposed by the earlier
Simeonof earthquake may have promoted the Sand Point
earthquake (Herman & Furlong, 2021).

Using a combination of static GPS and teleseismic
waveform data as constraints, Elliott et al. (2022) found
that strike-slip motion on a dipping fault plane alone

could provide a good fit to the geodetic and seismic data
but did not fully explain the tsunami waveforms. Bai et al.
(2023) used teleseismic waveforms, regional broadband
and strong motion data, GPS offsets, high-rate GPS
time series, and tsunami data to evaluate the Sand Point
earthquake. They proposed a much more complex fault
system, including an eastward dipping north—south strik-
ing fault in the Pacific Plate and a north-dipping normal
fault in the upper plate below the continental shelf. While
this model fit the data and produced a seismic moment
equivalent to an M,,7.5, it did not reproduce the tsunami
observations. To better fit the tsunami data, Bai et al.
(2023) added a fault with a strike of 190° and a westward
dip of 30° under the continental shelf. They proposed that
this fault experienced slow rupture lasting over 5min,
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Figure 5.24 Displacements from the 2020 M7.6 Sand Point earthquake, shown by vectors tipped with 95% con-
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which would explain the tsunami data without impacting
the geodetic or seismic data that were well fit by fast slip
along the other two faults.

Chignik Earthquake (M8.2, 29 July 2021)

The 2021 Chignik earthquake initiated just to the
northeast of the hypocenter of the 2020 Simeonof earth-
quake, making the rupture zones essentially abutting
(Figure 5.10). While the 2020 event ruptured to the
southwest, the 2021 event ruptured to the northeast with
substantially larger slip and a larger rupture area (Elliott
et al.,, 2022). The Chignik earthquake clearly caused
measurable displacements across all of NW Alaska, in
addition to displacements of a few decimeters in the
near-source area (Figure 5.25). Like the Simeonof earth-
quake, the Chignik earthquake ruptured mainly in the
20-40 km depth range (Elliott et al., 2022; Liu et al., 2022;
Ye et al., 2022). More recently, Brooks et al. (2023) used
the displacement of a seafloor GPS-Acoustic site on the
outer trench wall offshore of this rupture area to suggest
that slip may have extended to shallower depth. However,
that measurement includes 2.5 months of postseismic

displacements, so it is very possible that this represents
a combination of postseismic slip and rapid afterslip.
Evidence of rapid afterslip is displayed in the time series
of the cGPS site on Chirikof Island, AC13 (Figure 5.3).
Stress changes due to the 2020 Simeonof earthquake
promoted the occurrence of the Chignik earthquake, and
these two earthquakes partially filled a major gap in the
Alaska—Aleutian subduction zone, suggesting that they
may be part of an 80-year-long rupture cascade (Elliott

et al., 2022).

1938 M8.3 Alaska Peninsula Earthquake

Based on its aftershock area, the 1938 My, 8.3 earth-
quake was presumed to have ruptured from the eastern
edge of the Shumagin Islands in the west to somewhere
between the Semidi Islands and Kodiak Island in the east
(Figure 5.10). Based on the aftershock distribution, the
earthquake had long been presumed to have a very large
rupture area for its estimated magnitude, which implied
just a few meters average slip. It generated only a modest
tsunami, which Johnson and Satake (1994) explained in
their model by slip confined to >20 km depth. The recent
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2021 My, 8.2 Chignik earthquake likely overlapped with
the 1938 rupture zone (in along-strike extent), and the
2020 My, 7.8 Simeonof earthquake rupture fell within the
1938 aftershock zone.

Freymueller et al. (2021) re-analyzed the instrumental
tsunami recordings from 1938 earthquake along the
Alaska Peninsula. Some of the original mareograms
had been lost, and the published figures of Johnson and
Satake (1994) lacked key timing information. Freymueller
et al. (2021) were able to recover two records with pre-
cise timing and amplitudes, from Unalaska and Sitka.
They computed synthetic tsunami records from a grid of
hypothetical sources and found that the Sitka record was

sensitive to the depth of slip but not along-strike location,
while the reverse was true for the Unalaska record. Using
this information, they determined that the earthquake
ruptured mainly at shallow depth (but with a low average
slip), and slip was concentrated in the eastern part of the
previously inferred 1938 rupture. While that study was
published before the 2021 Chignik event, their conclu-
sions suggest that the 1938 rupture likely was confined to
the shallower part of the megathrust updip of the 2021
event and likely entirely to the east of the 2020 event.

1957 M8.6 Andreanof Islands Earthquake
The 1957 Andreanof Islands Earthquake in the Central
Aleutians featured one of the longest coseismic ruptures
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of any historical earthquake, rupturing an~1,200 km
long stretch of the Aleutian megathrust from Amchitka
Pass in the west to approximately Umnak Island in the
east (Figure 5.10). Magnitude estimates for this event
have fluctuated between MS8.6 and M9.1 (International
Seismological Centre, 2023; Okal, 1992), with the lower
magnitude being used more frequently. Johnson et al.
(1994) developed a finite fault rupture model for the
earthquake based on teleseismic and tsunami runup
observations. Curiously, that model featured slip in the
western one-third of the rupture area, a long stretch
with zero slip, and then a further rupture patch around
Umnak Island. This model was consistent with the lower
magnitude estimates. However, the mapping of tsunami
runup (Lander, 1996) clearly suggests more substantial
and widespread slip in the eastern part of the rupture,
with large runups documented along the Pacific coast
of most of the eastern Aleutian islands spanning the
easternmost 300-400 km of the rupture.

Recent studies of the 1957 and earlier tsunamis from
the eastern end of the rupture area have updated our
view of this event and demonstrated that large slip near
the trench must have occurred throughout much of the
eastern part of the rupture (Nicolsky et al., 2016; Witter
et al., 2016). Witter et al. (2016) identified seven tsunami
sand sheets in multiple cores and trenches at Stardust Bay
on the Pacific coast of Sedanka Island (located trench-
ward of Unalaska Island), with the upper six of these
being datable. The most recent tsunami sand sheet was
identified as the 1957 earthquake deposit, and the oldest
dated sand sheet (the sixth) was dated to 1,500 years BP.
They observed that the 1957 tsunami had runup of at least
18 m. Nicolsky et al. (2016) then modeled the tsunami
propagation and runup in the Unalaska Island region
from several hypothetical slip models and demonstrated
that both the large observed tsunami runups and the
Unalaska tide gauge record could only be explained by
high slip at shallow depth on the megathrust across the
region. Their best-fitting model featured an average slip
of 11.4m over the 5-15km depth range and a maximum
slip of 20 m centered at 10 km depth.

Taken together, these two studies and the historical
record (Lander, 1996) make it clear that the Johnson
et al. (1994) model severely underestimated the slip in the
earthquake. The model of Johnson et al. (1994) truncated
the seismic waveform data used in their inversion so that
only data before the arrival of the PP phase were used.
House et al. (1981) had earlier suggested that significant
direct P-wave energy from later parts of the rupture
could have been hidden by the later-arriving PP phases
and coda from the early parts of the rupture. Johnson
et al. (1994) argued that the amplitude of P arrivals was
decaying by this time, but the now-extensive tsunami
observations from the eastern part of the rupture make

it clear that the assumption of Johnson et al. (1994) was
not correct. Indeed, seismic source models for the 2004
Sumatra—Andaman earthquake, with a similar rupture
length, also initially limited all slip to the earliest ~1/3
of the rupture until modeling techniques were revised so
that the seismograms covering the full rupture duration
could be used.

A complete source model for the 1957 earthquake still
does not exist, but it will need to incorporate longer-
duration seismic waveforms than those used by Johnson
et al. (1994) and make fuller use of the tsunami runup
observations.

1964 M9.2 Great Alaska Earthquake

Suito and Freymueller (2009) developed an updated
coseismic slip model for the 1964 Great Alaska earth-
quake. The megathrust slip was modified only slightly
from the earlier model of Holdahl and Sauber (1994),
but the key innovation was to extend the splay fault
rupture southwest off the coast of the Kenai Peninsula
from Montague Island where it was observed subaerially.
Later, Liberty et al. (2019) showed clear evidence for splay
fault ruptures during past megathrust earthquakes. Splay
faults made it possible to explain the relatively constant
along-strike subsidence observed along the Pacific coast
despite the large along-strike reduction in the megathrust
slip over the same area.

Suleimani and Freymueller (2020) used tsunami mod-
eling to assess the various coseismic models for the
earthquake, using historical reported near-field obser-
vations on Kodiak Island and the Kenai Peninsula that
had not previously been examined. They examined the
near-field predictions of the Suito and Freymueller (2009)
model along with the models of Ichinose et al. (2007) and
Johnson et al. (1996) (another model based heavily on
Holdahl and Sauber (1994)). Although the far-field pre-
dictions of the various models were similar, the near-field
predictions were dramatically different, with the Suito
and Freymueller (2009) model performing much better
than the others. The key factors in the improvement were
in the shallower dip angle used in that model and the
modification of the splay fault.

Suleimani and Freymueller (2020) further examined the
splay fault’s contribution to the tsunami wavefield, which
was substantial in the near field due to the high dip angle
and substantial slip to the seafloor. Using observations
of arrival times and polarities reported from several
locations along the coast of the Kenai Peninsula, they
concluded that the splay fault must have extended farther
to the southwest than its currently mapped extent on the
seafloor (Liberty et al., 2019) but not all the way to the tip
of the Kenai Peninsula as suggested by Suito and Frey-
mueller (2009). Their model put the termination of the
splay fault at the approximate location of the substantial
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change in dip angle of the megathrust at the western
edge of the subducted Yakutat block crust. That location
coincides with a major change in 1964 slip, in interseismic
coupling (Figure 5.10), and slab dip angle. Evaluating
geologic uplift data and a series of dislocation models,
Chapman et al. (2014) found that ~3 m of slip on a splay
fault in the vicinity of the Suckling Hills just outboard
of the Bering Glacier during the 1964 earthquake could
explain the high rates of focused coseismic uplift in the
region.

5.5.3. Postseismic Deformation

Large earthquakes usually produce measurable post-
seismic transient signals due to afterslip on the fault
plane, viscoelastic relaxation, and poroelastic relaxation.
Several past review papers have reviewed the mechanisms
and observations of postseismic deformation in general
(e.g., Biirgmann & Dresen, 2008; Freymueller, 2017, 2020)
For the largest events, these postseismic transients can
last for decades and affect areas hundreds to thousands
of kilometers from the fault plane.

Almost no parts of continental Alaska are completely
unaffected by ongoing postseismic transients. However,
some studies aimed at modeling active tectonics have
neglected to account for this despite a long history of
theoretical and modeling studies that have demonstrated
the impact on Alaska. In this section, we summarize the
findings of previous studies for four major earthquakes,
the 1964 M9.2 Great Alaska earthquake, the 2002 M7.9
Denali Fault earthquake, the 2012M7.8 Haida Gwaii
earthquake, and the 2013M7.6 Craig earthquake. We
primarily focus on the documented areal extent and
temporal history of postseismic deformation in these
cases.

1964 M9.2 Great Alaska Earthquake

Postseismic processes were poorly understood prior to
the 1970s, and observations from geodetic leveling in the
years following the 1964 M9.2 Great Alaska earthquake
were important to establishing both the existence of
postseismic deformation and providing clues about the
underlying mechanisms. Cohen and Freymueller (2004)
summarized the near-field postseismic observations
for this event and discussed the papers that had been
published up to that time. The earliest observations of
postseismic deformation following the 1964 earthquake
came from repeat leveling observations along Turnagain
Arm of Cook Inlet, immediately south of Anchorage
(Brown et al., 1977; Small & Wharton, 1972). These stud-
ies demonstrated that up to ~50cm of relative vertical
movement had occurred in the first 11years after the
earthquake. Brown et al. (1977) modeled this deforma-
tion as being due to afterslip on a downdip extension
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of the coseismic rupture. Later studies (e.g., Suito &
Freymueller, 2009) demonstrated that afterslip was the
dominant contribution to postseismic vertical motions in
the Cook Inlet area. Separating the effects of afterslip and
viscoelastic relaxation, especially in the near-field data,
was a major challenge addressed by a series of papers
over the years (e.g., Cohen & Freymueller, 2004).

Some early viscoelastic modeling studies suggested
that the effects of viscoelastic relaxation from this event
should extend across most of mainland Alaska. Pier-
santi et al. (1997) presented a global-scale viscoelastic
relaxation model for this earthquake and compared the
predictions of the model to the deformation observed in
the 1980s by VLBI. While their model did not fit the data
well, some general features of the model proved to be
important. For example, Piersanti et al. (1997) suggested
that the southward motion of the VLBI site in Nome,
on the Seward Peninsula north of the Bering Sea and
~1000 km away from the earthquake rupture, was due
to viscoelastic relaxation. Their model prediction for
Nome was about a factor of 2-3 too large, but the later
observations and modeling made it clear that the area of
effect of the postseismic transient extended even farther
(Huang et al., 2020; Suito & Freymueller, 2009).

The most recent model was presented by Huang et al.
(2020). That model agreed quite well with the previous
model of Suito and Freymueller (2009) in the near-field
region, differing mainly in the treatment of afterslip.
Suito and Freymueller (2009) estimated afterslip from
the available cumulative uplift data from leveling, level-
ing/GPS combination, tide gauges, and repeat surveys
of tidal benchmarks. As a result, their model presumed
that there was no afterslip in areas where there was no
data to constrain the model. Huang et al. (2020) used an
approximation to derive stress-driven afterslip, where the
total afterslip is controlled by the stress changes com-
puted from the coseismic slip model. The two afterslip
models are in good agreement where there was good data
to constrain the Suito and Freymueller (2009) model, but
the Huang et al. (2020) model shows significant afterslip
extending to the east of Anchorage, where there was a
data gap for Suito and Freymueller (2009).

These two models differ more in the far field
(Figure 5.26). The Suito and Freymueller (2009) model
used a model domain that extended to near the Arctic
coast of Alaska, where a zero displacement condition was
imposed. That model domain proved to be too small. The
model domain used by Huang et al. (2020) extended hor-
izontally for 3000 x 4000 km and extended about twice
as far from the rupture as did the Suito and Freymueller
(2009) model. Huang et al. (2020) found that ongoing
velocities of 1-2 mm/year extended across almost all of
continental Alaska (Figure 5.26). In the Seward Peninsula
and the Bering Strait region, they showed that removing
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Figure 5.26 Predicted postseismic velocities due to the 1964 M9.2 Great Alaska earthquake, computed as the
average for the interval 1995-2004. Red vectors show predictions from the model of Suito et al. (2009) while
black vectors show predictions from the model of Huang et al. (2020). Shaded region shows approximate rupture
area of the 1964 M9.2 Great Alaska earthquake (Sykes et al., 1980).

this model from the present-day velocities allowed a
simple two-block model to be fit to the residual velocities
that were consistent with the sense of motion inferred
from seismic focal mechanisms and the tectonic model of
Mackey et al. (2010).

2002 M7.9 Denali Fault Earthquake

The 2002 M7.9 Denali Fault Earthquake struck central
Alaska on 3 November 2002 (Eberhart-Phillips et al.,
2003; Hreinsdottir et al.,, 2006). The immediate post-
seismic transient observed velocities were as large as
20-25 cm/year in the first months after the earthquake;
despite a rapid decay with time, postseismic displace-
ments continued at a rate of a few to several cm/year for
many years after the event, especially for sites located
50-100 km away from the rupture (Figure 5.27). The
displacements shown in Figure 5.27 were computed from
a mixture of campaign and continuous GPS sites by first
subtracting the observed or estimated pre-earthquake
velocities from the observed postseismic time series, then
fitting a combination of logarithmic and exponential
relaxation terms to the corrected time series, and finally
evaluating these functions at a set of specific times.

This sampling approach allows for the episodic cam-
paign measurements to combined effectively with the
continuous measurements. After the rapid decay of the
deformation rate, during the first few years, the campaign
measurements contribute nearly as much information as
the continuous sites because the campaign measurements
were made consistently and the processes decay slowly
over time with time constants that can be constrained by
the continuous data.

Harper (2017) analyzed the postseismic time series
and estimated the optimal time constants for fitting the
postseismic time series with a combination of a loga-
rithmic and an exponential relaxation. The optimal time
constant for the logarithmic component was 0.12 years,
and 20years for the exponential component. A longer
exponential time constant is difficult to rule out given that
the postseismic data time span was only ~13 years, but
the 20-year relaxation time is the same as that estimated
by Suito and Freymueller (2009) for the postseismic
deformation following the 1964 earthquake. The pres-
ence of separate rapidly decaying and slowly decaying
processes is clear in a comparison of panels (a) and (b)
of Figure 5.27. In the first several years, at least some
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of the sites’ velocities significantly change orientation,
which results when the rapidly decaying logarithmic
relaxation process (likely correlated to the afterslip)
decays to near-zero. In the later years, the magnitude of
the transient decreases but the orientation of the vectors
hardly changes, which indicates that the deformation
is dominated by the slowly decaying process. The long
relaxation time for the exponential relaxation indicates
that the postseismic signal will be present across the
region for many years to come, although it will be smaller
in magnitude at sites that are more distal.

2013 M7.5 Craig and 2012 M7.8 Haida Gwaii
Earthquakes

Postseismic deformation from the Haida Gwaii earth-
quake was first studied by Nykolaishen et al. (2015). They
deployed six temporary continuous sites in the near-field
of the event on Moresby Island about 2 weeks after the
earthquake and presented the cumulative postseismic
displacements from the first year after the earthquake
from these sites and from two regional continuous sites.
The cumulative postseismic displacements were as large
as 6cm. In the northern part of the rupture area, the
coseismic and postseismic displacements had a similar
orientation, being directed seaward, nearly normal to
the strike of the Queen Charlotte fault and the offshore
thrust. However, near the south end of the rupture, the
postseismic displacements rotated ~90° to become largely
parallel to the Queen Charlotte fault. This likely indi-
cated postseismic creep on the Queen Charlotte fault, a
conclusion also supported by the analysis of repeating
earthquakes by Hayward and Bostock (2017). Tian et al.
(2021) used the Nykolaishen et al. (2015) postseismic data
along with data from continuous sites across SE Alaska
and western British Columbia to estimate postseismic
models for both the Haida Gwaii and Craig earthquakes.
Their models combined stress-driven afterslip on the
deeper part of the fault plane for each event and vis-
coelastic relaxation assuming a common viscosity model
for both events. Sites located between the two events
had some sensitivity to the postseismic signals of both
events, but the signals were readily separable because
they happened to cause displacements in nearly orthog-
onal directions. Because there was no truly near-field
data for the Craig event and near-field data for Haida
Gwaii only in the first year, they could not resolve spatial
details of the afterslip distribution well. However, the
afterslip decayed rapidly while the viscoelastic relaxation
decayed much more slowly. The subcontinental mantle
was modeled as a Burger’s body with a Maxwell element
viscosity of (0.8-3) x 10'°Pa-s and a Kelvin element
viscosity 1 order of magnitude lower. The Burger’s body
model fit the time series better than a Maxwell viscosity
model. The Maxwell viscosity estimated for the region

was quite similar to the estimates for SE Alaska from
GIA models and similar to the estimate for the 1964
Alaska earthquake.

5.5.4. Slow Slip Events

The first observed SSE in Alaska occurred between
1998 and 2001 in Upper Cook Inlet on a partially coupled
section of the subduction interface located downdip of the
rupture area of the 1964 M9.2 earthquake (Freymueller
et al., 2002; Ohta et al., 2006; Figure 5.28). Modeling of
the event estimated that 120-165mm/year of total slip
occurred over the 3-year period, equivalent to 5-15 years
of slip deficit depending on the area of the slip patch
(Ohta et al., 2006). The cumulative seismic moment of
1.1 x 10 N'm was equal to a moment magnitude of 7.2.
Between 2005 and 2006, a smaller event lasting about
6 weeks occurred in roughly the same location as the
1998-2001 event (Ohta et al., 2007). Further analysis of
this event and detection of possible other transient events
in the region were greatly hampered by the spareness of
the continuous GPS network at the time.

The expansion of the GPS networks in Alaska, includ-
ing PBO/NOTA, significantly changed the situation
(Figure 5.2). Another SSE occurred in approximately
the same region as the 1998-2001 event between 2008
and 2013 and had a moment magnitude of ~7.6 (Fu &
Freymueller, 2013; Fu et al., 2015). The increased density
of GPS sites allowed a spatiotemporal evaluation of the
evolution of the event. Slip rate accelerated over the first
years of the event while slip migrated from the updip edge
of the SSE patch to the deeper region before laterally
moving east over the course of the event (Fu et al., 2015).
Most the strain accumulated since the 1998-2001 event
was released during the later event, suggesting that the
region of the subduction interface below the 1964 rupture
may have accumulated no net slip deficit during the time
period of geodetic observations and may not slip in large
earthquakes (Fu & Freymueller, 2013; Fu et al., 2015).
Rousset et al. (2019), based on decomposition of GPS
time series, suggested that the 2008-2013 event could,
instead of a single long transient event, be a series of
shorter transient slip events associated with tremor. They
particularly highlight a pulse spanning September 2010,
when ~9% of the total 5-year event moment was released.

Further to the southwest from the repeat SSE described
above, Wei et al. (2012) detected and described an
at-the-time ongoing SSE in lower Cook Inlet that began
in early 2010 (Figure 5.28). Modeling of the GPS data
produced a maximum slip of 17mm beneath Cook
Inlet that is broadly distributed between 35 and 80km
depths generating a cumulative moment equivalent to
M,, 6.9 between early 2010 and November of 2011. Fu
et al. (2015) and Li et al. (2016) also resolved this event,
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determining that the event began in late 2009 and ended
between August and November 2011 for a total duration
of less than 2 years. This event had a cumulative moment
magnitude of 7.2 (Li et al., 2016). Incorporating cam-
paign GPS data, Li et al. (2016) extended the data time
series in lower Cook Inlet back to the 1990s. They found
evidence of an SSE that was underway when observations
began in 1995 and ended in late 2004. This 9+ year
event had a minimum cumulative moment magnitude of
7.8 and may have accommodated the entire slip deficit
accumulated in the SSE region since the M9.2 1964
earthquake. Through a re-evaluation of the data, Li et al.
(2018) suggested that this long event may have been two
separate SSEs with a pause during the 2001-2002 time
period, but the interpretation is complicated by the offset
and postseismic deformation from the 2002 M7.9 Denali
earthquake.

As Figure 5.28 shows, the SSEs in Alaska observed to
date cluster on either side of the eastern Kenai Peninsula,
which is where the shallowly subducting slab portion of
the Yakutat block, an oceanic plateau, transitions to the
more typical oceanic crust of the Pacific Plate (e.g., Kim
et al., 2014). SSEs in upper Cook Inlet occur along the
Yakutat interface while SSEs in lower Cook Inlet occur
along the Pacific interface. Using numerical modeling,
Li et al. (2018) investigated whether this transition could
change the effective normal stress on the subduction
interface and influence the separation between the SSE
patches. They suggested that the normal stress could be

affected by either a reduction in pore pressure in Upper
Cook Inlet due to less fluid release or the buoyancy of
the thickened Yakutat block, with the latter mechanism
causing increased normal stress. Although they could not
rule out pore pressure changes, buoyancy-related normal
stress increase was their preferred explanation.

The relationship between SSEs, slip budget, and large
earthquakes is not yet fully understood due to the short
time span of dense geodetic measurements in Alaska.
SSEs do appear to accommodate all or a significant
portion of the accumulated slip deficit in some regions
downdip of the M9.2 1964 earthquake rupture (Fu &
Freymueller, 2013; Fu et al., 2015; Li et al., 2016). Segou
and Parsons (2020) suggested that a combination of
postseismic deformation after the 1964 earthquake and
the SSEs may have promoted the occurrence of the M7.1
2018 Anchorage earthquake, which was an intraplate
event. Gaining a more thorough understanding of the
role SSEs play in accommodating relative plate motion
and advancing or reducing the likelihood of large, dam-
aging earthquakes will require longer observation time
periods for the geophysical data sets. Offshore defor-
mation measurements will also be critical to evaluate
whether transient slip occurs in the shallower portions
of the interface. Initial deployments of seafloor geodetic
instruments near the trench have been shown capable of
yielding useful data (e.g., Brooks et al., 2023; Fredrickson
et al., 2023), but limited span and spatial sparsity limits
resolution.
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5.6. GEODYNAMIC MODELS

Both Alaska-wide and regional geodynamic models
using geodetic data as constraints or comparison tools
have been developed over the past 15years. Focusing
on the area immediately surrounding and south of the
Denali Fault, Haynie and Jadamec (2017) developed
three-dimensional finite-element models that incorpo-
rated detailed slab geometries (including a flat slab),
variable upper-plate thickness, and fault shear zones to
investigate driving forces. They found that a combination
of the shallow subduction geometry, coupling between
the upper plate and slab, and a weak (low-viscosity)
Denali shear zone could produce surface velocities south
of the Denali Fault that are directed northwestward
with a slight counterclockwise rotation similar to what
is observed with the GPS data. Ali and Freed (2010)
used two- and three-dimensional finite-element models
with a flat slab geometry, an assumption that all of the
slab moves with the Pacific Plate, and locked Denali and
Fairweather—Queen Charlotte faults to compare inter-
seismic GPS velocities that had not been corrected for any
postseismic signals. This model, with a subduction zone
interface locked to a depth of 30 km, could explain GPS
velocities in areas not strongly impacted by postseismic
deformation, such as southeast Alaska, but could not
explain GPS velocities south or north of the Denali Fault.
These areas required a combination of the effects of
Pacific-North America convergence, viscoelastic defor-
mation due to the M9.2 1964 Great Alaska earthquake,
and afterslip along the subduction interface in the region
of the 1964 rupture.

Using a surface deformation field constrained by GPS,
geologic, and seismicity data along with lithospheric
scale geodynamic models covering the entire region from
the Bering Sea to the Canadian Cordillera, Finzel et al.
(2015) explored how various driving forces contributed
to the observed deformation. While plate boundary
forces and gravitational potential energy would explain
observations south of the Denali Fault, they could not
explain the southeast to southwest GPS velocities north
of the fault in northern and western Alaska (Figure 5.5).
Including mantle tractions in the model helped to pro-
duce surface deformation that more closely matched
the GPS data. Expanding on this model, McConeghy
et al. (2022) used estimates of long-term block motion
from Elliott and Freymueller (2020a) as constraints to
avoid issues of elastic or other transient tectonic signals
in the GPS data. The updated model showed that plate
boundary forces, especially the collision and flat slab
subduction of the Yakutat block, are the prime drivers
of deformation in southeast and southcentral Alaska.
North of the Denali Fault, mantle tractions could repro-
duce the south-southwesterly GPS velocities observed in

western Alaska and the southeast-directed velocities in
arctic Alaska and the Canadian Cordillera. Uplift in the
Mackenize Mountains may be due to a combination of
stress transmitted inboard from the Yakutat collisional
front and the effects of mantle tractions. The location of
the inflection point between plate boundary dominated
motion and mantle influenced motion is just north of the
Denali Fault and may be controlled by the leading edge
of the Yakutat flat slab. Taken together, these geodynamic
models show that deformation in Alaska and western
Canada does not have a simple explanation but requires
a combination of driving forces.

5.7. IMPLICATIONS FOR ALASKA TECTONICS

The significant expansion of GPS data in Alaska and
western Canada over the past 15years has provided a
far more detailed picture of active deformation than
previously available. One major conclusion that can be
drawn is that no part of Alaska or western Canada moves
with stable North America. While velocities are small
in western Alaska and the Arctic, they show coherent
patterns of motion. While most relative plate motion is
accommodated along major plate boundary systems such
as the Fairweather—Queen Charlotte transform system
and the Alaska—Aleutian subduction zone, motion is also
accommodated both on discrete structures and across
deformation zones in interior Alaska, northern Alaska,
and northwest Canada 1,000km away from the main
plate boundary. Some regions appear to behave in a
way consistent with rigid block rotation while others,
especially in high strain areas, display patterns more
consistent with continuum deformation.

Strain from the Yakutat collision is transferred inboard
in different ways. It may be transferred through block
rotation and distributed deformation into the Northern
Cordillera of Canada, north via strike-slip fault systems
into interior Alaska, and west through the thrust belt of
the St. Elias orogen. Relative motion may be partitioned
onto multiple faults and fault systems as evidenced by
the 2017 Haines/Duke River earthquake doublet. The
influence of the Yakutat block may continue westward as
the shallowly subducting Yakutat slab appears to drive
the counterclockwise rotation of southcentral Alaska and
extrusion of southwestern Alaska toward the Bering Sea
region.

Upper-plate motion varies greatly throughout the
region, from tight rotations around the Yakutat col-
lisional corner to northwestward motion across the
Wrangell Mountains to arc-parallel motion along the
Alaska Peninsula to southeastward motion in Arctic
Alaska. Taking the varying motion into account is crit-
ical for accurate evaluation of seismic hazard and slip
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rates along faults. This is especially true along the sub-
duction zone, where the combination of Yakutat slab,
Pacific Plate, and multiple upper-plate blocks may yield
relative motion and slip rates quite different from simple
assumptions of Pacific-North America convergence rates.

The northeastern Pacific Plate within the Gulf of
Alaska appears to be undergoing internal deformation
and may be in the process of breaking up into smaller
blocks or deformation zones. Both the Gulf of Alaska
shear zone earthquakes and the 2018 M7.9 Offshore
Kodiak earthquake may have been triggered by stresses
transferred outboard from the convergent margin. A
more complete understanding of the northeastern Pacific
deformation will require seafloor geodetic instrumenta-
tion such as additional acoustic GPS (e.g., Brooks et al.,
2023) and repeat bathymetric mapping.

Along the subduction zone, geodetically determined
coupling estimates indicate high degrees of coupling
in regions that experienced large coseismic slip during
past earthquakes, suggesting the presence of persistent
asperities in at least some areas. Some lateral coupling
boundaries, especially those that are linked to structural
differences between interface segments, may be persistent
and serve as nucleation points or barriers to earthquake
rupture. Given the distribution of GPS sites, there can
be multiple coupling distributions that fit the data well.
Assessing the range of what is or is not allowed given a
data set is important for seismic hazard evaluation, espe-
cially in the offshore region of the subduction interface.
Existing acoustic GPS sites and new sites that will be
installed as part of an NSF community experiment will
greatly improve data coverage, but separating signals will
take careful consideration and long time series will be
needed to fully evaluate the interseismic signal. Slow slip
events may accommodate a substantial portion of the
slip budget in the partially coupled regions downdip of
the 1964 rupture in the Cook Inlet region. Stress loading
from earthquakes, coupling contrasts, postseismic defor-
mation, and transient SSEs may play an important role
in triggering both interplate and intraplate earthquakes.

5.8. CONCLUSIONS

The expanded networks of both campaign and contin-
uous GPS sites in Alaska and western Canada established
over the past 15years have greatly enhanced spatial and
temporal resolution of active surface deformation. This
new synoptic view shows that the entire region moves
in a way distinct from stable North America. While the
majority of the deformation can be attributed to tectonic
deformation, the expanded data set shows that nontec-
tonic sources including GIA, seasonal snow loading,
volcanic activity, and permafrost change can contribute
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significantly to the observed deformation signal and need
to be evaluated when tectonic signals are interpreted.

Long-term motion of the upper plate varies greatly,
with translation in southeast Alaska and the adjacent
part of British Columbia, collision and indentation in
the St. Elias and the Yukon, counterclockwise rotation
in southcentral Alaska over the subducting Yakutat flat
slab and Pacific Plate, extrusion in western Alaska toward
the Bering Sea, and southerly to southeasterly motion
in northern Alaska that may be related to mantle flow.
The subduction interface also shows great variability
with geodetic coupling estimates showing significant
changes both along strike and downdip, although there
is uncertainty due to sparse data in the offshore region.
Major earthquakes appear to correlate to areas of
moderate-to-high coupling, suggesting persistent asper-
ities. While the segment that generated the 1946 M8.6
tsunamigenic earthquake is usually assumed to be creep-
ing based on the GPS data located along the Alaska
Peninsula, a small band of moderate coupling can exist
near the trench without misfitting the data.

The geodetic networks captured deformation from
earthquakes across the region from Haida Gwaii in
British Columbia to the subduction interface along the
Alaska Peninsula to the far western Aleutians, shedding
new light on tectonic processes and slip behavior. The
earthquakes also caused displacements and time-varying
signals in geodetic time series across wide swaths of
the region, complicating interpretation. The dense net-
works in Cook Inlet and along the Alaska Peninsula
recorded the complex deformation pattern caused by slip
along multiple faults within the Pacific Plate during the
2018 M7.9 Offshore Kodiak earthquake, an event that
may be an indication of the formation of a new plate
boundary. High-rate GPS data from sites around the
2021 M8.2 Chignik and 2020 M7.8 Simeonof ruptures
helped determine the spatial and temporal slip evolution
during those events. Postseismic deformation from the
1964 M9.2 Great Alaska and 2002 M7.9 Denali Fault
earthquakes is still quite evident, with observed rates of
motion south of the Denali Fault considerably higher
than they were prior to the earthquake. Several SSEs have
occurred, some lasting years, downdip of the rupture
region of the 1964 earthquake within partially coupled
regions of the subduction interface. Spatial clustering
of the events may be related to the transition from the
Yakutat flat slab to more normal Pacific oceanic crust.
Earthquakes may be promoted by stress loading not
only from previous earthquakes but also from transient
deformation and interseismic coupling, suggesting that
all of these processes need to be assessed to fully evaluate
seismic hazard.

Looking toward the future, more expansions to the
land-based GPS networks are planned. These new sites,
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along with longer time series at existing sites, will provide
more detailed observations of tectonic deformation and
allow a more careful evaluation of tectonic and non-
tectonic deformation. The first seafloor geodetic data
captured the effects of multiple earthquakes along the
subduction zone, and new seafloor geodetic stations will
be installed in the coming years as well, providing greatly
improved constraints in the near-trench region of the
subduction zone. Together with improved processing and
modeling techniques, the ever-increasing geodetic data
set will provide an even more complete view of tectonic
processes in the north Pacific.
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