CRUSTAL STRUCTURE OF THE ALASKA SUBDUCTION ZONE ACROSS THE 2021

MS8.2 CHIGNIK EARTHQUAKE RUPTURE AREA FROM WIDE-ANGLE SEISMIC DATA

By Joshua A. Burstein

A Thesis
Submitted in Partial Fulfillment
of the Requirements for the Degree of
Master of Science

in Geology

Northern Arizona University

August 2023

Approved:
Donna Shillington, Ph.D., Chair
Ryan Porter, Ph.D.
Christine Regalla, Ph.D.

James Gaherty, Ph.D.



ABSTRACT
CRUSTAL STRUCTURE OF THE ALASKA SUBDUCTION ZONE ACROSS THE 2021
MS8.2 CHIGNIK EARTHQUAKE RUPTURE AREA FROM WIDE-ANGLE SEISMIC DATA

JOSHUA A. BURSTEIN

Understanding the influence of large-scale crustal structure on megathrust slip behavior is
essential for evaluating seismic and tsunami hazards at convergent plate margins. The subduction
zone offshore of the Alaskan Peninsula is an excellent area to examine controls on subduction
zone behavior because it has experienced a sequence of recent large earthquakes and it exhibits
dramatic along-strike variability in seismicity and geodetic locking. The incoming sediments and
oceanic plate in this region have been cited as factors controlling variability in megathrust slip
behavior, but the influence of the overriding continental plate is less well studied. Here we focus
on the Semidi segment of the Alaska subduction zone, which is strongly locked and regularly
ruptures in great (M>8) megathrust earthquakes, including the July 2021 M8.2 Chignik
earthquake. We present a two-dimensional P-wave seismic velocity model along a ~365-km-long
profile obtained by joint reflection-refraction tomographic inversion of wide-angle seismic
(WAS) data collected in 2011 aboard the R/V Marcus G. Langseth. Model uncertainty was
estimated using a Monte Carlo approach. The resulting P-wave velocity model displays large-
scale velocity variations in the overriding plate that constrain the extent of the accretionary prism
and accreted crustal terranes that form the overriding plate: the Prince William and Chugach
terranes. Shallow slow slip and afterslip are focused beneath the accretionary prism and younger,
lower velocity Prince William Terrane while rupture in the 2021 earthquake is concentrated
below the higher velocity Chugach terrane, suggesting that the upper plate influences slip

behavior here.
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1. Introduction

Subduction zones produce the largest and most devastating natural disasters including
large earthquakes, tsunami, landslides, and volcanic eruptions (Hilley et al., 2022). Therefore, it
is of the upmost importance to understand the physical controls on subduction zone processes in
order to properly assess hazards for these settings. The overarching motivation for this study is to
evaluate the physical properties that control fault slip on subduction zone megathrust faults.

Subduction zone megathrust faults exhibit depth-varying rupture behavior. The
shallowest portion of the megathrust, from the trench down to ~10 km depth below sea level, is
generally under relatively low confining pressure and generally undergoes aseismic slip or stable
sliding (Lay et al., 2012). However, in some circumstances, this region can experience large
coseismic slip that ruptures all the way to the trench generating a tsunami. Earthquakes generated
in this region possess characteristic low rupture speeds and are deficient in high frequency
energy (Lay et al., 2012; Sallarés & Ranero, 2019). The central region of the megathrust (~10-30
km depth) hosts the largest amount of geodetic locking and generally the largest amount of
earthquake slip (Lay et al., 2012; Scholz, 1998). Farther downdip (~30 — 55 km depth), the
megathrust is thought to host smaller asperities surrounded by conditionally stable regions that
can also experience slow slip and other transient behaviors. Finally, at depths >~55 km the
megathrust exhibits low-frequency earthquakes, seismic tremor, and slow slip events as the
megathrust transitions to stable sliding or ductile deformation below the seismogenic zone (Lay
et al., 2012).

A number of interrelated factors have been offered to explain the diversity in subduction
zone earthquake behavior, such as pore fluid pressure and/or heterogeneity along the plate

interface, rigidity of the overriding plate, and temperature structure (Li et al., 2018; Saffer &



Tobin, 2011; Sallarés & Ranero, 2019; Shillington et al., 2022; Wang & Bilek, 2014). In one
classic model of subduction zone megathrust behavior, the downdip limit of the seismogenic
zone corresponds to the depth on the megathrust where temperatures reach ~ 350 - 450°C, or
where the subducting plate boundary intersects the overriding plate’s fore-arc mantle
(Oleskevich et al., 1999). Where fore-arc mantle overlies the plate boundary, hydrated minerals
such as talc and serpentine are thought to be present and are hypothesized to control frictional
properties along the plate interface. The thickness, state of stress, rigidity, and permeability of
the overriding plate could also influence earthquake behavior and/or the distribution of fluids
along the plate boundary (Audet et al., 2009; Bassett et al., 2016; Sallarés & Ranero, 2019; L. M.
Wallace et al., 2012). For example, interseismic locking and slip during the 2011 Tohoku-oki
earthquake are focused beneath a terrane in the overriding plate that is denser and more rigid
terrane than neighboring terranes (Bassett et al., 2016; Kimura et al., 2022). The state of stress
(compressional vs. extensional stress) and composition of accreted terranes in the overriding
plate have also been proposed to influence the permeability and pore fluid pressure of the
overriding plate and along the plate boundary megathrust (Audet et al., 2009; L. M. Wallace et
al., 2012). In the Hikurangi margin in New Zealand, the state of stress in the overriding plate has
been reported to influence the strength of interseismic coupling along the plate boundary and the
depth of slow-slip events (SSEs) (L. M. Wallace et al., 2012). Here we evaluate the role of the
upper plate in influencing megathrust slip behavior in the Alaska subduction zone by

constraining upper plate velocity structure using wide-angle seismic data.

2. Tectonic and Geologic background

The Alaska subduction zone accommodates the relative motion between two converging

tectonic plates: the subducting Pacific plate and the overriding North American plate. The rate of



convergence between the two tectonic plates ranges from 51 to 75 mm/yr, with the Semidi
segment exhibiting a convergence rate of 60 mm/yr with a generally normal (orthogonal)
convergence vector (DeMets et al., 2010; Fig. 1). The Alaska subduction zone exhibits along-
strike and downdip variability in present-day geodetic locking, earthquake history and
seismicity. Geodetic studies indicate a decrease in plate boundary megathrust coupling from east
to west across this region of the Alaska subduction zone (Fig. 1). The Semidi segment, the focus
of this study, exhibits strong coupling (locking fraction of ~0.8) in the eastern portion to
moderate coupling (locking fraction of ~0.4 ) in the western portion (Drooff & Freymueller,
2021; Elliott et al., 2022; Li & Freymueller, 2018; Xiao et al., 2021).

The Semidi segment also hosts great (M>8) earthquakes about every 50-75 years (Davies
et al., 1981). The two most recent great earthquakes to have occurred within the Semidi segment
are the 1938 M8.3 earthquake and the 29 July 2021 M8.2 Chignik earthquake. There are no
coseismic slip models available for the 1938 event, however the rupture zone for this event is
estimated to be approximately 300 km margin-parallel based on relocated aftershocks (Davies et
al., 1981; Sykes, 1971; Tape & Lomax, 2022; Fig. 1). The 1938 event generated a modest
tsunami and is estimated to have released more seismic moment in the eastern portion of the
rupture zone than the west (Johnson & Satake, 1994). Although most studies based on
aftershocks, teleseismic data and tsunami measurements estimate that the 1938 earthquake was
confined to the deep portion of the megathrust (Davies et al., 1981; Estabrook et al., 1994;
Johnson & Satake, 1994; Tape & Lomax, 2022), a recent study based on local tide gauge data
suggests that rupture was shallower and farther east than originally proposed (Freymueller et al.,

2021).



Rupture models for the 2021 M8.2 Chignik earthquake also indicate rupture of the deep
portion of the megathrust (20-40 km depth) with peak slip of 8.6 m near the hypocenter at ~26
km depth (Elliott et al., 2022; Liu et al., 2022; Ye et al., 2022). The 2021 event is estimated to
have ruptured the western two thirds of the 1938 rupture zone (Liu et al., 2022; Ye et al., 2022).
Although the July 2021 event was speculated to have potentially loaded the shallow megathrust
(<20 km depth) (Elliott et al., 2022), a recent seafloor geodetic study has reported approximately
2-3 meters of shallow (<10 km depth) megathrust afterslip within ~2.5 months after the 2021
event, which may decrease the possibility of a shallow earthquake rupture (Brooks et al., 2023).
Likewise, a recent seafloor geodetic study reported a slow-slip event (SSE) occurred on the
shallow megathrust in the Semidi segment in 2018, up-dip of and preceding the 2021 event (He
et al., 2023). Thus, the shallower portion of the megathrust could experience both earthquake slip
and slow slip (He et al., 2023).

While the moderately coupled Semidi segment regularly ruptures in great (M>8)
earthquakes every 50-75 years, it exhibits low levels of <M8 earthquakes (Davies et al., 1981;
Shillington et al., 2015). Conversely, the neighboring weakly-coupled Shumagin Gap last hosted
a great earthquake about 150 years ago, exhibits high levels of <M8 earthquakes, and regularly
ruptures in M7.x earthquakes, most recently in the 2020 Mw7.8 Simeonof earthquake (e.g., Liu
et al., 2020, Xiao et al., 2021).

Previous work showed that variations in the characteristics of the incoming oceanic
Pacific plate could contribute to the along-strike differences in earthquake behavior between
these two neighboring segments of the Alaska subduction zone (Von Huene et al., 2012; Li et al.,
2018; Shillington et al., 2015; Wei et al., 2021). Shillington et al. (2015) observed along-strike

variations in bending faulting and hydration of the incoming plate with less bending faulting and



hydration in the Semidi segment. The incoming plate of the Semidi segment is characterized by a
relatively thick (~1-1.5 km) sequence of sediments (Li et al., 2018), including an ~800-m-thick
layer of distal turbidites from the Eocene-age Zodiac Fan, a pelagic sediment layer, and trench
fill associated with glacial erosion debris supplied by the still active Chugach-St. Elias orogeny
(Von Huene et al., 2012; Stevenson et al., 1983; Fig. 1). Part of this sedimentary section subducts
with the downgoing plate, forming a relatively continuous 600-m-thick sediment layer along the
plate interface that is characterized by low seismic velocities and elevated pore fluid pressures
(Li et al., 2018). The relatively thick, continuous, and overpressured sediment layer entering the
Semidi segment may form velocity-strengthening material on the shallow plate boundary
megathrust and inhibit rupture along the shallow megathrust (Li et al., 2018). However, at
greater depths in the seismogenic zone, the sediment layer may act as a large, coherent asperity
along the plate interface as the sediment package compacts and dewaters due to increasing
temperatures and lithostatic pressures (J. Li et al., 2018; Miller et al., 2021). Together, the thicker
sediments and limited bending faulting on the incoming plate imply a relatively smooth, more
homogeneous plate interface at depth, and therefore, may form a more uniform region of
coupling that favors rupture in large earthquakes. Additionally, Wei et al. (2021) used deep
intraplate earthquakes and trace element signatures of lavas from Alaska Peninsula volcanoes to
support the idea of continued influence of sediments, faulting, and hydration at depth.

The overriding continental plate may also influence subduction zone processes in the
Alaska subduction zone (e.g., Shillington et al., 2022). The overriding continental plate of the
Alaska subduction zone is comprised of a series of accreted terranes that young to the south: the
Permian to late Mesozoic Peninsular Terrane, the Cretaceous Chugach Terrane, and the

Paleocene Prince William Terrane (Horowitz et al., 1989; Figs. 1 and 2). The southernmost and



youngest of these accreted terranes is the Paleocene Prince William Terrane, which largely
consists of Paleocene and Eocene turbidites, Oligocene, Miocene and Plio-Pleistocene shelf
strata, and minor mafic volcanic rocks (Horowitz et al., 1989; Braden & Behr, 2021). To the
north is the Cretaceous Chugach Terrane. Onshore geologic exposures from the nearby Kodiak
Island and Kenai Peninsula (Fig. 1) show that the Chugach Terrane is largely composed of
Triassic to Cretaceous tectonic mélange consisting of deformed oceanic basalts, chert, shale, rare
exposures of ultramafic rocks, and a series of deep-water turbidite sequences that reach
greenschist metamorphic facies peak pressure and temperature conditions, significantly more
metamorphosed and reworked than the exposed rocks of the younger Prince William Terrane to
the south (Plafker & Berg, 1994; Braden & Behr, 2021). Separating the Paleocene Prince
William Terrane and the Cretaceous Chugach Terrane is a tectonic boundary commonly referred
to as the Contact Fault (Horowitz et al., 1989; Plafker & Berg, 1994). Exposures of the Contact
Fault on Kodiak Island indicate the Contact Fault has thrust sense of motion and records the
ongoing process of accretion and underplating of material provided by the downgoing plate since
at least the Cretaceous (Sample & Moore, 1987; Horowitz et al., 1989). Onshore geologic
exposures also reveal that the Chugach and Prince William terranes are “stitched” together by
Paleocene granitic intrusions (W. K. Wallace & Engebretson, 1984). The northernmost and
oldest of the accreted terranes in this region is the Permian to Late Mesozoic Peninsular Terrane.
This terrane is mainly comprised of highly metamorphosed greenschist and blueschist facies
rocks, metacherts, and volcaniclastic turbidites (Horowitz et al., 1989).

Wide-angle seismic data reveal a landward increase in P-wave velocity in the overriding
plate in the Shumagin Gap, implying a landward increase in rigidity (Shillington et al., 2022).

Additionally, MCS imaging of the Shumagin Gap (ALEUT Line 5; Fig. 2) revealed a major



active normal fault that is likely a reactivated fault that was inherited from the collision between
the Prince William and Chugach terranes via the Contact Fault (Bécel et al., 2017; Shillington et
al., 2022; Von Huene et al., 2019). This active normal faulting activity likely suggests the
overriding plate is undergoing extensional stress in the weakly coupled Shumagin Gap.
Estimates of the rigidity and thickness of the overriding plate in the moderately coupled Semidi
segment and their relationship to plate boundary properties and megathrust slip history are not

yet known and that is the aim of this study.

3. Wide-angle Seismic Data Acquisition, Processing, and Analysis

3.1 Data Acquisition

In 2011, the Alaska Langseth Experiment to Understand the megaThrust (ALEUT)
acquired 3700 km of multichannel seismic (MCS) reflection and 800 km of wide-angle seismic
(WAS) data across the Alaska subduction zone collected with ocean bottom seismometers (OBS)
(Fig. 2). Here we focus on wide-angle seismic profile ALEUT Line 3 acquired on a ~365-km-
long profile across the central portion of the Semidi Segment, which comprises 21 OBS at an
average spacing of ~15.8 km (Table 1; Figs. 2, 3). The wide-angle seismic refraction data were
acquired using four-component OBS recorded at 200 Hz from the Scripps Institute of
Oceanography (SIO). The SIO four-component OBS include a L.28 gimbaled three-component
geophone and a hydrophone component. The source of seismic energy was the 6,600 cu. in.
tuned 36-element airgun array of the R/V Marcus G. Langseth. The airgun array was towed at 12
m depth. The shot interval was 310 m (~120 s) for all OBS shooting. All OBS instruments were
recovered, and all instruments recorded high-quality wide-angle seismic data except for OBS

314, which had timing issues, and we do not include in our analysis.



3.2 OBS data processing

Simple processing steps were applied to WAS data to relocate the OBS and remove noise
to facilitate identification and picking of the travel-times of first-arrival refractions and
secondary-arrival reflections. OBS were relocated by picking water wave arrivals and using a
grid search to determine the best fitting position including constraints on water velocity and
bathymetry. All other data processing steps were performed using the open-source seismic
processing software Seismic Un*x (Cohen & Stockwell, 2004). The processing sequence
included a minimum-phase Butterworth, trapezoidal bandpass filter with pass corners of 3-5-15-
20 Hz and an offset-dependent gain. The minimum-phase bandpass filter ensured an increase in
signal to noise ratio without altering or shifting the original signal, and the offset-dependent gain
amplifies coherent signals at longer offsets (Fig. 4). A reduction velocity of 8 km/s was applied
to view seismic phases more easily at long offsets and assess their apparent velocities. In a
reduced travel-time seismogram, a seismic phase travelling with an apparent velocity of 8 km/s

will appear horizontal (e.g., Fig 4).

3.3 Seismic phase picking and uncertainties

We used OpendTect to pick both first arrivals and secondary arrivals to use for
tomographic inversions. Previous studies had performed tomographic inversions of the OBS
instruments that overly the incoming plate of the Semidi segment: OBS 301 — 306 (Shillington et
al., 2015). For this study we aimed to constrain the velocity structure of the overriding plate in
the Semidi segment. Thus, we focused our efforts on the OBS instruments that overly the
overriding plate spanning from the trench to the most landward (northwestward) portion of the
ALEUT Line 3 profile: OBS 307 — 321 (Figs. 2, 3). Overall, the OBS data displays clear first

arrivals at offsets up to 100-125 km. Data quality for different seismic phases varied with offset,



variations in the complexity of geology along the profile, and between individual instruments.
Travel-time picks were made on the hydrophone component of all instruments due to high data
quality relative to the three-component geophone. Upon visual inspection, uncertainties were
assigned to seismic phases that ranged from 50 ms for the clearest first arrivals and 100 ms for
secondary arrivals (Table 2).

In order to quality-control travel-time picks and assess the consistency of phase
identification between different instruments, we employed reciprocity checks (Fig. 5). For
source-receiver pairs that are reciprocal, the corresponding travel-times of any seismic phase
arrival should be the same regardless of Earth structure (Zelt, 1999) after correcting for water-
depth differences between OBS.

For the instruments that overlie the overriding pate near the trench (OBS 307-311), we
identified first arrivals at close offsets (0.5-10 km offset) that displayed relatively slow apparent
velocities. We interpreted these arrivals as rays refracting through sediments associated with
trench-fill and the accretionary prism (Psed). At offsets of ~10-40 km, we observed a phase with
higher apparent velocities that we interpreted as refractions through the continental crust
(Pg_short). The apparent velocities and offset range of these arrivals varied considerably with
distance from the trench due to the complex bathymetry and structures in the forearc and
thickening crust of the overriding plate. At offsets of ~10-50 km, we observed a bright secondary
arrival for these trenchward OBS that we interpreted be reflections off of the top of plate
boundary (PpbP). Due to the complex geometry of the subduction zone near the trench,
instruments in this area yielded seismograms that display complicated interactions between
secondary arrivals and arrivals associated with multiple energy. In order to distinguish between

these two coincident arrivals, we utilized reciprocity checks (Fig. 5).



Seismograms of instruments that overlie the landward part of Line 3 (OBS 312-321)
contained continental crustal refractions at offsets of ~0.5-100 km, which we refer to as
Pg short. On OBS 315-318 and OBS 320-321, we observed crustal refraction arrivals at longer
offsets that varied between OBS, but were generally at ~50-125 km offset. Due to the
pervasiveness of strong reverberations at large offsets in these landward OBS seismograms, we
assigned a larger picking uncertainty to these travel-time picks and refer to these picks as
Pg long. It is important to note that both Pg_short and Pg_long are interpreted to be continental
crustal refractions and the only difference between the two phases are the assigned picking
uncertainty (see Table 2). On most of these OBS, a bright secondary arrival was observed at
offsets of ~60-100 km, however this varied between different OBS overlying the overriding
plate. We interpreted this reflection phase as arising from the top of the plate boundary.
Interpretation of instruments in shallow water was complicated by reverberations, making
identification of secondary arrivals difficult. Again, we utilized reciprocity checks to determine
the geometry of secondary arrivals in this region and interpreted these to be reflections off of the
top of the plate boundary. We did not observe reflections off the base of the continental crust

landward of its divergence from the plate boundary.

4. Velocity Modelling

We performed a 2-D tomographic inversion of the WAS travel-time data using Tomo2D,
a joint reflection/refraction inversion code (Korenaga et al., 2000). The inversion code utilizes a
starting 2-D velocity model and travel-time picks for iterative ray tracing and inversion for a
perturbed velocity model and depth to a floating reflector. The model is parameterized as a

sheared mesh hung from the sea-surface. We utilized a fixed grid spacing, with a vertical node

10



spacing of 0.2 km and horizontal node spacing of 1 km. The model space spans 366 km in the x-
direction and 50 km in the z-direction for a total of 366 x 251 = 91866 model nodes.

To calculate the forward problem, Tomo2D employs a hybrid ray-tracing approach based
on the graph and ray-bending refinement methods (Korenaga et al., 2000). The inversion step
utilizes a sparse matrix solver LSQR to output a damped, weighted least-squares solution
(Korenaga et al., 2000). Model parameters output from the inversion code include P-wave
velocity at each model node and a depth to a floating reflector.

The inverse problem posed by this tomographic inversion was largely underdetermined,
and regularization was needed to stabilize the inversion. This was achieved through smoothing
constraints on both velocity and floating reflector depth. We implemented a set of vertically and
horizontally variable correlation lengths that define the magnitude of smoothing allowed
between each model node in each direction. Overall smoothing parameters for velocity (Sv) and
reflector depth (Sd) were also used to control the inversion’s weighting of smoothing constraints
with respect to data fit. A weighting parameter w was also implemented to weight the importance
of perturbations in velocity versus floating reflector depth.

Similar to Korenaga et al. (2000), we employed an iterative approach, using the output of
model parameters of the previous iteration as the input for the subsequent iteration. At each
inversion stage, the smoothing parameter Sv was gradually decreased between iterative steps
until the root mean square (RMS) misfit value of modelled travel-times equaled approximately
the uncertainty assigned to the observed travel-time picks, or similarly, when the chi-squared
misfit value equaled ~1. Inversion statistics are provided in Table 3. In order to preserve the
resolved structures within each model layer, we followed a layer-stripping / top-down modelling

approach (e.g., Horning et al., 2016; Korenaga et al., 2000). As we began the inversion, we

11



wanted to ensure that velocity perturbations to the starting model only occurred within a defined
model layer which is constrained by a defined seismic phase. This was performed by
implementing large damping values above the target model layer. As we progressed to deeper
layers, we held the structure above fixed and reset the starting model for the target layer. This
process ensured that velocity perturbations only occurred within a defined layer of the model at

each step within the inversion.

4.1. Overriding Plate model

Here, we summarize the inversion steps employed to create a seismic velocity model of
the overriding continental plate along profile ALEUT Line 3. This model consists of a total of
6522 travel-time picks observed on 14 OBS (307-321) spanning the trench to the most landward
seismic shot. As described above, we followed a top-down modelling approach in which we

inverted the shallowest layers first before progressing to deeper model layers.

4.1.1. Overriding Plate Stage 1: Sediments

We refer to “sedimentary refractions” as any first-arrival of seismic energy that displays a
relatively slow apparent velocity (<~4 km/s) at relatively small source-receiver offsets (generally
0.5-10 km offset) to the respective OBS. We only identified this specific seismic phase on four
OBS (307-311), which overly the trench and accretionary prism, for a total of 131 travel-time
picks. We interpreted these arrivals as refractions through shallow material associated with
trench-fill sediments and the accretionary prism, which we call Psed (Table 2). Since we
parametrized our velocity model as a mesh hung from the sea-surface, we set large damping
values (1000) within the water column above the seafloor and only allowed the velocities below

the seafloor to vary. Seafloor depths were extracted from multibeam bathymetry collected by the
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R/V Langseth’s EM122 echosounder. Water column velocities were set to a constant P-wave
velocity of 1.5 km/s. Horizontal correlation lengths increased from 5 km at 0 km depth to 15 km
at 50 km depth. Vertical correlation lengths increased from 0.25 km at 0 km depth to 2 km at 50
km depth. After inverting these Psed arrivals, we achieved convergence within 8 steps, with 5
iterations within each step, by decreasing the overall velocity-smoothing (Sv) parameter between
each iterative step.
4.1.2. Overriding Plate Stage 2: Crustal refractions

The “final” model of Stage 1 was then used as the starting model for Stage 2, in which
we brought a total of 4824 continental crustal refraction travel-time picks into the inversion
(Pg_short and Pg_long). To ensure that only continental crustal velocities were perturbed in the
inversion, we defined high damping values above the basement. The basement depth was
extracted from coincident MCS data (Kuehn, 2019). Horizontal correlation lengths increased
from 5 km at 0 km depth to 15 km at 50 km depth, and vertical correlation lengths increased
from 0.25 km at 0 km depth to 2 km at 50 km depth. After inverting both continental crustal
refraction phases, we achieved convergence within 5 steps, each with 5 iterations, by decreasing

the overall velocity-smoothing (Sv) parameter between each iterative step.

4.1.3. Overriding Plate Stage 3: Plate boundary reflections

In Stage 3, we used the “final” model from Stage 2 as the starting model to begin
inverting plate boundary reflections (PpbP). Here, we imposed the same damping values as Stage
2 in which all model parameters above the MCS-derived basement were kept constant and we
only allowed for the model parameters below the basement horizon to perturb. After inverting a

total of 1567 plate boundary reflection travel-time picks, we achieved convergence within a
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reasonable misfit within 7 steps, each with 5 iterations, again decreasing the overall velocity-
smoothing (Sv) parameter between each iterative step.
4.2 Monte Carlo uncertainty analysis

To create a final P-wave velocity model and quantify model parameter uncertainty, we
employed a Monte Carlo approach using tomographic inversion code Tomo2D (Korenaga et al.,
2000). Following the layer-stripping strategy described in the previous section, we performed
100 inversions for each layer, varying the starting model velocities, the initial floating reflector
geometry, and applying random perturbations to the travel-time picks. The magnitude of random
perturbations to the travel-time picks was weighted by the individual phase’s picking
uncertainty. The average of these models is the final model, and the standard deviation of these
models provided an estimation of model uncertainty. The final model of the overriding plate has
an overall a chi-square misfit of 1.50 and RMS misfit of 57 ms (Table 3, Fig. 6). The
sedimentary and continental crustal velocities generally have standard deviations of less than 0.1
km/s down to ~25 km depth. There was greater uncertainty for the lower crustal velocities and
plate boundary depth from ~30-40 km depth. This was due to the fact that this portion of the
model was only constrained by wide-angle reflections, and there is thus trade-off between
velocity and depth to the plate boundary megathrust. The thickness of the red line on the plate

boundary in panel B indicates the uncertainty of plate boundary depth (Fig. 6).

5. Results

The final Line 3 velocity model constrains the large-scale P-wave seismic velocity
structure of the overriding plate in the central Semidi Segment. In general, velocities in the
overriding plate increase landward, with prominent increases in Vp at model distance 160 km

(note abrupt shallowing on 4 and 5 km/s contours, Figs. 6, 7) and at model distances 220-230 km
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(note abrupt shallowing on 5 and 6 km/s contours, Figs. 6, 7). We interpret both prominent
increases in Vp to indicate changes in lithology between geologic domains in the overriding plate
in the Semidi segment.

Near the trench (model distance ~120 — 220 km), we observe a package of material with a
relatively low Vp ranging from 2 - 4.5 km/s down to about 10 km depth. We interpret this
portion of the model as a combination of accreted sediments from the incoming plate and trench
fill associated with glacial erosion debris supplied by the still active Chugach-St. Elias orogeny
(Von Huene et al., 2012; Stevenson et al., 1983). We also observe a marked jump in Vp to 5
km/s near model distance 160 km (~45 km from the trench) that we propose to indicate a
transition from the accretionary prism complex to a more rigid material in the continental crust;
hereafter, we refer to this transition as the backstop.

Between model distances ~160 — 220 km we observe crustal velocities between 5-6.2
km/s, consistent with very low-grade (up to prehnite-pumpellyite facies) metamorphosed
sediments and/or granitic intrusions (Christensen & Mooney, 1995). We interpret this portion of
the model to be correlated to the Paleocene Prince William Terrane, which consists of Paleocene
and Eocene turbidites and minor mafic volcanic rocks, and Paleocene granitic intrusions
according to onshore geologic exposures of this terrane on Kodiak Island and Kenai Peninsula
(Horowitz et al., 1989; Braden & Behr, 2021).

Near model distance 220 km (~100 km from the trench), we observe another prominent
increase in Vp (note abrupt shallowing on 5 and 6 km/s contours, Figs. 6, 7). This increase
approximately corresponds to a previously estimated boundary between the Paleocene-age
Prince William Terrane in the south and the Cretaceous-age Chugach Terrane to the north,

commonly referred to as the Contact Fault (Horowitz et al., 1989; Platker & Berg, 1994; Figs. 1,
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2). Onshore geologic exposures from Kodiak Island and Kenai Peninsula show that the Chugach
Terrane is largely composed of Triassic to Cretaceous tectonic mélange consisting of deformed
oceanic basalts, chert, shale, rare exposures of ultramafic rocks, Paleocene granitic intrusions,
and a series of deep-water turbidite sequences that reach greenschist metamorphic facies peak
pressure and temperature conditions. Rocks of the Chugach Terrane are significantly more
metamorphosed and reworked than rocks found in the younger Prince William Terrane to the
south (Plafker & Berg 1994; Braden and Behr, 2021).

Between model distances 220-320 km, the Line 3 velocity model displays velocities
ranging from 5-6.8 km/s (Figs. 6, 7); these observed crustal velocities are consistent with more
metamorphosed metasediment sequences, mafic units, and Paleocene granitic plutons within the
Chugach Terrane, resulting in a bulk increase in P-wave velocities in this region of the
overriding plate (Christensen & Mooney, 1995). We interpret the prominent increase in velocity
at model distance 220 km to be a suture zone between the Prince William and Chugach terranes,
where the velocity jump is the result of thrusting of more highly metamorphosed and mafic
material of the older Chugach Terrane over the younger, less metamorphosed material of the
Prince William Terrane.

The depth and geometry of the subducting plate boundary megathrust is constrained
solely by wide-angle reflections from OBS data. On average, our resolved plate interface
displays an average dip of about 10°. Due to limited ray coverage resulting from the experiment
geometry and noisy reverberations within the most landward OBS, we are not able to constrain
the geometry of the plate interface deeper than approximately 40 km depth and farther landwards
than model distance 260 km (~140 km from the trench). Further work can be done to include any

land-based seismometers located onshore (farther landwards than the Line 3 profile) that might

16



constrain the depth and geometry of the continental Moho and its intersection with the
subducting plate boundary megathrust (e.g., Shillington et al., 2022). The plate boundary
megathrust resolved in our Line 3 velocity model is consistently steeper and deeper than that
modelled by a seismicity-based subduction zone plate interface model, Slab 2.0 (Hayes et al.,
2018). Our new result is in agreement with other studies that used teleseismic earthquake
waveforms and GPS data to constrain the 2021 rupture area and found a preferred slab geometry
that is also steeper and deeper than Slab 2.0 (e.g., Liu et al., 2022) and with coincident reflection

imaging using a simplified velocity model (Kuehn, 2019).

6. Discussion

The Line 3 final velocity model based on OBS data can be used to constrain the structure
of the overriding plate and geometry of the megathrust. Here we integrate the new P-wave
velocity model with coincident seismic reflection imaging and information on upper plate
terranes from onshore geology to examine the possible contribution of large-scale velocity
variations to megathrust behavior in this region. Recent great earthquakes in the Semidi segment
of the Alaska subduction (1938 MwS8.2 earthquake and the 2021 Mw8.2 Chignik earthquake)
appear to have ruptured the plate boundary at depths >20 km (Davies et al., 1981; Elliot et al.,
2022; Liu et al., 2022; Mulia et al., 2022; Ye et al., 2022; Fig. 1). At shallower depths, recent
seafloor geodetic studies have reported aseismic slip along the shallow portion of the megathrust
both preceding the 2021 earthquake (He et al., 2023) and following the 2021 earthquake (Brooks
et al., 2023) (Fig. 1). However, seismic slip is also inferred to have occurred on the shallow plate
boundary based on tsunamigenic events in the historical record (e.g., 1788; Davies et al., 1981).

Thus, this part of the plate boundary may be capable of both seismic slip and slow slip. We
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evaluate the possible influences of overriding plate structure on these patterns of slip in the

Semidi segment and then compare with the creeping Shumagin Gap to the west.

6.1: Influence of upper plate structure on megathrust slip in the Semidi Segment
6.1.1: Accretionary prism

The new Line 3 velocity model constrains the width and thickness of the modern
accretionary prism in the central Semidi segment. Based on our model, our interpreted
accretionary prism spans from model distances 115-160 km (approximately 45 km from the
trench) and extends to about 10 km depth. The accretionary prism in the central Semidi segment
is significantly wider than in the Shumagin Gap (e.g., Li et al., 2018; Fig. 10). We attribute this
pattern to an increase in sediment thickness on the incoming plate supplied by the Eocene-age
Zodiac fan and glacial debris provided by glacial erosion of the Chugach-St. Elias orogeny that
was transported to the southwest along the continental shelf (Stevenson et al., 1983; Von Huene
et al., 2012). Coincident MCS data show that the upper part of the incoming sediment section
(trench fill and pelagic sediment on the Pacific plate) is accreted and deformed by thrust faulting
and folding within the accretionary prism, while most of the older Zodiac fan subducts (Li et al.,
2018; Fig. 8). The subducted sediments form a continuous 600-m-thick sediment layer below the
accretionary prism characterized by low seismic velocities interpreted to represent elevated pore
fluid pressures (Li et al., 2018).

At model distance 160 km, we observe a marked increase in upper crustal seismic
velocity, which we interpret to mark the landward extent of the accretionary prism and a
transition to a presumably more rigid upper plate material, the Prince William Terrane (Figs. 7,

8). Previous seismic reflection studies in the Semidi segment identified a series of landward
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dipping reflections that they interpreted as the backstop fault zone (BSFZ) (e.g., Von Huene et
al., 2016, 2021); the interpreted BSFZ is located about 30-45 km from the trench, near the
location of our proposed transition from the accretionary prism complex to the Prince William
Terrane. Additionally, coincident MCS data along Line 3 display moderately large-amplitude
landward-dipping reflectors in this same region (Fig. 8; Li et al., 2018; Kuehn, 2019). We also
observe a high at the seafloor associated with the surface expression of this fault zone and a
change in seafloor dip (Fig. 8). Combined, these observations suggest that there is an active out-
of-sequence fault located ~45 km from the trench that separates more compliant material within
the actively deforming accretionary prism from more rigid Prince William Terrane rocks.

Seafloor vents have also been observed within the forearc region of the eastern Semidi
segment in acoustic backscatter images of the seafloor in the same region as our proposed
backstop between the accretionary prism and the Prince William Terrane and possible out-of-
sequence faults imaged in MCS data (model distance 160 km; Von Huene et al., 2021;
Krabbenhoeft et al., 2021) (Figs. 1, 8). These forearc seafloor vents are similar to ones well
studied along the Middle America margin in which heat flow probes and fluid chemistry
indicates fluid sources at or near the plate boundary interface (Von Huene et al., 2021; Ranero et
al., 2008; Sahling et al., 2008). We propose the landward dipping structures observed in
coincident MCS images (Fig. 8) near the interpreted landward extent of the accretionary prism
based on the Line 3 velocity model could be providing pathways for the fluids to migrate from
the plate boundary to the seafloor in the form of seafloor vents and/or seeps. More near-bottom
surveying must be conducted in order to corroborate this hypothesis.

Taken together, the constraints described above suggest that the megathrust within ~45

km of the trench lies within a 600-m-thick low-velocity zone interpreted to represent an
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overpressured subducted sediment layer and is overlain by an accretionary prism. As a result,
this part of the megathrust may predominantly experience shallow slow slip or stable sliding.
This is consistent with the absence of shallow megathrust rupture during the recent 1938 and
2021 megathrust earthquakes in this segment based on aftershock distribution, teleseismic data
and tsunami data. However, this part of the plate boundary may experience infrequent great
earthquakes as suggested to have occurred in 1788 (Davies et al., 1981). Thus, the slip behavior
along the shallow portion of the Alaska megathrust may be similar to the sediment-rich Nankai
subduction zone, which experiences shallow slow slip and infrequence earthquake slip (Araki et
al., 2017; Fulton & Harris, 2012). New seafloor geodetic data cannot constrain slip and locking
at depths <10 km offshore Alaska (Brooks et al., 2023), so further data are needed in order to

constrain the slip behavior of the shallowest parts of the megathrust.

6.1.2: Accreted crustal terranes in the overriding plate

The Line 3 velocity model constrains the crustal velocity structure of the overriding plate
of the Semidi segment. In general, we observe a landward increase in Vp within the overriding
plate, including prominent Vp increases at model distance 160 km, as discussed above, and at
model distances 220-230 km (Fig. 7). We interpret the latter to indicate a major structural and
lithological boundary between two distinct geologic domains in the overriding plate: the
Paleocene Prince William Terrane (model distance 160 — 220 km) and the Cretaceous Chugach
Terrane (model distance 220 — 320 km) (Fig. 7). A major tectonic, landward-dipping thrust-sense
boundary, known as the Contact Fault, separates the Prince William and Chugach Terranes
(Horowitz et al., 1989; Platker & Berg, 1994; Figs. 1, 2). The estimated location of this boundary

within the Semidi segment, based on the westward extrapolation of geologic exposures on
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Kodiak Island (Horowitz et al., 1989), approximately corresponds to the marked northwestward
increase in Vp observed between model distances 220-230 km within the Line 3 velocity model
(Fig 7). Within coincident MCS data along Line 3, we do not observe a clear seismic reflector
originating from this proposed suture zone between the overriding plate terranes, so its dip is not
constrained here. Our preferred geometry of the Contact Fault within the Line 3 velocity model
follows a dip of ~30°, consistent with expected fault geometry for a thrust-sense fault based on
Andersonian theory and similar to the geometry of the interpreted reactivated Contact Fault
imaged within ALEUT Line 5 (~27°) (Bécel et al., 2017; Shillington et al., 2022).

In comparison with coincident MCS data along ALEUT Line 3, we also observe
prominent lower crustal reflections within the Chugach Terrane (model distance ~260 km; Fig.
8). These lower crustal reflections are approximately collocated with an increase in Vp in the
lower crust (6.25-6.8 km/s) (Figs. 8, 9). We speculate that these observations of lower crustal
reflections and increase in seismic velocities near model distance ~260 km could be consistent
with an increase in magmatic intrusions into the Chugach Terrane and/or an increase in
metamorphic grade of the material within the Chugach Terrane. Both lower crustal magmatic
intrusions and an increase in metamorphic grade would result in increased seismic velocities
(Christensen & Mooney, 1995). Seismic reflectivity is frequently attributed to intrusions,
including in the upper plate of the Alaska-Aleutians subduction zone (Calvert & McGeary,
2013). Likewise, seismic reflectivity in collision zones has also been attributed to metamorphic
fabrics (Knapp et al., 1998). Finally, Paleocene magmatic intrusions and increased metamorphic
grade are both consistent with Chugach Terrane lithologies as observed in onshore geologic
exposures (Braden & Behr, 2021; Horowitz et al., 1989). It is possible that there are also similar

lower crustal seismic reflections indicative of magmatic intrusions present within the Prince
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William Terrane, however much of the reflectivity observed within the Prince William Terrane
are likely residual multiples of the seafloor (Fig. 9; Kuehn, 2019) and thus are not included in
our interpretations/discussions.

One key observation is that most of the earthquake slip that occurred during the 2021
earthquake (Elliott et al., 2022) and possibly the 1938 earthquake (Davies et al., 1981; Tape &
Lomax, 2022) seems to have occurred along the deep (>25 km) megathrust overlain by the
Chugach Terrane based on our interpreted velocity model (Fig. 8). The region of recently
reported aseismic afterslip (Brooks et al., 2023) and slow slip (He et al., 2023) occurred along
the shallow (<25 km) megathrust overlain by the Prince William Terrane and possibly the
accretionary prism (Fig. 9). The spatial correspondence between variations in recent slip
behavior and the Chugach and Prince William terranes implies that the overriding plate could
influence megathrust behavior. Here we explore three endmember possibilities in which the
upper plate could contribute to the observed earthquake behavior. It is also possible that a
combination of these explanations may contribute to behavior, or that the spatial correlation
between upper plate properties and slip behavior is a coincidence, and the upper plate exerts no
influence on megathrust slip behavior.

A. Variations in permeability of the overriding plate terranes.

B. Large-scale changes in rigidity of the overriding plate terranes.

C. Changes in frictional properties of lithologies bounding the megathrust plate

boundary.

Possibility A: Differences in permeability between the Prince William and Chugach
Terrane could modulate fluid accumulation and the development of overpressures on the

megathrust and thus influence seismic behavior. If the lower crustal reflections and increased
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lower crustal velocities observed between model distances ~260-320 km (Figs. 7, 8, 9) are
indeed indicative of either magmatic intrusions or higher metamorphic grade of material within
the Chugach Terrane, both propositions could imply that the Chugach Terrane is less permeable
than the Prince William Terrane for the following reasons. Extensive magmatic intrusions into
the lower crust of the Chugach Terrane could act as an impermeable seal to fluids migrating from
the plate boundary and create overpressurized conditions along the deep portion of the plate
boundary, similar to observations in Cascadia (Audet et al., 2009). However, based on exposures
of the Chugach terrane on Kodiak Island, intrusions are sporadic, thus we consider intrusions
unlikely to reduce the bulk permeability of the Chugach terrane. In contrast, the higher
metamorphic grade of lower crustal rocks could contribute to lower permeability of the Chugach
Terrane compared to the Prince William terrane, due to higher grade rocks having been more
compressed and experienced pressure solution that will have collapsed and filled in pores and
fractures of the lower crustal rocks.

If the Chugach Terrane is indeed relatively impermeable, this overriding plate terrane
could act as a barrier to fluids migrating upwards from the plate boundary, which could either
promote accumulation of fluids on the underlying deep (>25 km) megathrust and development of
overpressures or channelized flow of fluids updip along the megathrust to shallower depths
(Bekins et al., 1994). In the first case, accumulation of fluids on the deep megathrust could lead
to development of elevated pore fluid pressures, as suggested in other subduction zones (e.g.,
Audet et al, 2009), which could reduce effective stress and either promote slow (aseismic) slip or
enable seismic slip to deeper depths (Audet et al., 2009; Saffer & Wallace, 2015). The observed
relationship between terranes in the overriding plate and recent slip behavior is inconsistent with

the hypothesis that elevated pore-fluid pressures promote slow (aseismic) slip along the deep
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portion of the megathrust. The part of the plate boundary overlain by the less permeable Chugach
Terrane recently failed in the 2021 M8.2 Chignik earthquake, while the more permeable Prince
William Terrane overlies the part of the plate boundary that has recently experienced slow slip
and aseismic afterslip (Fig. 9; Elliott et al., 2022; Liu et al., 2022; Mulia et al., 2022; He et al.,
2023; Brooks et al., 2023).

In the second case, the higher metamorphic grade of the Chugach Terrane may act as an
impermeable seal that promotes fluids sourced from the deep plate boundary to travel up the
plate boundary to lower hydrogeological pressure along the shallow plate boundary. The
presence of potential seafloor vents within the eastern portion of the Semidi segment near the
landward edge of the accretionary prism and the BSFZ (Fig. 1; Krabbenhoeft et al., 2021)
suggests active fluid flow from areas of high pore fluid pressure to areas of lower pore fluid
pressure. These fluids may then finally be drained from the system at the seafloor in the form of
seafloor vents via pathways supplied by the proposed BSFZ and/or splay faults near model
distance ~160 km.

Although changes in permeability between terranes in the overriding plate in the Semidi
segment may influence the distribution of fluids, it is not obvious that this is a primary control on
slip behavior because the abundance of fluids at depth may be limited. The crust and upper
mantle of the subducting oceanic plate are not thought to be extensively hydrated based on the
absence of a pronounced reduction in velocity in the subducting plate and limited outer rise
seismicity and faulting (e.g., Shillington et al., 2015; Wei et al., 2021); thus the primary source
of water entering the trench may be in the pores and hydrous minerals within the subducting
sediment. Pore fluids would be released at much shallower depths than the 2021 Chignik

earthquake (e.g., possibly along the BSFZ). The temperature structure of the Alaska megathrust
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is uncertain, but it is possible that metamorphic dehydration reactions (e.g., smectite to illite) in
the sediments could occur at relevant depths to influence the plate boundary (Pytte & Reynolds,
1988; Abers et al, 2020).

Possibility B: A compilation of seismic velocities from circum-Pacific and Indian Ocean
subduction zone seismic profiles suggest that landward increases in seismic velocities of the
overriding plate may imply a coincident increase in the shear modulus, or rigidity, of the
overriding plate material (Sallarés & Ranero, 2019). Changes in the rigidity of the overriding
plate material may constitute a source of segmentation along the plate boundary such that higher
rigidity material may be more capable of storing and releasing elastic strain via larger
magnitudes of earthquake slip (e.g., Bassett et al., 2016).

For the Semidi segment of the Alaska subduction zone, the observed increase in seismic
velocities between the Chugach and Prince William Terranes could indicate a landward increase
in rigidity of the overriding plate material due to higher metamorphic grade within the Chugach
Terrane. If this is the case, then it is possible that the Chugach Terrane is more capable of storing
and releasing elastic strain via large earthquake rupture sourced from the deep (>25 km) plate
boundary megathrust. Conversely, the less rigid material that composes the Prince William
Terrane may be less capable of storing and releasing elastic strain and more likely to experience
aseismic (slow) slip. This hypothesis is consistent with the occurrence of the 2021 megathrust
earthquake below the Chugach Terrane and slow slip and afterslip below the Prince William
Terrane (Fig. 9; Elliott et al., 2022; Liu et al., 2022; Mulia et al., 2022, He et al., 2023, Brooks et
al., 2023). Similar relationships between overriding plate rigidity and slip behavior are observed

from the Japan subduction zone in which interseismic locking and most co-seismic slip during
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the 2011 Mw9.2 Tohoku-oki earthquake appeared focused beneath a denser, more mafic, and
more rigid terrane in the overriding plate (Bassett et al., 2016).

Possibility C: Another possibility is that megathrust behavior in the Semidi segment
could be controlled by the frictional properties of the upper plate lithologies that immediately
bound the megathrust. It is possible that the weakly metamorphosed sediment sequences that
compose the Prince William Terrane (Horowitz et al., 1989) and overly the shallow megathrust
could promote conditionally stable conditions on the shallow megathrust (<25 km). Conversely,
the higher degrees of metamorphism in the Chugach Terrane (Horowitz et al., 1989) could result
in unstable behavior on the deeper portions of the megathrust. This possibility is supported by
the presence of more smectite clays in the Prince William terrane rocks and a greater proportion
of illite in the Chugach terrane rocks where they are exposed on Kodiak (Sample & Moore,
1987). Some studies link smectite to velocity-strengthening behavior and illite to velocity
weakening behavior (Oleskevich et al., 1999), although this is not consistently observed in
experiments (Saffer & Marone, 2003).

Existing constraints do not allow us to definitively pinpoint the mechanism or
combination of mechanisms by which the upper plate influences megathrust slip behavior.
However, the spatial correspondence of overriding plate terranes and changes in slip behavior

suggests that the upper plate may contribute to observed patterns of megathrust behavior.

6.2: Along-strike differences in upper plate structure and slip behavior
The availability of constraints on upper plate structure from wide-angle seismic data in
both the strongly-coupled Semidi segment from ALEUT Line 3 presented here and farther west

within the weakly-coupled Shumagin Gap along seismic profile ALEUT Line 5 (Fig. 2;
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Shillington et al., 2022) provide the opportunity to compare the two. Although both the Semidi
segment and the Shumagin Gap share similar large-scale thermal structure and geologic histories
(Abers et al., 2020), there are a couple of important differences in overriding plate structure,
implying differences in lower crustal composition and stress state (Fig. 10).

Both segments have low-velocity accretionary prisms, but this prism is much wider in the
Semidi segment (~45 km) than in the Shumagin segment (~20 km). The large accretionary prism
in the Semidi segment is due to a thicker sediment section on the incoming plate, including the
Zodiac fan and thicker trench fill (e.g., Von Huene et al., 2012). The slip behavior of the shallow
megathrust is poorly known for both segments, but the difference in outermost forearc structure
shows that more competent crustal rock overlies the megathrust closer to the trench in the
Shumagin Gap than in the Semidi segment, and thus the Shumagin Gap may be more prone to
shallow seismic slip than the Semidi segment (Bécel et al., 2017, Li et al., 2018).

The crust in the outer forearc of both segments is interpreted to be composed of the
Prince William Terrane and has similar velocities of 5-6.25 km/s, but this terrane is wider on
ALEUT Line 3 (~70 km) than on ALEUT Line 5 (~50 km). Both models exhibit prominent steps
in seismic velocity interpreted to separate the Prince William and Chugach terranes, but the
increase in velocity is more dramatic on ALEUT Line 5. Upper crustal velocities within the
interpreted Chugach terrane on both profiles are similar, ranging from 5-6.2 km/s. However, the
two profiles differ markedly in lower crustal velocity. Lower crustal velocities on ALEUT Line 5
beneath both the Prince William and Chugach Terrane reach ~7.2 km/s, which have been
interpreted as high-velocity, mafic intrusions into the overriding plate in this region (Shillington
et al., 2022; Fig. 10). In the Chugach terrane, an abrupt increase in velocities is observed at a

depth of 13 km from 5.6 to 6.4 km/s. In contrast, the Line 3 velocity model displays maximum
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lower crustal velocities beneath the Chugach Terrane of about 6.8 km/s and maximum velocities
below the Prince William Terrane of 6 km/s (Fig. 10). Velocities increase more gradually with
depth within the lower crust of the Line 3 velocity model.

Differences in lower crustal velocity and composition could have existed in terranes that
form the overriding plate prior to the modern subduction and/or due to later modification of the
Shumagin Gap by deformation and magmatism at the edge of the Beringian margin and
westward transition to an oceanic subduction zone. Onshore geological studies suggest that the
both the Chugach and Prince William terranes host Paleocene magmatic intrusions; the volume
of such intrusions could be greater to the west. Alternatively or additionally, the proportion of
more mafic components of the Chugach terrane could be greater in the west. The offset of high
velocity material along the interpreted suture between terranes on ALEUT Line 5 (Shillington et
al., 2022) suggests that at least some of the differences in lithology that lead to the differences in
velocity must have developed before thrusting and accretion of the terranes.

Secondly, the overriding plate within the Shumagin Gap is located at the edge of the
continental margin near the transition to an oceanic arc and is bounded to the west by NW-
trending faults that parallel the ancient Beringian margin (Fig. 1; Bruns et al., 1987; Horowitz et
al., 1989). A prominent, active, landward-dipping normal fault and the associated Sanak basin is
imaged on ALEUT Line 5 as a part of this complex faulting in the western Alaska Peninsula; this
normal fault roots into the megathrust and is interpreted to be a reactivation of the Contact Fault
that separates the Prince William and Chugach terranes (Bécel et al., 2017; Shillington et al.,
2022). We do not observe similar normal faulting or basins near the estimated location of the
Contact Fault on ALEUT Line 3 (Kuehn, 2019) implying that the upper plate of the Semidi

segment is in a compressional regime (not actively extending) and the upper plate of the
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Shumagin Gap is in an extensional regime. Thus, a possible explanation for the difference in
lower crustal velocities between the Semidi segment and Shumagin Gap could be more mafic
intrusions into the overriding plate in the Shumagin Gap associated with observed active normal-
faulting and extension of its upper plate and its proximity to complex extensional faulting to the
west near the Beringian margin and transition to an oceanic subduction zone to the west.

The presence of more mafic intrusions within the Shumagin Gap could imply lower
permeability, higher rigidity and/or different frictional properties along the plate boundary
compared with the Semidi segment. However, both rigidity and permeability could be modulated
by differences in upper plate faulting between the two segments described above. Lower
permeability of the overriding plate in the Shumagin Gap compared to the Semidi segment could
promote greater trapping or channelizing of fluids at depth along the plate boundary, but the
observed landward-dipping normal fault at the Prince William-Chugach Terrane boundary could
act as a localized pathway for fluids to travel from the plate boundary. As a result, it is unclear
whether there are differences in overriding plate permeability. However, the sources and
volumes of fluids being delivered to each segment differ. Much of the fluids that enter the
Semidi segment are within a ~600-m-thick sediment package (Li et al., 2018), but limited
bending faulting and less crustal and upper mantle hydration is inferred for the Semidi segment
(Shillington et al., 2015; Wei et al., 2021). In contrast, previous studies have shown more outer-
rise bending faulting and decreased crustal and mantle velocities of the incoming plate entering
the Shumagin Gap, implying that the subducting plate in the Shumagin Gap is more hydrated
than in the Semidi segment (Acquisto et al., 2022). The incoming plate has a thin sediment
package, very little of which subducts. Thus, there could be an interplay between the source and

volume fluids entering each respective subduction zone segment, heterogeneity of the megathrust
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due to variations in sediment input and basement roughness, and upper plate structural

configurations that impact megathrust properties at depth within the seismogenic zone.
7. Conclusions

We used OBS data to create a P-wave velocity model of the overriding plate in the Semidi
segment. Integrated with coincident multichannel seismic reflection imaging and rupture models
for recent megathrust earthquakes and aseismic slip we are able to observe a spatial
correspondence between overriding plate terranes and changes in megathrust slip behavior,
suggesting the upper plate may contribute to observed patterns of earthquake behavior.

1. We observe large-scale P-wave velocity variations within the upper plate of the
Semidi segment that could indicate major structural and lithological boundaries
between upper plate domains: the modern accretionary prism (model distance 115 —
160 km), the Paleocene Prince William Terrane (model distance 160 — 220 km) and the
Cretaceous Chugach Terrane (model distance 220 — 320 km).

2. Shallow slow slip (He et al., 2023) and aseismic afterslip (Brooks et al., 2023) are focused
beneath the accretionary prism and the younger, lower velocity Prince William Terrane.
Rupture in the 2021 earthquake (e.g., Elliot et al., 2022) is concentrated below the older,
higher velocity Chugach terrane. This observed pattern could suggest upper plate
influence on megathrust slip behavior due to variations in the permeability and/or rigidity
of the overriding plate terranes and changes in frictional properties of overriding plate
lithologies bounding the megathrust plate boundary. Existing constraints do not allow us
to pinpoint one mechanism or combination of mechanisms in which the upper plate could

contribute to the observed earthquake behavior.
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3. Comparisons between the strongly-coupled Semidi (ALEUT Line 3 presented here)
and the weakly-coupled Shumagin Gap (ALEUT Line 5; Shillington et al., 2022)
display distinct differences in overriding plate structure and lower crustal velocities,
implying different lower crustal compositions and stress state. Along-strike
variations in upper plate structural configurations and the source and volumes of
fluids entering each respective subduction zone segment could influence megathrust

properties at depth.
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Figure 1: Map of the subduction zone offshore of the Alaska Peninsula. Shown are geodetic locking along-
strike (Xiao et al., 2021), estimated rupture zones for the 2021 M8.2 Chignik earthquake (Elliot et al., 2022),
2020 M7.8 Simeonof earthquake (Liu et al., 2020), 1938 M8.2 earthquake, 1946 M8.6 earthquake, and1964
M9.2 earthquake (Davies et al., 1981), 2018 Slow Slip Event (SSE) (He et al., 2023) and aseismic afterslip
(Brooks et al., 2023). Black solid lines represent NW-trending faults that bound the western Shumagin Gap
(Bruns et al., 1987) and accreted overriding plate terrane domains and estimated offshore terrane boundaries
(Horowitz et al., 1989) (PW Terrane = Prince William Terrane). Pink dot-dashed lines represent the Zodiac
fan on the incoming Pacific Plate (Von Huene et al., 2012). Red triangles show the locations of potential
seafloor vents observed in the eastern portions of the Semidi segment from acoustic backscatter images (Von
Huene et al., 2021; Krabbenhoeft et al., 2021). Black arrow shows the relative motion between the
subducting Pacific plate and the overriding North American plate (DeMets et al., 2010).
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Table 1: List of all 21 OBS instruments deployed for ALEUT Line 3 including
distance from the southernmost airgun source shot and estimated depth below
sea-level from GMRT grid (Ryan et al., 2009), which includes bathymetry data
from the ALEUT experiment. * Indicates OBS 314, which had timing issues and
was not included in this analysis.

OBS #

301

302

303

304

305

306

307

308

309

310

311

312

313

314*

315

316

317

318

Latitude (°N)

53.675034

53.800613

53.926205

54.051517

54.176659

54.275196

54.452320

54.582043

54.707588

54.831097

54.957924

55.083225

55.207802

55.348305

55.457256

55.581020

55.704895

55.828449

Longitude (°W)

155.50629

155.61761

155.73007

155.84258

155.95717

156.04573

156.20782

156.3339

156.44629

156.56203

156.68246

156.80145

156.92204

156.99397

157.16089

157.28368

157.40828

157.53229

33

Distance along profile from

southernmost shot (km)

21.34

37.13

52.95

68.73

84.55

96.95

119.30

135.89

151.63

167.27

183.36

199.25

215.11

231.04

246.74

262.55

278.41

294.22

Depth BSL (m)

4502
4591
4705
4933
5169
5490
5472
4273
3039
1738
1376
474
117
97
90
93
97

104



319 55.952629 157.65569 310.05 81

320 56.077408 157.77922 325.93 166

321 56.200882 157.90663 341.79 150
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Figure 2: Map of the ALEUT experiment to image the subduction zone offshore of the Alaska
Peninsula. Shown are ALEUT seismic profiles (bold black lines), Line 3 and Line 5 ocean
bottom seismometer locations (purple circles). Estimated rupture zones for the 2021 MS.2
Chignik earthquake (Elliot et al., 2022), M7.8 Simeonof earthquake (Liu et al., 2020), 1938
MS.2 earthquake (Davies et al., 1981), 1964 M9.2 earthquake (Davies et al., 1981), 1946 M8.6
earthquake (Davies et al., 1981), 2018 SSE (He et al., 2023), and aseismic afterslip (Brooks et
al., 2023) are shown as colored circles. Also shown are accreted terrane boundaries (solid black
lines, Horowitz et al., 1989). Inset shows map location and TACT wide-angle seismic profile
(orange solid line; Fuis et al., 2008) referenced in Fig. 10. AK Penn = Alaska Peninsula. PW
Terrane = Prince William Terrane. SSE = Slow Slip Event.
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Figure 4: An example of OBS data processing on OBS 316 before (A) and after
(B) application of a bandpass filter with pass corners of 3-5-15-20 Hz and an
offset-dependent gain. Processed / filtered OBS data were used for arrival time
picking and seismic phase identification in subsequent steps.
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Table 2: Travel-time uncertainties (ms) were assigned to observed seismic phases.
* indicates that both Pg_short and Pg_long are both continental crustal refractions,
with differing assigned travel-time uncertainties

Seismic Phase Assigned Uncertainty (ms)
Psed 50
Pg_short * 50
Pg_long * 75
PpbP * 100
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Figure 5: (Top panel) Processed seismogram for OBS 315, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). Green colors represent continental crustal
refractions (Pg_short & Pg long), and purple colors represent plate boundary
reflections (PpbP), for both observed travel-times and reciprocal travel-times.
Plot demonstrates the self-consistency of seismic phase identification among
different instruments. Inverted black triangles represent OBS locations along
ALEUT Line 3 plotted at offsets relative to OBS 315.
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Table 3: Tomographic inversion data fit statistics for the overriding plate on
ALEUT Line 3. The last row reports the data fit statistics for the final average
Line 3 velocity model after the Monte Carlo uncertainty analysis.

Seismic Phase / Final Number of Picks  RMS misfit Chi-squared misfit

Model (ms)
Psed 131 59 2.22
Pg short & Pg_long 4824 49 1.54
PpbP 1567 82 1.33
Final Average Model 6522 57 1.50
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Figure 6: A.) Final average P-wave velocity model of the overriding plate along ALEUT Line 3,
contoured at 0.5 km/s. B.) Standard deviation of P-wave velocities contoured at 0.1 km/s. The
standard deviation of the resolved plate boundary interface depth is indicated by the thickness of
the red lines. C.) Average starting model velocities contoured at 0.5 km/s, thick red line indicates
the range of plate boundary geometries tested in the Monte Carlo uncertainty analysis. D-E.) 1D
velocity profiles (grey lines) extracted from 100 final models used in the uncertainty analysis at
model distances 190 and 250 km. Black line in both panels indicates the 1D velocity profile of
the final average model at the respective model distance. F-G.) 1D velocity profiles (grey lines)
extracted from 100 starting models used in the uncertainty analysis at model distances 190 and
250 km. Black line in both panels D and E indicate the 1D velocity profile of the average starting
model at 190 and 250 km.
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Fault; Horowitz et al., 1989). (B) Final average model contoured every 0.5 km/s.
(C) Ray coverage in final average model.
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Figure 8: (A) Multichannel seismic image of ALEUT Line 3 (Kuehn, 2019) overlain on the
final average Line 3 P-wave velocity model presented here and labeled with various
interpretations. BSFZ = Backstop fault zone. PW Terrane = Prince William Terrane. (B) The
same Line 3 velocity model overlain on a multichannel seismic image of ALEUT Line 3 (Li et
al., 2018) zoomed in on the approximate Line 3 model distances of 115 km — 170 km down to
12.5 km depth outlined in the red box in panel A. The landward dipping seismic reflections
shown approximately collocate with the velocity increase near the Line 3 velocity model
distance 160 km and suggests the location for a BSFZ within the upper plate of the Semidi
segment.
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extracted from Elliot et al., 2022), the 1938 earthquake (red arrow; Davies et al.,
1981), the 2018 SSE (blue arrow; He et al., 2023), and 2021 aseismic afterslip
(blue arrow; Brooks et al., 2023). BSFZ = Backstop fault zone. PW Terrane =
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Figure 10: (Top panel) The final P-wave velocity model of the Shumagin Gap
along ALEUT Line 5 (Shillington et al., 2022) contoured at 0.5 km/s. (Middle
panel) The final P-wave velocity model of the central Semidi segment along
ALEUT Line 3 presented here, contoured at 0.5 km/s (Left bottom panel) 1-D
profiles of P-wave crustal velocities at the outer-forearc for Line 5 (thin, dashed
blue line), Line 3 (thick, dashed blue line) and the TACT profile (thinnest, dashed
blue line; Fuis et al., 2008) (Right bottom panel) 1-D profiles of P-wave crustal
velocities at a location more landwards within the overriding plate Line 5 (thin,
dashed red line), Line 3 (thick, dashed red line) and the TACT profile (thinnest,
dashed red line; Fuis et al., 2008). Location of TACT profile shown in inset of
Fig. 2).
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9. Appendix

Here we show additional plots of processed seismograms for OBS 307 — 321. For figures
Al — Al14 we display processed seismograms plotted with a reduction velocity of 8 km/s in the top
panel. In the bottom panel of each plot we show the same seismogram plotted with observed travel-
time picks (small colored circles) and reciprocal travel-time picks from nearby OBS (large colored
circles). For each plot the yellow colors represent sedimentary refractions (Psed; only observed on
OBS 307-311), green colors represent continental crustal refractions (Pg short & Pg long;
Pg long only observed on the most landward OBS), and purple colors represent plate boundary
reflections (PpbP) for both observed travel-times and reciprocal travel-times. The inverted black
triangles shown in both panels represent OBS locations along ALEUT Line 3 plotted at offsets

relative to the OBS shown in the figure.
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Figure Al: (Top panel) Processed seismogram for OBS 307, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A2: (Top panel) Processed seismogram for OBS 308, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A3: (Top panel) Processed seismogram for OBS 309, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A4: (Top panel) Processed seismogram for OBS 310, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure AS: (Top panel) Processed seismogram for OBS 311, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A6: (Top panel) Processed seismogram for OBS 312, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A7: (Top panel) Processed seismogram for OBS 313, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A9: (Top panel) Processed seismogram for OBS 316, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A10: (Top panel) Processed seismogram for OBS 317, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure All: (Top panel) Processed seismogram for OBS 318, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A12: (Top panel) Processed seismogram for OBS 319, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A13: (Top panel) Processed seismogram for OBS 320, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.
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Figure A14: (Top panel) Processed seismogram for OBS 321, plotted with a
reduction velocity of 8 km/s. (Bottom panel) Same seismogram with observed
travel-time picks (small colored circles) and reciprocal travel-time picks from
nearby OBS (large colored circles). See appendix text for color/seismic phase
descriptions.

71



