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Interseismic and coseismic slip on the subduction zone megathrust show complex along-strike variations and the
controlling factors remain debated. Here we image seismic velocity anomalies to infer fluid distribution in the
Alaska subduction zone (Alaska Peninsula section) with seismic tomography. The weakly locked Shumagin
segment is characterized by abundant fluids on the plate interface and in the overriding plate, whereas the
moderately-to-highly locked Chignik and Chirikof segments that hosted M > 8 earthquakes are relatively dry.
The Kodiak segment, which was ruptured by the 1964 M9.2 Great Alaska earthquake and is presently fully locked
near the trench, is characterized by a fluid-rich plate interface but a fluid-poor and inferred low-porosity
overriding plate. Multiple large earthquakes have nucleated in fluid-rich regions at the plate interface. Our
study highlights the important roles of fluids, particularly in the overriding plate, in controlling interseismic slip
deficit and earthquake rupture. We propose that a fluid-rich overriding plate means that there has been a high
sustained flux of fluids across the plate interface, which enhances the formation of clay minerals that promote

fault creep.

1. Introduction

Almost all great earthquakes (M > 8) occur on megathrust faults in
subduction zones. Previous observations and simulations focus on the
plate interface and subducted plate and suggest that varying roughness,
sediment thickness, and fluids at the plate interface may cause different
slip behaviors, ranging from aseismic slip to megathrust earthquakes
(Audet et al., 2009; Guo et al., 2021; Heise et al., 2017; Kodaira et al.,
2004; Lay et al., 2012; Li et al., 2018a; Moreno et al., 2014; Shillington
etal., 2015; Sun et al., 2020). Specifically, fluids released from sediment
compaction and metamorphic dehydration reactions of hydrous min-
erals in the subducted slab play a critical role in controlling the stress
state and frictional properties along the megathrust (Saffer and Tobin,
2011; Tobin and Saffer, 2009). These fluids can be either trapped at the
plate interface or released into the overriding plate. The porosity of the
overriding plate thus depends on not only the fluid supply from slab
dehydration but also the permeability and evolution history of the ma-
terials overlying the megathrust. Although a classic depth-dependent
model focusing on fluid conditions at the plate interface (Lay et al.,
2012; Saffer and Tobin, 2011) can well explain seismic and aseismic
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activities in the Nankai subduction zone, more complexities have been
observed in other subduction margins (Nishikawa et al., 2019). In recent
years, properties of the overriding plate in the forearc region, including
its lithology, porosity, and rigidity, have received increasing attention as
controlling factors of megathrust slip behavior and the earthquake
rupture process (Arnulf et al., 2022; Bassett et al., 2016, 2014; Chesley
et al., 2021; Egbert et al., 2022; Sallares and Ranero, 2019; Shillington
et al., 2022). However, questions remain on which factor or factors
dominate the interseismic and coseismic slip behaviors. A comprehen-
sive investigation of a single subduction zone with earthquake and slip
features that vary along strike is needed to understand the controlling
factors of slip behaviors and their influence on large megathrust
earthquakes.

The Alaska Peninsula section of the Alaska-Aleutian subduction zone
displays complex along-strike variations in interseismic slip behavior
and crustal and mantle structures, providing an ideal natural laboratory
to study slip behaviors on the megathrust (Cordell et al., 2023; Drooff
and Freymueller, 2021; Li et al., 2018a; Liu et al., 2022a; Lynner, 2021;
Shillington et al., 2015; Wei et al., 2021; Xiao et al., 2021). We identify
four along-strike segments from southwest to northeast based on the
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seismic and geodetic observations in this study (Fig. 1): Shumagin,
Chignik, Chirikof, and Kodiak. Although the region between the Shu-
magin and Kodiak islands was conventionally referred to as the “Semidi”
segment (e.g., Shillington et al., 2022), we divide it into the Chignik and
Chirikof segments along a trench-normal boundary crossing the Semidi
Islands, because these two segments exhibit distinct characteristics from
our seismic tomography images and geodetic modeling. The most recent
megathrust earthquakes, the 2020 M7.8 Simeonof and 2021 M8.2
Chignik events, ruptured two close-spaced segments that show distinct
differences in interseismic coupling (Davies et al., 1981; Drooff and
Freymueller, 2021; Elliott et al., 2022; Xiao et al., 2021) (Fig. 1), which
shows that interseismic coupling alone cannot predict seismic hazard. In
this region, the Pacific Plate subducts beneath the North American Plate
at a convergence rate of ~6.3 cm/yr in a nearly trench-normal direction
(Argus et al., 2010). Interseismic geodetic observations indicate that the
subducted slab and the overriding plate are fully locked together
outboard of Kodiak Island, whereas the megathrust slip transitions to
weak locking outboard of the Shumagin Islands (Drooff and Freymu-
eller, 2021; Xiao et al., 2021). It is worth noting that a region of low or
no frictional locking adjacent to a fully frictionally locked region may
still exhibit a high interseismic slip deficit due to the stress shadow effect
(Lindsey et al., 2021; Zhao et al., 2022a). Therefore, we use slip deficit
instead of plate locking to describe the geodetic constraints on inter-
seismic slip behavior in the rest of this study. In addition to the 1964
M9.2 Great Alaska earthquake that ruptured the high-slip-deficit Kodiak
segment, large megathrust earthquakes have occurred every ~50-75
years in the nearby Chignik segment where a high slip deficit is also
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observed (Davies et al., 1981; Li et al., 2018a; Ye et al., 2021) (Fig. 1).
The most recent 2021 M8.2 Chignik earthquake mostly ruptures the 20-
to 40-km depth of the plate interface within the Chignik segment. In
contrast, the Shumagin segment with a low slip deficit did not rupture in
a great megathrust earthquake for at least 200 years prior to the 2020
M?7.8 Simeonof earthquake (Elliott et al., 2022; Witter et al., 2014; Ye
et al., 2021).

What causes these along-strike changes despite the uniform
convergence rate and direction? One possible answer is that the
incoming plate exhibits along-strike changes. The pre-existing seafloor
fabric and normal faults in the Pacific Plate have a low angle with the
trench to the southwest in the Shumagin segment, while their orienta-
tions are nearly perpendicular to the trench to the northeast in the
Chirikof and Kodiak segments (Shillington et al., 2015) (Figs. 1, 4).
Consequently, more bending faults are re-activated at the outer rise, and
thus the incoming plate is likely to be more hydrated in the Shumagin
segment than in the neighboring Chignik segment. The Shumagin
segment has a thin sediment layer being subducted, whereas thick
sediments are present in the Chignik, Chirikof, and Kodiak segments due
to the subduction of the Zodiac and Surveyor sedimentary fans (Li et al.,
2018a). Given these systematic along-strike changes, Shillington et al.
(2015) hypothesized that changes in the hydration state of the incoming
lithosphere may control interseismic plate coupling and megathrust
earthquake potential in the Alaska Peninsula through the volume of
subducted fluids. On the other hand, the changes in the overriding plate
crust properties may also influence megathrust earthquakes in this re-
gion (Shillington et al., 2022). In addition, a recent electromagnetic
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Fig. 1. Topography and bathymetry map of the Alaska Peninsula and adjacent regions. The new along-strike segmentation of the megathrust is determined based on
the seismic tomography and plate coupling models in this study. Note that we avoid using “Semidi segment”, a term commonly used in previous studies (Li et al.,
2018a; Lynner, 2021; Shillington et al., 2015; Wei et al., 2021), because the Semidi Islands lie on the boundary between the Chignik and Chirikof segments. Dark
black circles are seismic stations used in this study (Fig. 2c). The magenta curves illustrate the slab surface (top of the plate interface) at 10, 20, 30, 40, and 50 km
depths. The slab surface geometry is based on a model constrained by active-source seismic experiments (Kuehn, 2019) in addition to the Slab2 model (Hayes et al.,
2018). Black dashed contours outline the rupture zones of historical megathrust earthquakes determined from their aftershock distributions (Davies et al., 1981).
Black solid contours show 1-m slip areas of previous megathrust earthquakes whose finite slip models have been recently determined by Freymueller et al. (2021),
Xiao et al. (2021) and Elliott et al. (2022). Cyan-shaded ellipse shows the preferred area of a slow slip event in 2018 reported by He et al. (2023). Red-filled
beachballs indicate the Global CMT focal mechanisms (Ekstrom et al., 2012) and hypocenters of the 2020 M7.8 Simeonof, 2021 M8.2 Chignik, and 2023 July
M?7.2 Sand Point megathrust earthquakes.
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study suggests that the weak plate coupling in the Shumagin segment
does not solely result from fluids (Cordell et al., 2023). Yet the details of
the controlling factors remain unclear due to the lack of 3D images of the
megathrust and overriding plate in this region.

In this study, we utilize a seismic body-wave double-difference to-
mography technique to construct a 3D high-resolution velocity structure
of the Alaska Peninsula. We also develop a new slip deficit model based
on continuous and campaign GNSS measurements, independent from
our seismic imaging. Furthermore, we investigate the structural varia-
tions of the overriding plate and the plate interface in different segments
along the strike, and their relationships with interseismic slip deficit.

2. Data and methods
2.1. Seismic travel-time tomography

In this study, we image the high-resolution 3D seismic velocity
structure of the Alaska Peninsula and the adjacent regions using body-
wave travel-time data recorded by the Alaska Amphibious Community
Seismic Experiment (AACSE) and the adjacent stations of the EarthScope
Transportable Array and the Alaska Earthquake Center (Ruppert et al.,
2022) (Fig. 2). AACSE ocean-bottom seismographs (OBSs) in the outer

|
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rise and fore-arc regions provide critical data for high-resolution images
of the megathrust, which is mainly offshore. We conduct a body-wave
travel-time tomographic imaging on multiple scales. First, we develop
a large-scale velocity model using regional and teleseismic data. Second,
we use this model as a starting model to image the Vp and Vp/Vg
structure down to 200 km depth with only regional seismic data. With
this strategy, our final results are largely independent of the starting
model (Fig. 3).

In the first step, we assemble the P- and S-wave arrival times from
May 2018 through August 2019 recorded by onshore and offshore
seismic stations of the AACSE, EarthScope USArray, and the Alaska
regional network (Fig. 2c), as well as teleseismic traveltime data of
Alaskan earthquakes recorded by global stations and global events
recorded by Alaskan stations. We use an improved version of tele-
tomoDD (Pesicek et al., 2014), a teleseismic double-difference tomog-
raphy package, to invert the regional and teleseismic arrival times for
3-D Vp and Vs models down to 700 km depth. The starting velocity
model is constructed by combining the top 50 km part of a recent
regional Vg model constrained by ambient noise and teleseismic surface
waves (Li et al., 2024) and a 3D global model TX2019slab below 50 km
depth. We perform four iterations of joint inversion for velocity and
relocation and two iterations of inversion for only relocation.
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Fig. 2. Event and station distributions used in this study. Distribution of global stations (a) and teleseismic events (b) are used in the first step of tomography for a
large-scale velocity model. (c) Distribution of regional stations (blue triangles) and local events (red dots) used in the second step of tomography for high-resolution

Vp and Vp/Vs models. Other features are the same as in Fig. 1.
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Fig. 3. Maps of Vp and Vp/Vs models using different starting Vp/Vs values at constant depths of 10, 20, 30, and 40 km. (a) Final Vp model. (b) Vp/Vs model inverted
using the Vp/Vs values from the first step as the starting model. (c) Final Vp/Vs model inverted using a uniform value of 1.75 as the starting model. Bold black lines

indicate the cross-sections in Figs. 5 and 6. Other features are the same as in Fig. 1.

In the second step, we invert for higher-resolution Vp and Vp/Vg
models from 0 to 200 km depths using only regional seismic data, using
two sets of starting models, and a new version of tomoDD (Guo et al.,
2018; Zhang and Thurber, 2003) that can simultaneously determine Vp,
Vs, and Vp/Vs models using P, S, and S-P arrival times. The first starting
Vp and Vp/ Vs models directly come from the first step. However, because
the Vpand Vs models from the first step have different resolutions, using

them to construct a starting Vp/Vg model will produce some unrealistic
values and potentially bias inversion in the second step. Therefore, for
the second set of starting models, the Vp model still comes from the first
step, whereas the starting Vp/Vs model is assumed with a uniform value
of 1.75. The tomographic inversion includes 9 iterations of joint inver-
sion for velocity and relocation as well as 6 iterations of inversion for
only relocation. The Vp and Vp/Vs models are always inverted
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simultaneously to avoid mapping errors in one model into the other. As
shown in Fig. 3, the output Vp/Vs models given two different starting
models are similar. Therefore, we prefer the inverted Vp and Vp/Vg
models with a starting Vp/Vg value of 1.75 (Figs. 3a, 3c, 4-6). Details of
the data preparation and inversion are described in Supplementary Text
S1.

Although our tomography method does not require a slab surface (i.
e., the top of the plate interface), we also construct a geometry model of
the slab surface for interpretation. This model is based on a model
constrained by active-source seismic experiments (Kuehn, 2019) in
addition to the Slab2 model (Hayes et al., 2018). We start with the Slab2
model as the slab surface geometry (Hayes et al., 2018) (Fig. S11a). In
the regions with active-source imaging (Kuehn, 2019), we update the
slab surface geometry in the Shumagin, Chignik, and Chirikof segments
because these results are presumably more accurate than the Slab2
model. The slab surface becomes about 7 km deeper, particularly in the
Chignik and Chirikof segments. We then add a 50-km-wide buffer zone
to transit from the active-source-imaged region to the background Slab2
model.

2.2. Geodetic modelling
We estimate the slip deficit along the subduction interface using the

(a) V, (km/s) in the overriding plate
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TDEFNODE software package (McCaffrey, 2002) following Drooff and
Freymueller (2021). This approach predicts velocities at the GNSS sites
on the Peninsula block by combining the motions due to tectonic block
rotation with the elastic deformation associated with the accumulation
of interseismic slip deficit. Compared to the slip deficit model of Drooff
and Freymueller (2021), we extended the slip deficit model further to
the east to include the entire Kodiak Island and updated the slip deficit
distribution in the eastern part of the model with more data.

We approximate the Aleutian megathrust as a series of planar dis-
locations in an elastic halfspace (Okada, 1992) and create a grid of nodes
with 10 km spacing along the strike and 5 km spacing along the dip,
assuming the Slab2 (Hayes et al., 2018) slab surface geometry from 10 to
75 km depth. Then we estimate the slip deficit at each grid node and
interpolate it between the node grids. Using the updated slab surface
model from Section 2.1 will result in negligible changes on the estimated
slip deficit along the strike and small changes along the dip, because the
maximum change in the slab surface depth is only ~7 km.

We define block boundaries, angular velocities, and rotational poles
according to the published data from the Peninsula (Li et al., 2016),
Southern Alaska (Fletcher and Freymueller, 2003), and the Bering
(Cross and Freymueller, 2008). The Pacific and North American plate
boundaries and rotational poles are defined by Argus et al. (2010). All
sites in this study lie on the Peninsula block, and the relative motion of

(b) V,, (km/s) on the slab surface
56 60 64 68 72 76 80 84
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(d) V/V, on the slab surface
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Fig. 4. Along-strike variations of Vp and Vp/ Vs structure in the plate interface and overriding plate. (a) Vp structure at 20 km depth, representing the overriding plate.
Regions with low resolutions are masked. The area southeast of the 20 km depth contour of the slab surface is semi-transparently masked because this area is within
the subducted slab rather than the overriding plate. Dark yellow contours on the Pacific Plate outline seafloor magnetic anomalies (Meyer et al., 2017).
Yellow-shaded areas show significant sediment input to the trench (von Huene et al., 2012). The thick brown contour up-dip of the 2021 M8.2 Chignik rupture zone
indicates the area of a slow slip event in 2018 (He et al., 2023). Bold black lines indicate the cross-sections in Figs. 5 and 6. Other features are the same as Fig. 1. (b)
Vp/Vs structure on the slab surface. The slab surface geometry is based on a model constrained by active-source seismic experiments (Kuehn, 2019) in addition to the
Slab2 model (Hayes et al., 2018). Other features are the same as in (a). (c) and (d) show the Vp/Vs structure in the overriding plate and at the plate interface,

respectively. Other features are the same in (a) and (b).
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Fig. 5. Vp structure along 6 cross-sections shown in Fig. 4. Cross-sections A-A’ to E-E’ are normal to the trench, whereas F-F’ is along the 30-km depth contour of the
slab surface and is perpendicular to all other cross-sections. In each panel, the grey curve shows the slab surface based on the Slab2 (Hayes et al., 2018) model and
with the geometry changes constrained by previous active-source seismic studies (Kuehn, 2019), and the black parts indicate the rupture areas of previous mega-
thrust earthquakes. The dark-green and red dashed curves show the bottom of the sediment layer and the overriding plate Moho, respectively, based on an inde-
pendent surface-wave tomography study (Li et al., 2024). Vertical black dashed lines in F-F’ show the segment boundaries. Red bars above F-F’ indicate the rupture
areas of previous megathrust earthquakes. Regions with low resolutions are masked. Topography/bathymetry is plotted on the top of each panel with vertical
exaggeration. The relocated earthquake distribution (red dots) in each cross-section is right below the velocity model.

the Peninsula block and Bering Plate is small (Cross and Freymueller,
2008; Elliott and Freymueller, 2020; Li et al., 2016). Therefore, we as-
sume that the Alaska-Aleutian subduction zone is the only source of
substantial elastic strain accumulation. We invert for slip deficit using
only the horizontal components of site velocities. The vertical site ve-
locity residuals are ~3 mm/yr in our results. Thus, long-wavelength
patterns are likely due to the inaccuracies of regional Glacial Isostatic
Adjustment models for the collapse of the forebulge of the Laurentide ice
sheet as well as inaccurate loading models of the historic glaciers in the
Alaska Peninsula (Li and Freymueller, 2018). The velocities of the sites
in the Alaska Peninsula and west of Kodiak are taken from Drooff and
Freymueller (2021), including their corrections to remove the volcanic
inflation signal from Veniaminof volcano. We use velocities from Elliott
and Freymueller (2020) for sites in the Kodiak archipelago. They are
derived from the same set of daily GNSS solutions, and simply represent
different spatial subsets.

We divide up the subduction interface into discrete segments, using
the same segment boundary locations as Drooff and Freymueller (2021)
(5-segment model) outboard of the Shumagin and Semidi Islands. We
test the effect of an additional coupling boundary inserted near Tugidak
Island in the southwestern Kodiak archipelago (6-segment model),
corresponding to the boundary between the Chirikof and Kodiak seg-
ments (Fig. 7). We assume a Gaussian distribution along the dip for the
slip deficit in each segment. The slip deficit is uniform within each
segment, but there is no enforced along-strike smoothing between seg-
ments (Li and Freymueller, 2018; Drooff and Freymueller, 2021). The

Gaussian model predicts a much lower slip deficit at shallower depths
than the model that assumes the slip deficit monotonically decreases
with depth (Drooff and Freymueller, 2021; Xiao et al., 2021). Compared
to the monotonic model, the Gaussian model leads to a lower slip deficit
near the trench, which may help explain the lack of a significant
tsunami. We are unable to distinguish between the Gaussian and
monotonic coupling models based on the onshore data alone, but both
are useful in providing endmember scenarios for minimum and
maximum extents of the coupling patches. We choose to regularize our
coupling model using a Gaussian method in order to provide a minimum
extent of the regions of coupling as required to fit the onshore geodetic
data.

3. Results
3.1. Seismic tomography images

Our results reveal the seismic velocity structure shallower than 50
km depth, extending from the Alaska Trench to arc volcanoes on the
Alaska Peninsula (Figs. 4-6). Compared to a recent body-wave tomog-
raphy study using a similar dataset (Gou et al., 2022), our results show
similar large-scale patterns but provide a much higher resolution. This is
because our method is more sensitive to small-scale anomalies in the
earthquake source region, and we minimize any systematic biases by
simultaneously inverting for Vp, Vp/Vs, and earthquake hypocenters. A
gently dipping high-Vp structure (~6.6-8.5 km/s) is imaged beneath the
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Fig. 6. Vp/ Vs structure along 6 cross-sections shown in Fig. 4. Other features are the same as in Fig. 5 except that the relocated events are not shown here. Cross-
section F-F’ is in the Chugach terrane from northeast to southwest despite the along-strike changes in Vp/Vs. The slip deficit from Fig. 7 along each cross-section is

shown as red curves atop the velocity structure.

slab surface (Fig. 5). The overriding plate at 20 km depth shows higher
Vp values (~7.2-7.5 km/s) in the Shumigan segment compared to the
segments to the east (Fig. 4a). But we do not observe dramatic changes
in Vp on the slab surface (Fig. 4b).

The Vp/Vs structure shows strong variations along the strike in the
overriding plate and on the slab surface (Figs. 4c, 4d, 6). We do not
observe Vp/Vg anomalies higher than 2.0, such as was imaged by studies
of receiver functions in the Cascadia subduction zone (Audet et al.,
2009), possibly because our tomography models have relatively lower
spatial resolution. In the Shumagin segment to the southwest, the
overriding plate and slab surface show a high Vp/Vg signature from near
the trench to ~40 km depth (Figs. 4, 6). In the Chignik and Chirikof
segments to the east, low Vp/Vs anomalies are the dominant features in
the overriding plate and on the slab surface at depths greater than 20
km. At depths shallower than 20 km towards the trench, the slab surface
shows a high Vp/Vy in the Chignik segment but low Vp/Vs in the Chirikof
segment. In the Kodiak segment further to the northeast, the overriding
plate displays low Vp/Vg anomalies, but the plate interface shows high
Vp/Vs values (Fig. 6). These strong along-strike changes of Vp/Vg
structures in each segment are moderate-scale features with sizes larger
than 40 km horizontally and 10 km vertically.

3.2. Seismic tomography resolution tests

To evaluate the tomography model resolution, we perform 4 syn-
thetic tests with different input models (details in Supplementary Text
S1.2). The first and second tests are checkerboard tests with different
sizes of input velocity anomalies to evaluate the spatial resolution
(Figs. S1-S3). The third and fourth restoration tests are designed to
validating our capability of imaging high Vp/Vg anomarlies at the plate
interface with along-strike variations (Figs. S4-S7). The recovered
checkerboard models suggest that the slab structure is well imaged at
20-40 km depths, particularly near earthquake sources (Fig. S1-S3). In
the first checkerboard test (Fig. S1), we calculate the semblance between
the recovered and input models at each node, and use it as a proxy for
model resolvability (Zelt, 1998). By visually comparing the input and
recovered models, we choose the semblance value of 0.54 as the

threshold of model resolvability and use this contour to mask out the
low-resolution regions in the final Vp and Vp/Vs velocity models. As
shown in Figs. S1-S3, we achieve a resolution of 25 and 10 km in the
horizontal and vertical directions, respectively, in the unmasked region.
Therefore, we focus on discussing large-scale (>30 km horizontally and
>10 km vertically) structures in our models because some small-scale
(<20 km horizontally) anomalies may reflect model resolution
changes along the strike and dip directions due to ununiform distributed
stations and earthquakes.

The third resolution test shows that the high Vp/Vg layer at the plate
interface, representing hypothetically hydrated slab sediment and crust,
can be well recovered at 15-50 km depths throughout the region
(Fig. S4). In addition, the high Vp/Vs anomaly in the overriding plate,
representing a possible fore-arc sedimentary basin, will not be mistak-
enly mapped to greater depths. Therefore, we are confident with the
imaging results near the plate interface. In addition, the similar patterns
between the input and recovered models in the fourth resolution test
indicate the major along-strike changes are robust in our tomography
images (Figs. S5-S7).

In summary, all resolution tests suggest that our Vp/Vs model has a
horizontal resolution of 25 km in the unmasked regions. Thus, we are
confident with all moderate-scale anomalies that are mentioned in
Section 3.1 and will be discussed in Section 4. Our resolution limit is
larger than the typical width of the plate interface deformation zone
(<10 km) or the scale of fluid-rich layers (<1 km) (Li et al., 2015).
Therefore, the Vp and Vp/Vg structures imaged at the slab surface
represent the average velocity structure across the plate interface.

3.3. Plate coupling model

We find a ~14 % decrease in the total weighted residual sum of
square velocities for sites fit in the 6-segment model than in the 5-
segment model which does not include the new boundary near Tugi-
dak Island, and assumes the Chirikof and Kodiak segments have the
same slip deficit distribution. The best-fit coupling distributions and
residual site velocities are shown in Fig. 7. The main new feature of this
model is the higher slip deficit outboard of Kodiak than in the Chignik
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Slip deficit

Fig. 7. New slip deficit model constrained by geodetic data from 1992 to 2017. Compared to the previous model by Drooff and Freymueller (2021), we add an
additional segment boundary near Tugidak Island (pointed by the light blue arrow) between the Kodiak and Chirikof segments. The magenta ellipses and vectors
indicate the data uncertainties and the misfit of GNSS stations using the new slip deficit model, respectively.

segment and the high slip deficit outboard of Chirikof Island. In addi-
tion, the new slip deficit model has a narrower highly locked patch in the
Kodiak segment than the previous model (Drooff and Freymueller,
2021), and this highly locked patch is at a shallower depth compared
with the one in the Chignik segment. The nearly 100 % slip deficit
outboard of Kodiak is similar to that found in models that were opti-
mized for the 1964 rupture zone (i.e., Elliott and Freymueller, 2020;
Suito and Freymueller, 2009). We note that our model includes a zone of
partial coupling by the trench outboard of Kodiak where the model
resolution is minimal. The estimated slip deficit at shallow depth is
controlled mainly by the model regularization rather than the data.
We observe a distinct trend of trench-parallel residual velocities for
sites on Kodiak Island (Fig. 7), which we interpret as unaccounted-for
localized forearc translation on the order of ~5 mm/yr at most sites.
This is a common phenomenon observed in subduction settings globally
(Jarrard, 1986; Wang et al., 2003). In the case of Kodiak, this effect was
accounted for in Elliott and Freymueller (2020) by adding an upper
crustal strike-slip fault aligned approximately with the 25 km depth
contour underneath Kodiak Island which bounded two upper plate
blocks. We note that the transition from partial coupling to creeping

beneath Kodiak in our model is in the same place as the along-strike
upper crustal fault included by Elliott and Freymueller (2020). How-
ever, it will dramatically increase the model misfit in the Chirikof
segment if we add a creeping boundary west of the Kodiak segment in
the same location as in Elliott and Freymueller (2020). In order to test
whether this crustal sliver affects the estimated slip deficit distribution,
we projected the Kodiak site velocities into the trench-normal direction
and re-ran the inversion for slip deficit without the trench-parallel mo-
tion. We find no difference in the coupling model from such a model run.
Therefore we conclude that the effect of a Kodiak crustal sliver on the
coupling model is negligible and the misfit caused by the projection will
be passed on into the residuals rather than biasing the model parame-
ters. Besides, adding an additional block to the model would require us
to adopt the estimated block velocity from Elliott and Freymueller
(2020). This additional block velocity was not purely trench parallel and
it is provided to achieve a better fit to the GNSS data further to the east,
which is outside of our study area. Geodetic modeling of this additional
block will require to extend the model domain even further east by
adding more data to help constrain the block motion, and re-considering
block boundaries in a complex region outside of our study area.
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4. Discussions

4.1. Geological implications ofVp/Vs anomalies and effects of seismic
anisotropy and slab geometry

In this study, we focus on the Vp/Vs images while also using the Vp
model to help with interpretation. We estimate the Vp and Vp/Vs of
potential compositions on the Alaska slab surface using a MATLAB
toolbox developed by Abers and Hacker (2016), and compare them with
the Vp and Vp/Vs values in our tomography models (details in Supple-
mentary Text S2.1; Fig. S8). The comparisons suggest that the extremely
high Vp/Vs (>1.83) anomalies on the slab surface indicate the existence
of fluids. In addition, we evaluate the effects of the azimuthal anisot-
ropy, titled transversely isotropy, and sub-slab anisotropy in the
asthenosphere on the along-strike variations of the Vp/Vs anomalies,
and conclude that these effects are minor and will not change our in-
terpretations (details in Supplementary Text S2.2; Fig. S10). It is
important to emphasize that our tomography images do not have suf-
ficient resolution to capture details of fluid-rich layers at the plate
interface that are on a scale of hundreds of meters to a few kilometers (Li
et al., 2015). The Vp/Vg values of particular features are likely under-
estimated due to smoothing in the tomographic inversions. Therefore,
we do not quantitatively translate the imaged Vp/Vg values to rock
porosity. Instead, we qualitatively interpret high Vp/Vs anomalies as a
proxy for fluids and hydrous minerals in highly deformed rocks and
cracks.

Besides the geometry model of the slab surface described in Section
2.1, we also try other slab geometry models, including the original Slab2
model and a model purely constrained by our relocated seismicity dis-
tribution (Fig. S11a, S11b), for interpretation. In addition, we average
Vp/Vs from 10 km above to 10 km below the slab surface of the chosen
geometry model (Fig. S11c—e). We find no obvious changes in the along-
strike Vp/Vg variations among all the slab surface models (Fig. S11).
Therefore, we conclude that the choice of the slab surface geometry has
minor effects on our interpretations, partly because our tomography
resolution (~10 km vertically) is larger than the slab surface model
discrepancies.

4.2. Seismic imaging of fluids in highly deformed rocks

The subducted slab is imaged as a gently dipping (< 30°) region of
high-Vp anomalies (~6.6-8.5 km/s) beneath the slab surface (Fig. 5). A
thin (< 10 km) relatively lower Vp layer (~6.6-6.9 km/s) overlays the
high-Vp anomalies (~ 7.0-8.5 km/s) right beneath the slab surface.
These layers indicate the slab crust and mantle, respectively. The slab Vp
structure is in good agreement with previous active-source and receiver-
function seismic imaging in this region (Li et al., 2018a; Onyango et al.,
2022; Shillington et al., 2022, 2015) (Fig. S9). The Vp/Vg structure
shows more complexities, with values ranging from 1.65 to 1.90 (Figs. 4,
6). This is because Vp is dominantly controlled by bulk composition,
temperature, and pressure, whereas Vp/Vy is highly sensitive to the ex-
istence of fluids (Takei, 2002).

Vp/ Vs varies with depth on the slab surface, indicating the presence
of hydrous minerals and fluids from different sources (Fig. 4d). Near the
trench at 10-20 km depths, we observe high Vp/Vs anomalies in almost
all segments, in agreement with the fluid overpressure observed in other
subduction zones from rock experiments and seismic studies (Bassett
et al., 2014; Tobin and Saffer, 2009). Furthermore, a recent study using
absolute pressure gauge data from the AACSE detected a possible
slow-slip event in late 2018 near the trench (He et al., 2023), also
implying high fluid content at shallow depths. At greater depths, the
distribution of high Vp/Vs anomaly varies.

The fluids at depths shallower than 20 km presumably come from
sediment compaction, whereas the sources for fluids at 20-50 km depths
remain under debate. Some numerical simulations suggest that the
Alaska slab is cold at these depths and that slab dehydration primarily
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happens below 70 km (Abers et al., 2017), although a recent study
demonstrated that the metamorphic dehydration reactions may take
place at shallower depths if non-steady-state thermal evolution of the
slab is considered (Holt and Condit, 2021). A recent electromagnetic
study in the Shumagin segment suggests that slab mantle dehydration
may provide substantial fluids in the fore-arc (Cordell et al., 2023).
Nevertheless, we attribute the high Vp/Vs anomalies in the subducted
slab to the locally hydrated slab crust and fluids either from in-situ
dehydration or from migration along the plate interface up-dip from
deeper sources. The high Vp/Vs anomalies imaged in the overriding
plate crust indicate fluids migrating from the plate interface because we
do not expect any dehydration reactions in the fore-arc crust.

We observe systematic along-strike variations in Vp/Vg and thus the
inferred fluid content (Fig. 6). We acknowledge that the model resolu-
tion changes along strike as the station and earthquake distributions are
not uniform. However, we focus on velocity anomalies on a scale of >30
km horizontally and >10 km vertically, which are well resolved across
the entire study region (Figs. S1-S7). These anomalies are likely
smoothed images of geological features, such as the interplate defor-
mation zone or localized fluid-rich pockets, which are on a scale smaller
than our tomography resolution. Thus, the imaged velocity values
should not be over-interpreted. The Shumagin segment (represented by
cross-sections A-A’ and B-B’ in Fig. 6) is characterized by continuous
high Vp/Vs anomalies (1.86-1.90) and high fluid content both at the
plate interface and in the overriding plate crust. Interestingly, the fluid
distribution inferred from a recent 2D electromagnetic study (Cordell
et al., 2023) is nearly identical to that inferred from our cross-section
B-B’, showing a fluid-rich plate interface at ~30 km depth and a
fluid-starved plate interface shallower than 25 km. However, this elec-
tromagnetic profile is located near our cross-section A-A’, where we
image a fluid-rich plate interface from 30 km to at least 10 km depth. We
suspect the discrepancies between the 2D electromagnetic profile with
our 3D seismic images result from the along-strike variations within the
Shumagin segment that cannot be captured by a 2D profile. Our 3D
images show that the megathrust at shallow (<25 km) depths is more
hydrated than that revealed by Cordell et al. (2023), although the fluid
distribution is not uniform throughout the entire Shumagin segment.

In contrast to the Shumagin segment, moderately high Vp/Vg
anomalies (1.80-1.84) are sporadically observed at the plate interface in
the Chignik and Chirikof segments (represented by cross-sections C-C’
and D-D’ in Fig. 6, respectively), whereas low Vp/Vs anomalies dominate
the overriding plate there, implying dry conditions in these segments. In
the Kodiak segment (represented by cross-section E-E’ in Fig. 6), the
plate interface has high Vp/Vgs anomalies (1.82-1.86), indicating high
fluid content, whereas the overriding plate shows low Vp/Vg and low
inferred porosity. Cross-section F-F’ in Fig. 6 shows the Vp/Vg structure
along the 30-km depth contour of the slab surface, suggesting that the
plate interface and overriding plate crust are more hydrated in the
Shumagin segment than the segments to the east. This trend is in good
agreement with active-source seismic studies which suggest more water
subducted in the southwest than in the northeast (Shillington et al.,
2015). The changes along cross-section F-F’ can also explain the
along-strike variations in azimuthal anisotropy revealed by teleseismic
shear-wave splitting (Lynner, 2021), as the highly hydrated slab at
20-40 km depths in the Shumagin and Kodiak segments produce
trench-parallel-fast-direction signals.

4.3. Fluids enhance interseismic slip along the megathrust

The Vp/Vsimages at the slab surface and in the overriding plate show
first-order similarities with our updated slip deficit model, with Vp/Vg
anti-correlating with slip deficit along the dip (Fig. 6) and along the
strike (Fig. 8), except in the near-trench area where the seismic and
geodetic model resolutions are both limited. In the Shumagin segment to
the southwest, high Vp/Vg anomalies at the plate interface and in the
overring plate coincide with low slip deficit and high seismic activity,
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Fig. 8. The comparison of the new slip deficit model with the Vp/ Vg structure along the strike. The red, grey, blue, and dotted green curves indicate the average Vp/
Vs on the slab surface, average Vp/Vs in the overriding plate, average slip deficit, and seismic activity, respectively. All the average values are derived by taking the
average of the structure between 15 and 35 km depths along the slab surface or in the overriding plate. The number of earthquakes within a 30-km-wide along-dip
cross-section is normalized by the largest number of earthquakes along the strike.

suggesting abundant fluids enhance interseismic creep along the meg-
athrust (Figs. 4, 6, 7). In contrast, in the Chignik segment to the north-
east, low Vp/Vs anomalies at the plate interface and in the overriding
plate, a higher slip deficit, and low seismic activity imply that the low
fluid content inhibits interseismic creep and promotes frictional locking.
Further to the northeast, the Chirikof segment, which has the widest
region of high slip deficit has moderate-to-low Vp/Vs, implying a dry
plate interface. At the north-eastern end of this region, the Kodiak
segment has a high slip deficit and high Vp/Vg anomalies at the plate
interface but low Vp/Vs in the overriding plate. In Fig. S13, we also
compare our Vp/Vs model with the slip deficit model from Zhao et al.
(2022a), which models interseismic plate coupling with asperities based
on historical and recent rupture zones. This comparison shows a similar
anti-correlation between Vp/Vs and intersesismic slip deficit.

The contrast in the Kodiak segment is surprising, given that many
studies suggest that fluids at the plate interface should enhance the
interseismic slip along the megathrust (Audet et al., 2009; Guo et al.,
2021; Heise et al., 2017; Kodaira et al., 2004; Li et al., 2018a; Moreno
et al., 2014). But our observation is not the only case that shows an
anti-correlation between Vp/Vs in the overriding plate and slip deficit.
For example, a recent tomography study of the Honshu subduction zone
(Zhao et al., 2022b) using offshore seismic data shows that Vp/Vg
changes little at the megathrust, but reduces dramatically in the over-
riding plate from northern Honshu to central Honshu, coinciding with
the increase in interseismic slip deficit and the 2011 M9.1 Tohoku-Oki
earthquake rupture area. In the Hikurangi subduction zone, Henrys
et al. (2020) also image an increase in Vp/Vs in the forearc overriding
plate from the southern North Island to Cook Strait, anti-correlating with
the slip deficit change. In the southern Cascadia subduction zone with a
high slip deficit, high Vp/Vg anomalies are confined within the slab crust
and low Vp/Vs anomalies lie above the plate interface (Delph et al.,
2018; Guo et al., 2021).

Given all observations above, we propose that the along-strike var-
iations in interseismic megathrust slip behaviors at 20-50 km depths are
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dominantly controlled by the changes in fluid content in the subduction
zone, particularly in the overriding plate crust that directly contacts the
plate interface at 15-35 km depths (Fig. 9). We cannot rule out the other
factors, such as the plate interface roughness and changes in the slab
surface geometry, that may also influence interseismic slip deficit
(Cordell et al., 2023; Jiang et al., 2022). However, the fluid content in
the overriding plate is the most evident factor that varies along the strike
and well anti-correlates with the interseismic slip deficit.

Systematic changes in the hydration state of the plate interface are
presumably caused by the varying input of the incoming plate and the
slab dehydration after subduction. The hydration state of the overriding
plate is fundamentally affected by the permeability of the overriding
materials and the fluid supply from the plate interface. It is worth noting
that some previous studies suggest that changes in the overriding plate
lithology, such as the deposit of quartz into the overriding forearc crust,
can affect the inter-plate slip behaviors (Audet and Burgmann, 2014).
Here at the Alaska Peninsula, two major Mesozoic and Paleogene tec-
tonic boundaries cut across all the boundaries between segments with
different slip deficits (Horowitz et al., 1989). The Border Ranges fault
system (BRFS) formed when the Chugach terrane was juxtaposed against
and beneath the Peninsula terrane to the north starting from the early
Jurassic (Plafker et al., 1994), and the Prince William terrane was un-
derthrust by the Chugach terrane along the Contact fault system (CFS)
further south (Fig. S12). Since both the BRFS and CFS are parallel to the
trench, we do not expect significant changes in the overriding plate li-
thology along the strike (cross-section F-F’ is in the same Chugach
terrane from Fig. S12). Therefore, we suspect that the along-strike var-
iations in Vp/Vg are predominantly influenced by the fluid supply from
slab dehydration rather than the overriding plate lithology. We propose
that the flux of fluids across the plate interface has a greater influence on
the slip behavior than simply the presence of fluids along the interface.
The high fluid pore pressure that decreases the effective normal stress is
important but not the most critical factor in controlling the megathrust
interseismic slip deficit at the Alaska Peninsula. A high fluid flux from
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Fig. 9. Schematic cartoons showing fluids at the plate interface and in the overriding plate enhancing interseismic slip on the megathrust. Semi-transparent blue
shades mark the fluid-rich regions revealed by high V»/Vs anomalies. Wavy arrows indicate fluid migration, and water drops represent the possible fluid migration
from deep sources. Black contours outline the rupture areas of previous megathrust earthquakes shown in Fig. 1, whereas the beachballs and stars represent the
hypocenters of the 2020 M7.8 Simeonof and 2021 M8.2 Chignik earthquakes. The dashed black contour up-dip of the 2021 M8.2 Chignik earthquake rupture zone
shows the area of the 2018 slow slip event in the Chignik segment. The color-coded curves on each plate interface illustrate the slip deficit in each segment. Black
lines on the surface represent the terrane boundaries between the Prince William terrane (PWT), Chugach terrane (CT), and Peninsula terrane (PT). Note that the
inferred properties of the overriding plate crust do not correlate with geological terranes, suggesting that the overriding plate lithology is not the predominant factor

in controlling the observed along-strike variations.

the subducting plate through the plate interface would lead to the for-
mation of clay minerals that promote fault creep, through processes of
alteration, dissolution, and re-precipitation of mineral grains (Ikari
et al., 2009; Katayama et al., 2015).

In the Shumagin segment, the incoming plate crust and uppermost
mantle are highly hydrated through extensive outer-rise bending faults
(Li et al., 2024; Liu et al., 2022b; Shillington et al., 2015) (Fig. 9). As this
hydrated plate subducts, hydrous minerals in the slab crust and mantle
break down, releasing water, and triggering abundant
intermediate-depth earthquakes (Cordell et al., 2023; Wei et al., 2021).
The released fluids migrate up-dip along the strongly deformed plate
interface (Kuehn, 2019; Shillington et al., 2022), and hydrate the
overriding plate. In addition, a thin, heavily faulted sediment layer
subducts in this segment (Li et al., 2018a). Consequently, the combi-
nation of more fluids and high deformation at the plate interface, high
porosity in the overriding plate, and the lack of sediment facilitate
interseismic megathrust slip, resulting in more small earthquakes but a
lack of great earthquakes. In contrast, the incoming plate is less faulted
and hydrated with more sediments subducted in the Chignik segment (Li
etal., 2018a; Li et al., 2024; Shillington et al., 2015), and thus less water
is subducted to great depths to trigger intermediate-depth earthquakes
(Wei et al., 2021). The low fluid supply from deep dehydration, com-
bined with the weakly deformed plate interface, a thick sediment layer,
and a low-porosity overriding plate, result in a lower aseismic fault slip,
and thus fewer small earthquakes but several great events in the past. In
the Chirikof segment further to the east, the plate interface from the
trench to ~30 km depth and the overriding plate crust are so dry that the
two plates are fully frictionally locked. In the Kodiak segment at the
eastern end, the incoming plate is more hydrated compared to that in the
Chirikof segment, because more normal faults that are sub-parallel to
the trench are re-activated at the outer rise (Reece et al., 2013) and
several seamounts enter into the trench (von Huene et al., 2021).
Consequently, more water is subducted to great depths and then
released to form a sporadically fluid-rich plate interface, which is
consistent with petrological studies of exhumed fore-arc rock (Vrolijk,
1987) and a slow-slip event in 2009 at 20-40 km depths (Holtkamp,
2017). However, the overriding plate crust remains relatively dry,
possibly because the less deformed lower crust of Kodiak Island acts as a
permeability barrier above the plate interface (Saffer and Tobin, 2011),
resulting in a lack of fluid flux across the interface and through the rocks
along the interface. Therefore, the interseismic megathrust slip deficit is
high in this region.

4.4. Complicated roles of fluids in generating megathrust earthquakes

Our seismic images and interseismic slip deficit model help explain
the diverse mechanisms of historical and recent megathrust earthquakes
at the Alaska Peninsula (Davies et al., 1981; Elliott et al., 2022). Note
that the velocity anomalies and the inferred high-porosity regions are
possibly more concentrated than those appearing in our tomography
images. The 2020 M7.8 Simeonof earthquake ruptured down-dip from
25 to 40 km depths and propagated westward within the Shumagin
segment (Xiao et al., 2021; Ye et al., 2021) (Figs. 4d, 6). This segment is
characterized by a low interseismic slip deficit (~25 % of the plate
motion rate), extremely high Vp/Vs anomalies and thus high fluid con-
tent at the plate interface and overriding plate, and a lack of great
megathrust earthquakes (M > 8) for at least 200 years. However, the
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Simeonof earthquake rupture initiated near the boundary between the
Shumagin and Chignik segments where Vp/Vs changes from high to low
and the slip deficit changes from low to moderate (Figs. 4d, 7). We
suspect that shear stress had accumulated due to the stress shadow effect
of the adjacent Chignik segment, and high fluid content lowered the
plate interface strength to facilitate rupturing. Northeast of the Shu-
magin segment, the 2021 M8.2 Chignik earthquake nucleated in a high
Vp/Vs region and ruptured into low Vp/Vs regions in both the down-dip
and eastward directions (Figs. 4d, 6). The rupture area occurred from 20
to 40 km depths within the moderately high slip deficit region of the
Chignik segment (Elliott et al., 2022; Liu et al., 2022a). We propose that
this earthquake started in a fluid-rich region and mainly ruptured the
dry plate interface. So the relatively dry, partially locked Chignik
segment acted as a barrier for the 2020 Simeonof earthquake rupturing,
and then was ruptured by the 2021 Chignik earthquake. These diverse
slip behaviors of fault barriers have been seen in numerical simulations
(Molina-Ormazabal et al., 2023).

Although the rupture area of the 1938 M8.3 Alaska Peninsula
earthquake remains under debate, it likely ruptured from near the
trench to 30 km depth and overlaps with the eastern part of the 2021
Chignik earthquake rupture area (Freymueller et al., 2021). More than
80 years after this earthquake, our results show low fluid content and
high slip deficit in this region. The southwestern end of the 1964 M9.2
Great Alaska earthquake exhibits a high slip deficit and low Vp/Vsin the
overriding plate crust. The low Vp/Vs anomalies reflect either a
low-permeability overriding plate or a low fluid supply from slab
dehydration in this region, and nevertheless indicate stronger materials
above the plate interface. We speculate that it is the low-porosity
overriding plate rather than the fluid-rich plate interface that in-
creases interseismic slip deficit, as the high rigidity and density of the
overriding plate favor the accumulation of elastic strain at the plate
interface (Sallares and Ranero, 2019; Sun et al., 2020). More sophisti-
cated laboratory and numerical experiments focusing on the overriding
plate rigidity are needed to verify our speculation. Similar conditions
have been observed beneath the southern North Island, New Zealand
(Henrys et al., 2020) and southern Cascadia (Guo et al., 2021). The
low-porosity overriding plate may result from limited fluid flux across
the plate interface because the slab dehydration appears to be weaker in
the Kodiak segment compared to the Shumagin segment (Wei et al.,
2021).

5. Conclusions

We image the 3D high-resolution Vp and Vp/Vs structure of the
megathrust and the fore-arc overriding plate at the Alaska Peninsula. We
also construct a new slip deficit model at seismogenic depths and find
anti-correlation between Vp/V;s and slip deficit along the strike. Fluids
indicated by high Vp/Vs anomalies play an important role in controlling
the along-strike variations in interseismic megathrust slip behavior at
the Alaska Peninsula. In the Shumagin segment to the west, abundant
fluids at the plate interface and in the overriding plate lead to a low slip
deficit, less frequent large megathrust earthquakes, and higher back-
ground seismic activity. In the Chignik, Chirikof, and Kodiak segment to
the east, low fluid content in the overriding plate contributes to a higher
slip deficit and more frequent occurrence of great megathrust earth-
quakes regardless of whether the plate interface is rich or starved in
fluids. Since the overriding plate shows little along-strike changes in



F. Wang et al.

lithology, there is no evidence of permeability variations due to litho-
logical changes. Therefore, we suspect that the inferred porosity varia-
tions reflect the changes in the fluid supply from slab dehydration, and a
sustained fluid flux across the plate interface is critical to enhancing
interseismic slip. In light of this study, we suggest future geophysical and
geological observations need to pay more attention to the fore-arc
overriding plate, and numerical simulations of megathrust slip need to
consider the complex along-strike heterogeneities of fluid content in the
overriding plate.

Data and code availability

Arrival time data of regional Alaska earthquakes recorded by global
stations are archived at the International Seismological Center EHB
bulletin (http://www.isc.ac.uk/isc-ehb/). Arrival time data for regional
stations are available from the Advanced National Seismic System’s
Comprehensive Earthquake Catalog (http://earthquake.usgs.gov/data/
comcat/). Raw seismic data from regional stations are available at the
Data Management Center of EarthScope Consortium (https://ds.iris.
edu/ds/nodes/dmc/) under network IDs AK (10.7914/SN/AK), AT
(10.7914/SN/AT), AV (10.7914/SN/AV), CN (10.7914/SN/CN), GM
(10.7914/SN/GM), II (10.7914/SN/II), NP (10.7914/SN/NP), TA
(10.7914/SN/TA), and XO (10.7914/SN/X0_2018). GNSS velocities
and station DOIs are available in the supplemental information of Drooff
and Freymueller (2021) and Elliott and Freymueller (2020). Unpro-
cessed GNSS data are available through the EarthScope Consortium
(https://www.unavco.org/data/gps-gnss/data-access-methods/dail/-
dail.html). The seismic tomography models will be archived at the
EarthScope/IRIS Earth Model Collaboration repository (https://ds.iris.
edu/ds/products/emc-earthmodels/). The seismic tomography software
packages tomoDD and teletomoDD are available upon request. The
geodetic modelling software package TDEFNODE is available at
https://robmecaffrey.github.io/TDEFNODE/TDEFNODE.html.
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