Geophysical Research Letters’

RESEARCH LETTER
10.1029/2024GL109758

Key Points:

e A new model of depth-dependent
azimuthal anisotropy of the Alaska
subduction zone is built based on a new
surface wave dataset

e The along-strike variation in the
azimuthal anisotropy of the forearc
crust is caused by faults and fractures

e Azimuthal anisotropy within the
subducted slab is controlled by fossil
anisotropy produced at different mid-
ocean ridges

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

C. Liu,
chuanming liu@jsg.utexas.edu

Citation:

Liu, C., Sheehan, A. F., & Ritzwoller, M.
H. (2024). Seismic azimuthal anisotropy
beneath the Alaska subduction zone.
Geophysical Research Letters, 51,
€2024GL109758. https://doi.org/10.1029/
2024GL109758

Received 16 APR 2024
Accepted 3 JUL 2024

Author Contributions:
Conceptualization: Chuanming Liu,
Anne F. Sheehan, Michael H. Ritzwoller
Data curation: Chuanming Liu

Formal analysis: Chuanming Liu
Funding acquisition: Chuanming Liu,
Anne F. Sheehan, Michael H. Ritzwoller
Investigation: Chuanming Liu
Methodology: Chuanming Liu

Project administration: Anne

F. Sheehan, Michael H. Ritzwoller
Software: Chuanming Liu

Supervision: Anne F. Sheehan, Michael
H. Ritzwoller

Visualization: Chuanming Liu

Writing - original draft: Chuanming Liu

© 2024. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Seismic Azimuthal Anisotropy Beneath the Alaska
Subduction Zone

Chuanming Liu'? ©, Anne F. Sheehan® (), and Michael H. Ritzwoller>

"nstitute for Geophysics & Department of Earth and Planetary Sciences, Jackson School of Geosciences, The University of
Texas at Austin, Austin, TX, USA, 2Depanment of Physics, University of Colorado Boulder, Boulder, CO, USA,
3Cooperative Institute for Research in Environmental Sciences and Department of Geological Sciences, University of
Colorado Boulder, Boulder, CO, USA

Abstract we estimate depth-dependent azimuthal anisotropy and shear wave velocity structure beneath the
Alaska subduction zone by the inversion of a new Rayleigh wave dispersion dataset from 8 to 85 s period. We
present a layered azimuthal anisotropy model from the forearc region offshore to the subduction zone onshore.
In the forearc crust, we find a trench-parallel pattern in the Semidi and Kodiak segments, while a trench-oblique
pattern is observed in the Shumagins segment. These fast directions agree well with the orientations of local
faults. Within the subducted slab, a dichotomous pattern of anisotropy fast axes is observed along the trench,
which is consistent with the orientation of fossil anisotropy generated at the mid-ocean ridges of the Pacific-
Vancouver and Kula-Pacific plates that is preserved during subduction. Beneath the subducted slab, a trench-
parallel pattern is observed near the trench, which may indicate the direction of mantle flow.

Plain Language Summary The azimuthal anisotropy of seismic waves refers to the directional
dependence of the seismic wave propagation speed. We present a comprehensive azimuthal anisotropy model of
the Alaska subduction zone to a depth of 200 km, revealing anisotropy caused by local faults and fractures, fossil
anisotropy inherited from the oceanic plate within the subducted slab, and sub-slab mantle flow. The along-
strike variation of crustal anisotropy indicates variations in the stress regime in the forearc region. The along-
strike variation of anisotropy within the subducted slab identifies different origins of the subducted slab. Our
model contributes to the understanding of the anisotropic structure and the sources of anisotropy in subduction
zones.

1. Introduction

The Alaska subduction system is one of the most tectonically active convergent margins worldwide. Ranging
from the Denali Fault in the north to the Aleutian trench in the south, volcanoes are prevalent and megathrust
earthquakes (Mw > 8) have occurred in this region (Figure 1a). Although the subducting lithosphere in the Alaska
subduction zone exhibits a relatively consistent convergence rate, plate age (ca. 50 ~ 55 Ma, Miiller et al., 2008),
and uniform slab dip (Lallemand et al., 2005), the observed seismicity shows strong along-strike variation (e.g.,
Wei et al., 2021). Understanding these along trench differences is one of the motivations for the Alaska
Amphibious Community Seismic Experiment (AACSE) (Abers, 2018; Barcheck et al., 2020).

Numerous studies have considered the on-continent seismic structure of the Alaska subduction zone, utilizing the
USArray Transportable Array (TA) and the other regional networks (Busby & Aderhold, 2020). Both isotropic
and anisotropic structures onshore have been resolved using surface waves (e.g., Feng et al., 2020; Feng &
Ritzwoller, 2019; Liu et al., 2022a; Liu & Ritzwoller, 2024; Y. Wang & Tape, 2014; Yang & Gao, 2020), body
waves (e.g., Eberhart-Phillips et al., 2006; Gou et al., 2019), receiver functions (e.g., Haws et al., 2023; Miller &
Moresi, 2018; Schulte-Pelkum et al., 2020), joint inversion of surface waves and receiver functions (e.g., Berg
et al., 2020; Gama et al., 2021; Martin-Short et al., 2018), joint inversion of surface waves and body waves (e.g.,
Jiang et al., 2018; Nayak et al., 2020), local shear wave splitting (Karlowska et al., 2021; Lynner et al., 2024;
Richards et al., 2021), SKS shear wave splitting (e.g., Birkey & Lynner, 2024; McPherson et al., 2020; Venereau
et al., 2019), and Pn tomography (He & Lii, 2021).

In contrast, the offshore forearc region have been much less investigated. Seismic reflection/refraction studies
have provided high-resolution velocity profiles (e.g., Li et al., 2015; Shillington et al., 2015) that extend into the
lower crust. With the deployment of the AACSE ocean-bottom seismometer (OBS) stations, the isotropic seismic
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structure has been resolved using surface waves (e.g., Feng, 2021; Li et al., 2024) and body waves (e.g., Gou
etal., 2022; F. Wang et al., 2024). However, information about anisotropy has only been provided by shear wave
splitting at a subset of the AACSE stations (Lynner, 2021). A better understanding of the anisotropic structure of
the Alaska subduction zone is needed to illuminate potential along-strike structural variations in anisotropic fabric
and, consequently, perhaps volatile content (Lynner, 2021) and deformation (Liu & Ritzwoller, 2024).

In this study, we construct an azimuthally anisotropic shear wave velocity model of the crust and uppermost
mantle beneath the Alaska subduction zone. We use a new Rayleigh wave dispersion database across Alaska and
the subduction zone (Liu et al., 2022a). The database is built using two- and three-station ambient noise inter-
ferometry and earthquake data. The application of three-station interferometry bridges asynchronous seismic
stations and improves the ray path coverage (Zhang et al., 2020), which is particularly important for the OBS
stations (Liu et al., 2022a). Our purpose is to investigate the azimuthal anisotropic structure of the Alaska sub-
duction zone and infer the fast-axis direction variations along the strike of the trench.

Our depth-dependent azimuthally anisotropic model is constructed with the working assumption of a hexagonally
symmetric medium with a horizontal symmetry axis: a horizontal transverse isotropic (HTI) medium. An HTI
medium is consistent with anisotropy produced by fractures, faults, and olivine dominating the oceanic mantle
(e.g., Crampin, 1987; Hess, 1964). The resolved anisotropy is “apparent”, however, because we assume the
orientation of the symmetry axis rather than estimating it (Xie et al., 2017). A complete investigation would
include the estimation of the dip angle of the symmetry axis, as was done by Liu and Ritzwoller (2024) for the
onshore region. This is beyond the scope of the present work, however, because it requires Love wave obser-
vations. We argue here that the working assumption reveals valuable information about past and present
deformation in the crust and mantle of the Alaska subduction system.

2. Rayleigh Wave Phase Speed Azimuthal Anisotropy Tomography

We apply Rayleigh wave phase speed dispersion measurements (8—85 s) from the surface wave dispersion
database constructed by Liu et al. (2022a). Here, we summarize the data processing and tomography performed in
that study. Liu et al. (2022a) present a detailed discussion of the entire data processing procedure, including a
quantification of the uncertainties of the phase speed measurements.

The surface wave dispersion dataset is constructed using two- and three-station ambient noise interferometry and
earthquake data based on seismic stations deployed from January 2000 to October 2020 both onshore and offshore
across Alaska. There are a total of 979 seismic stations used, including 75 ocean bottom seismometers (OBS)
from AACSE. The earthquake data encompasses 3,395 teleseismic events with a Ms > 5.5 that occurred during
the period of station deployment. The distribution of seismic stations is shown in Figure 1b. Station spacing is
variable but averages about 80 km.

Rayleigh wave phase speed measurements are obtained by applying automatic frequency-time analysis (FTAN,
e.g., Levshin & Ritzwoller, 2001) to two- and three-station ambient noise data and earthquake data. Both
earthquake data and estimated Green's functions from interferometry are subjected to a signal-to-noise ratio
(SNR) threshold of 10. Three-station interferometry enhances SNR and bridges asynchronous receiver-station
pairs, approximately doubling the total number of measurements.

The local Rayleigh wave isotropic phase speed and azimuthal anisotropy are directly estimated on a 0.2°
(longitude) by 0.1° (latitude) grid (~11 km) using eikonal tomography (Lin et al., 2009) for ambient noise data (8—
50 s) and Helmholtz tomography (Lin & Ritzwoller, 2011a) for earthquake data (28-85 s). Considering the
azimuthal dependence of Rayleigh wave phase speed in a weakly anisotropic medium, the local phase speed for
azimuth y is parameterized as (e.g., Smith & Dahlen, 1973),

A A
C(W) = Ci.m(l + 5CAA (W)) = Ciso (1 + 71005 (l// - l/’l) + %COS Z(W - WZ)) (1)

where c;

is0 18 the isotropic phase speed, dc, 4 is the azimuthal anisotropy perturbation, v, and y, are the fast axes
for the 1y and 2y components of anisotropy, and A, and A, are the peak-to-peak relative amplitudes for the 1y and
2y anisotropy, respectively. The ly anisotropy is strongest at long periods and is not caused by intrinsic

anisotropy, but is an isotropic phenomenon that may be caused by several effects, including Rayleigh wave back-
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Figure 1. Tectonic settings, seismic station distribution in Alaska, and regionalization of seismic anisotropy. (a) Reference map for southwest Alaska. The black curves
are major faults (ending with “F.”). The four blue contours represent the upper surface of the subducted slab at different depths (40, 100, 150, and 200 km) based on the
Slab2.0 model (Hayes et al., 2018). The red triangles denote volcanoes. A few tectonic terranes, mountain ranges, and faults (Colpron et al., 2007) are labeled. WCT:
Wrangellia composite terrane. Yellow stars are the example points used in Figure S1 in Supporting Information S1. The white arrow indicates the direction of motion of
the Pacific Plate relative to North America. The yellow polygons show the rupture zones of historical megathrust earthquakes (Tape & Lomax, 2022). The green dashed
line shows the plate boundary between the Pacific and North American Plates. (b) Seismic stations: red squares for onshore stations and blue squares for OBS
instruments from the AACSE. The dashed box is the study region of this paper. (c) Regionalization of azimuthal anisotropy model. Azimuthal anisotropy is defined by
two layers on the Alaskan continent (the gray-shadowed region) and the incoming oceanic plate (the blue-shadowed region), and by three layers in the interpreted
forearc region (the yellow-shadowed region), which is the focus of this paper.

scattering (Lin & Ritzwoller, 2011b). Liu et al. (2022a) find that below 50 s period A; < A,. We estimate 1y and
2y anisotropy simultaneously at periods above 50 s to remove 1y bias. Helmholtz tomography is also used for
earthquake data for periods at and above 28 s to reduce the influence of finite frequency effects.

In our study, we directly use the composite Rayleigh wave isotropic phase speed and 2y azimuthal anisotropy
(fast axis, y,, and amplitude, A,) and corresponding uncertainties from Liu et al. (2022a). Examples of
azimuthally binned Rayleigh wave phase speed measurements at Points A and B (identified in Figure 1) are
shown in Figure S1 in Supporting Information S1. Examples of the composite Rayleigh wave isotropic phase
speed and azimuthal anisotropy at different periods are shown in Figure S2 in Supporting Information S1.

3. Model Parameterization and Inversion

We apply a two-step inversion procedure to resolve the depth-dependence of both the shear-wave speed (Vsv) and
azimuthal anisotropy (e.g., Lin et al., 2011). In this context, we define Vsv as Vg, = \/%, where L is one of the

elastic Love moduli (A, C, L, N and F'), and p is density. The subscript ‘“V’ in Vsv indicates the transverse direction
in the context of ‘transverse isotropy’. In the first step, we use the isotropic Rayleigh wave phase speed and
uncertainty to construct an isotropic Vsv model on a 0.4°(longitude) by 0.2° (latitude) grid using Bayesian Monte
Carlo inversion (e.g., Feng & Ritzwoller, 2019; Shen & Ritzwoller, 2016). The model represents Vsv as linearly
increasing in the sedimentary layer, with four B-splines in the crystalline crust and five B-splines in the uppermost
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mantle to a depth of 200 km. The water depth is fixed in wet regions to the value from the ETOPO1 bathymetry
model (Amante & Eakins, 2009). The starting or reference model for Monte Carlo sampling is a composite of the
Vsv model onshore of Feng and Ritzwoller (2019) and the Vsv model offshore of Feng (2021). The prior dis-
tribution for each parameter is determined by the reference model with prior constraints on each parameter. The
details of prior constraints and perturbation ranges are described in Table S1 in Supporting Information S1. To
establish a transversely isotropic reference model, defined in terms of A, C, L, N and F, we set N = L, A = C,
C=«’L, k = Vp/Vgratio, and F = A — 2L.

In the second step, after we have estimated the Vsv reference model, we introduce more simply parameterized
azimuthal anisotropy perturbations to fit the azimuthal anisotropy of Rayleigh wave phase speed at each location.
The azimuthal anisotropy in the continental and oceanic plate regions is defined by one crustal layer and one
mantle layer (Figure 1c). However, in the offshore forearc subduction zone, it is defined by one crustal layer and
two mantle layers: one for the subducted slab and one for the asthenosphere. This is based on the variation of the
fast direction pattern in the Rayleigh wave phase velocity azimuthal anisotropy from short to long periods in this
region (Figure S2 in Supporting Information S1). The details of the layered anisotropy parameterization are
described in Figure 1c. In a weak anisotropic medium, the azimuthal anisotropic perturbation to the Rayleigh
wave phase speed (Montagner & Nataf, 1986) can be interpreted as follows:

aCR aCR

_ 6cR aCR aCR ()CR .
Scau(T, ) = f{(GC L + B, A +H, IF cos 2y + | G, 3L + B, A +H, IF sin 2y ¢ dz 2)
0

where ¢, is defined in Equation 1, T'is period, the anisotropic shear moduli G, , B, ;, and H,. ; represent the 2y

azimuthal variations for three (L, A, and F) of the five Love moduli, and %LL", ‘Z%, and %%‘ are the sensitivity kernels

for L, A, and F, respectively. We ignore the term H,. ; due to its small impact on Rayleigh wave phase speed (e.g.,
Bes = G following Lin et al. (2011), Liu
et al. (2019), and Feng et al. (2020), based on studies of mica- and amphibole-rich crustal rocks (Barruol &

Montagner & Nataf, 1986). We also impose the relationship,

Kern, 1996) as well as olivine-dominated mantle rocks (Montagner & Nataf, 1986). Therefore, Equation 2 can be
written approximately as

()CR A 0cR 0cR A ch .
ser(T ) = [ ZE+2%R) G cos 2y + (28 + 2 2R G, sin 2yl d 3
cx(T. v) f{(aL+L aA> e €08 "’+(aL+LaA s S 2y ®)
0

In Equation 3, we only estimate the anisotropic shear moduli G, ; in the second step of the inversion. We use the
Rayleigh wave phase speed azimuth anisotropy (y,, A,) measurements to invert for the G, ; as constant values in
two layers for the continental region (crust and mantle) and oceanic plate (lithosphere and asthenosphere) and
three layers for the forearc offshore region (crust, subducted slab, and asthenosphere) by Bayesian Monte Carlo
inversion. The depth-dependent fast azimuth, ¢/, and anisotropy amplitude, Ay, are determined from G, and G,
as follows:

1 G,
sy = Etan - <a) )
and
2 2
T

We estimate the uncertainties of ¢, and Ag,, using an error transfer formula (e.g., Liu et al., 2019; Yuan &
Beghein, 2018).
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Figure 2. Azimuthal anisotropy near the Alaskan subduction zone. Azimuthal anisotropy maps at depths of (a) 10, (b) 50, and (c) 100 km. The white bars indicate the fast
axis directions of anisotropy at each depth, where the lengths are proportional to the amplitude. The background maps show isotropic shear wave speed (Vsv) at the
corresponding depth. Black lines represent large-scale faults. In (a), blue lines represent local faults (Horowitz et al., 1989; Koehler, 2013); a blue arrow indicates the
direction of motion of the Pacific Plate. The upper surface of the subducting slab from Slab 2.0 is marked with a gray line in (b)—(c). (c¢) Similar to (a), but showing the

profiles AA', BB', and CC' used in Figure 3.

4. Results

We estimate the depth-dependent posterior distributions from Bayesian Monte Carlo inversion for each model

parameter discussed in Section 3. We discuss the mean and standard deviation of the posterior distribution for

isotropic Vsv and azimuthal anisotropy fast direction and amplitude (¢, and Agy) as functions of depth. An
example of the prior distributions and posterior distributions for isotropic Vsv at a single location is shown in

Figure S3 in Supporting Information S1. The isotropic Vsv structure, defined as the mean of the posterior dis-

tribution at each grid location, is shown in Figure S4 in Supporting Information S1 and details are described in

Text S1 in Supporting Information S1. Uncertainty estimates for isotropic Vsv are presented in Figure S5 in
Supporting Information S1.

Figure 2 shows the depth-dependent azimuthal anisotropy (¢, and Agy) at three depths, determined from the
mean of the posterior distribution at 10, 50, and 100 km. Figure 3 shows the angle difference between the fast axis

direction and the trench orientation and the amplitude of anisotropy along the three profiles AA', BB', and CC'

(Figure 2c) across the three forearc segments: Shumagins, Semidi, and Kodiak, respectively. Uncertainty maps of

azimuthal anisotropy for both fast azimuth and amplitude are shown in Figure S6 in Supporting Information S1.

At adepth of 10 km (Figure 2a), the azimuthal anisotropy reflects the features of the continental crust onshore and

the forearc crust above the subducted slab, and the uppermost oceanic mantle of the Pacific Plate offshore. For the

continental crust onshore, the amplitude (Agy) is relatively small (Figure 2a), and the fast directions align sub-
parallel to the local major faults, as reported by Feng et al. (2020) and Liu and Ritzwoller (2024). In the
offshore forearc region, trench sub-parallel fast axis directions are observed with strong amplitudes in the Semidi

and Kodiak segments, while fast axes are trench-oblique in the Shumagins segment (Figures 2a and 3a-c).

Seaward of the trench on the oceanic plate, where the spatial extent of the model is small, the uppermost oceanic

mantle shows fast directions that are nearly perpendicular to the trench (Figures 2a and 3a-c) and subparallel to the
plate motion direction.

At a depth of 50 km (Figure 2b), north of the slab surface contour in the continental uppermost mantle, a curved

pattern of azimuthal anisotropy is observed continentward of the subducted slab. However, north of 62°N, fast

axes remains nearly the same as the directions observed in the crust (Figure 2a). Oceanward of the slab surface at

50 km depth within the subducted slab, the azimuthal anisotropy is very strong (Figures 3d-3f) and presents fast

axis orientations that are trench-sub-perpendicular and trench-oblique (Figures 2b and 3a-c). However, in the

region near and south of the trench, the flat-lying oceanic mantle exhibits a trench sub-parallel pattern (Figure 2b).
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Figure 3. Azimuthal anisotropy profiles across the Alaska subduction zone. (a—c) The angle difference between the fast axis direction and the trench orientation along

profiles AA', BB', and CC' identified in Figure 2c. (d—f) The amplitude of anisotropy along the same profiles. CMF: the Castle Mountain fault, BRF: the Border Ranges
fault.

At a depth of 100 km (Figure 2c), south of and near the volcanic arc, the azimuthal anisotropy still displays a
trench-perpendicular pattern (Figures 2c and 3a-c). However, near the trench, the azimuthal anisotropy shows a
trench-subparallel pattern. The continental azimuthal anisotropy north of the slab surface contour remains the
same as the pattern at a depth of 50 km, due to the two-layer parameterization of azimuthal anisotropy onshore.

The average uncertainties for the anisotropy fast directions are approximately 8°, 12°, and 13° at depths of 20, 50,
and 100 km (Figures S6a-6¢ in Supporting Information S1), respectively. The average uncertainty for amplitude
is less than 0.2% (Figures S6d-6e in Supporting Information S1) at these depths, while the offshore region has
larger uncertainty due to the more limited azimuthal coverage compared with the onshore region.

5. Discussion
5.1. Interpretation of Azimuthal Anisotropy Patterns

Above the subducted slab, in the forearc region north of the Aleutian trench, our model resolves trench-
subparallel fast directions in the Semidi and Kodiak segments of the Alaskan convergent margin (Figures 2a
and 3b-c). This orientation is consistent with the findings of Pn tomography (He & Lii, 2021), which is sensitive to
the bottom of the crust and the top of the uppermost mantle. This trench sub-parallel pattern in the forearc crust
above the subducted slab is probably caused by faults, cracks, and fractures beneath the forearc, in the accre-
tionary wedge, and at the top of the slab. The orientations of nearby large-scale strike-slip faults, including the
Border Ranges fault and the Contact fault, are also trench-parallel. Similar trench-parallel patterns in the forearc
above the subducted slab have been observed in other subduction zones. For example, trench-parallel fast di-
rections in the Tohoku forearc were reported by Z. Wang et al. (2022) from P-wave anisotropy, which they
explained resulted from aligned hydrated faults on the slab's upper surface. In addition, large-scale trench-parallel
fast directions in the overlying crust above the subducted Pacific slab in the forearc region of the Japan trench are
resolved by Uchida et al. (2020) using local shear wave splitting.

An exception to the trench parallel pattern above the slab is the trench-oblique pattern in the Shumagins segment
(Figures 2a and 3a). However, the trench-oblique fast directions still align with local normal fault orientations
(Horowitz et al., 1989). The different fast direction patterns in the forearc crust indicate along-strike variations of
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Figure 4. Azimuthal anisotropy and interpretation near the Alaska subduction zone. (a) Azimuthal anisotropy map at depth of 50 km (as in Figure 2b) with the magnetic
anomaly map from EMAG2v3 (Meyer et al., 2017). The white bars indicate the fast axis directions of anisotropy. The cyan arrows indicate the paleo-spreading
directions. The orange polygons, separated by the dashed green line, denote fossil anisotropy of subducted oceanic plates originally formed at the Kula-Pacific (western
polygon) and the Pacific-Vancouver (eastern polygon) MORs. The green solid line is the oceanic plate boundary based on magnetic anomaly. The green dashed line is
the suspected boundary based on the azimuthal anisotropy. (b) Interpretation of the azimuthal anisotropy pattern in the Aleutian subduction zone. The fast direction of
azimuthal anisotropy within the crust above the slab is marked by the blue arrow, where the anisotropy fast directions are dominated by local faults and fractures. The
fast direction within the subducted slab is marked by red arrow, where the fast directions reflect fossil anisotropy generated at different MORs and are affected by the
bending of subduction. The nearly trench-parallel orange arrow below the slab is hypothesized to represent the mantle flow direction. NA = North America.

orientations of local faults and fractures, suggesting that trench-parallel strike-slip faults only dominate the
Semidi and Kodiak segments. Furthermore, this indicates that transpressional deformation related to the flat-
subduction of the buoyant Yakutat microplate extends to the crust of the Semidi and Kodiak segments but ter-
minates near the boundary between the Semidi and Shumagins segments.

Seaward of the Aleutian trench (Figure 2a) in the oceanic plate we observe trench perpendicular-to-oblique fast
directions in the incoming oceanic lithosphere. This observation reflects the fossil anisotropy within the oceanic
Pacific plate, generated by the development of crystallographic preferred orientation (CPO) near mid-oceanic
ridges (e.g., Francis, 1969).

Within the subducted slab and revealed by the high Versus isotropic anomaly strip (Figures 2b and 4a), we resolve
a clear dichotomy in fast direction pattern with a boundary marked by a green-dashed line in Figure 4a. East of the
boundary, in Semidi and Kodiak, the fast directions are mainly trench-sub-perpendicular; while west of the
boundary, in the Shumagins, the fast directions mainly show NS orientations. These fast directions are roughly
consistent with the azimuthal anisotropy in the corresponding incoming oceanic plate of each region (Figure 3a).
We believe this dichotomous anisotropic pattern is controlled by the varied fossil fabrics formed at different mid-
ocean ridges (MOR), a topic we discuss further in Section 5.2. Within the slab, in the region near and south of the
trench, we also identify some trench-subparallel fast directions, likely caused by the influence of the trench-
parallel intraslab faults (e.g., Z. Wang et al., 2022).

In the onshore forearc region, we have a single mantle layer of anisotropy. The resolved arc-perpendicular pattern
(Figures 2b and 2c) in this area may result from the influence of intraslab fossil anisotropy and toroidal mantle
flows. Local shear-wave splitting with short-period bandpass and small depth range (Richards et al., 2021), and
SKS shear-wave splitting (e.g., McPherson et al., 2020) also reflect a similar arc-normal pattern in this region,
albeit with different depth sensitivity.
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Near the bottom and below the slab, we see nearly trench-parallel orientations near the trench (Figure 2c). This
trench-parallel pattern may be caused by trench-parallel mantle flow (e.g., Faccenda & Capitanio, 2012;
Lynner, 2021).

The azimuthal anisotropy pattern in the onshore mantle (Figure 2b) primarily reflects arc-parallel fast directions
in the backarc region and an arc-normal pattern in south-central Alaska. Combined with the arc-parallel pattern in
the offshore forearc region, our azimuthal anisotropy near the bottom of and below the slab generally reflects
similar mantle flow regimes as revealed by SKS shear-wave splitting results (McPherson et al., 2020).

The estimated amplitude of anisotropy may be underestimated due to the assumption of a horizontal (non-tilted)
symmetry axis (e.g., Xie et al., 2017). In Figures 3a—3c, the subducted slab is dipping from 0° to 40° (Figure S7 in
Supporting Information S1), with an average dip angle of about 20°. Thus, the amplitude of anisotropy in the slab
is probably underestimated by less than 10%, on average, which is within the estimated uncertainty.

5.2. Fossil Azimuthal Anisotropy Within the Subducted Slab

For the Pacific oceanic plate, one major cause of the observed pattern of azimuthal anisotropy is the alignment of
intrinsically anisotropic olivine due to relative plate motion (i.e., paleo-spreading direction) when it was formed at
the mid-ocean ridge (MOR) (e.g., Becker et al., 2014). We estimate paleo-spreading directions by computing the
gradient of seafloor ages (Seton et al., 2020) with results shown as cyan arrows in Figure 4a. The boundary of fast
directions (green line in Figure 4a) also demarcates the incoming oceanic plates near the Aleutian trench that were
formed at different MORs. East of the boundary the oceanic plate was generated at the Pacific-Vancouver MOR;
west of the boundary it was generated at the Kula-Pacific MOR.

The paleo-spreading directions from the Kula-Pacific MOR are roughly north-south, which is consistent with the
azimuthal anisotropy pattern within the subducted slab beneath the Shumagins (Figure 4a). In contrast, the paleo-
spreading directions from the Pacific-Vancouver MOR near the trench are predominantly east-west, while fast
directions show a slightly northward deviation, which may be attributed to bending during subduction (e.g., X.
Wang et al., 2022).

The dichotomy of the azimuthal anisotropy pattern within the subducted slab is inherited from the different MORs
and is preserved during subduction. There have been few reports of azimuthal anisotropy within the slab in other
subduction zones due to the limited distribution of OBS. X. Wang et al. (2022) reported the fast velocity direction
normal to the fossil seafloor isochrons in the Sumatra subduction zone, which is mainly trench-parallel.
Therefore, the seismic anisotropy fast directions within the subducted slab correspond more closely to the paleo-
spreading directions rather than trench orientations.

The along-strike variations in the fossil anisotropy also present a spatial correlation with the slip deficit distri-
bution in the forearc region (Figure S8 in Supporting Information S1, S. Li & Freymueller, 2018; F. Wang
et al., 2024). The boundary of azimuthal anisotropy within the subducted slab aligns with the boundary separating
the strongly locked region and the weakly locked region, indicating the impact of the different physical properties
of the subducted oceanic plate that originated at different MORs.

5.3. Comparison With SKS Splitting

We compare the directional information from SKS splitting with our mantle model in order to test our model and
also provide information about the depth of source of the SKS splitting. To perform the comparison, we assemble
an SKS splitting dataset by combining results from McPherson et al. (2020) and Lynner (2021). The details about
the construction of the SKS dataset are in Text S2 in Supporting Information S1. Because of the limited mea-
surements in the incoming oceanic plate, we focus the comparison with our model in the uppermost mantle for the
continent (Figure S9c in Supporting Information S1), the subducted slab (Figure S9d in Supporting Informa-
tion S1) and the asthenosphere below the slab (Figures S9b and e in Supporting Information S1) for the offshore
forearc region (yellow-shadowed region in Figure 1c).

For the continental region (Figure S9a in Supporting Information S1), the majority of the SKS fast directions align
with those of our mantle model, such that 55% of the SKS splitting observations differ by less than 30° from our
model with a mean difference of 32° (Figure S9c in Supporting Information S1).
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For the offshore forearc region, SKS splitting fast directions show a better alignment with our model in the
asthenosphere layer than within the subducted slab (Figures S9d and e in Supporting Information S1), indicating
that the major source of SKS splitting lies in the deeper mantle below the slab for the offshore forearc region.
There are a few stations with large angle differences near the trench in Figure S9b in Supporting Information S1
when compared to our asthenosphere layer model. However, these splitting fast directions are closer to the fast
directions within the slab in our model, indicating the influence of fossil anisotropy within the slab in the area near
the trench.

Onshore, the multi-layer modeling of SKS shear-wave splitting study near the Aleutians (Birkey & Lynner, 2024)
also indicates multi-layered anisotropy. However, using traditional path-integral SKS shear-wave splitting
analysis, it is difficult to infer multi-layered anisotropy in complex tectonic environments, such as subduction
zones. If there is multi-layered anisotropy in the subduction zone, a joint inversion based on complementary
datasets, such as surface waves (for top ~150 km), receiver functions (for upper plate), local-S (for upper plate and
mantle wedge) and SKS (for subslab mantle) splits, may produce better constraints on the anisotropic structure.

6. Conclusion

We present a new depth-dependent azimuthal anisotropy model of the crust and uppermost mantle beneath the
Alaska subduction zone, based on a new Rayleigh wave dispersion database (Liu et al., 2022a). Our model
provides detailed information about the along-strike variations in azimuthal fast directions in the crust, the
subducted slab, and the uppermost mantle. As summarized by a cartoon in Figure 4b, our model highlights the
vertical variations of the fast-axis in the forearc region. In the forearc crust, our model reveals a trench-parallel
pattern in the Semidi and Kodiak segments, while displaying a trench-oblique pattern in the Shumagins segment.
Both patterns may be caused by local faults and fractures. Within the subducted slab, we observe an along-trench
fast direction dichotomy with a trench-perpendicular pattern in the Semidi and Kodiak segments and a north-
south pattern in the Shumagins segment. The link of this dichotomy with nearby paleo-spreading directions
indicates the presence of fossil anisotropy inherited from the Pacific-Vancouver MOR and the Kula-Pacific
MOR. Additionally, in the forearc asthenosphere beneath the slab, a trench-parallel pattern is evident, poten-
tially indicating the horizontal mantle flow directions.

Data Availability Statement

The surface wave dispersion dataset can be found at Liu et al. (2022b). The azimuthal anisotropy model presented
herein are available at Liu et al. (2024). The model's authoritative version will also be available at the EarthScope
Earth Model Collaboration repository. The magnetic anomaly data is from EMAG2v3 (Meyer et al., 2017). The
GMT code used to create the figures is available at www.soest.hawaii.edu/gmt.
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