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Abstract We estimate seismic azimuthal anisotropy for the Juan de Fuca - Gorda plates from inversion of a
new 10-80 s period Rayleigh wave dataset, resulting in a two-layer model to 80 km depth. In the lithosphere,
most anisotropy patterns reflect the kinematics of plate formation, as approximated from seafloor-age-based
paleo-spreading, except for regions close to propagator wakes and near plate boundaries. In the asthenosphere,
the fast propagation orientations align with convective shear as inferred from the NUVELIA plate motion
model, which is indicative of a ~3 Myr average, rather than with the more recent, ~0.8 Myr, motions inferred
from MORVEL. Regional anisotropy of this young plate system thus records convection like older plates such
as the Pacific. On smaller scales, anisotropy imaging provides insights into dynamics of plate generation and can
further elucidate plate reorganizations and changes in boundary loading.

Plain Language Summary The speed of seismic waves can depend on the direction the wave travels,
a phenomenon known as seismic azimuthal anisotropy. Below the Earth's crust, this property is linked to the
alignment of olivine fabrics under deformation in the oceanic lithosphere and asthenosphere, allowing us to
infer spreading histories and mantle flow. Here, we construct a new 3-D model of seismic azimuthal anisotropy
for the Juan de Fuca - Gorda plate system. The fast propagation orientation of azimuthal anisotropy in most of
the lithosphere records paleo-spreading, and the asthenosphere mantle flow as inferred from a longer-term plate
motion model, although not the most recent convergence directions. These findings indicate that this young
oceanic plate system has similar azimuthal anisotropy properties to older plates and shallow anisotropy can be
used to understand the evolution of the plate system.

1. Introduction

Seismic anisotropy is one of the most important observables for decoding the tectonic history and dynamics of
oceanic plate systems (e.g., Long & Becker, 2010; Tanimoto & Anderson, 1984). Below the crust, in the olivine-
dominated oceanic lithosphere and asthenosphere, the connection between seismic anisotropy and convective
dynamics or tectonic processes is simpler than in continental plates (e.g., Becker & Lebedev, 2021; Conrad &
Lithgow-Bertelloni, 2007; Liu & Ritzwoller, 2024), due to the relative compositional simplicity and shorter
deformation history.

The primary cause of seismic anisotropy in the oceanic lithosphere and upper mantle is the formation of
crystallographic-preferred orientation (CPO) of olivine fabrics. CPO results from past and current convective
deformation, predominantly under dislocation creep, encoding information about finite strain and CPO reworking
(Karato et al., 2008; Nicolas & Christensen, 1987). In the oceanic lithosphere, seismic anisotropy is thought to be
mainly frozen-in, that is, CPO that formed at the spreading center, or mid-ocean ridge (MOR), recording the
relative plate motion, then not further modified due to cooling and reduced strain rates, leaving a record of paleo-
spreading (e.g., Becker et al., 2014; Francis, 1969; Nishimura & Forsyth, 1989; D. B. Smith et al., 2004). In the
underlying oceanic asthenosphere, seismic anisotropy mainly reflects CPO formation and reworking under the
influence of convective mantle flow, indicating shear in mantle flow through the fast orientations of seismic
anisotropy (e.g., Becker et al., 2014; Debayle & Ricard, 2013; Tanimoto & Anderson, 1984).

The Juan de Fuca - Gorda (JAFG) plate system is an interesting region to investigate the tectonic processes of
oceanic plate generation and the geodynamics of the asthenosphere using seismic anisotropy, due to its young age,
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Figure 1. (a) Tectonic setting of the Juan de Fuca and Gorda plate system. The colored bands represent magnetic anomalies, pink lines indicate magnetic isochrons and
gray shading outlines propagator wakes (Nedimovic et al., 2009; Wilson, 1988, 1993). The figure is modified from Nedimovi¢ et al. (2009). BC = British Columbia;
WA = Washington; OR = Oregon; CA = California; PW = propagator wake. (b) Seismic stations: red squares mark onshore and blue squares mark OBS instruments.

and its proximity to the continent which makes it more readily observable (Figure 1a). The JAFG system is the
northernmost remnant of the Farallon plate where the full spreading rate is currently 56 mm/yr for the Juan de
Fuca (JdF) and northern Gorda Ridge (Wilson, 1993), while it decreases to approximately 10 mm/yr for the
southern Gorda Ridge (Riddihough, 1984). Compared to the Juan de Fuca plate, the Gorda plate experiences
significant internal deformation and reorganization with a significant amount of intraplate seismicity (Chaytor
et al., 2004; Wilson, 1988).

Benefitting from the deployment of seismometers of the Cascadia Initiative experiment (CI; Toomey et al., 2014)
across the Juan de Fuca-Gorda plate and Cascadia, the seismic anisotropy structure of the Juan de Fuca-Gorda
plate has been investigated using various seismic approaches. Bodmer et al. (2015) and Martin-Short
et al. (2015) used SKS splitting to investigate the path-integrated anisotropy of the upper mantle. By employ-
ing Pn tomography, VanderBeek and Toomey (2017, 2019) constructed P-wave anisotropy models near the Moho
in the Gorda plate, and a plate-average-only model in the JdF plate due to limited azimuthal coverage. Eilon and
Forsyth (2020) resolved a depth-dependent but also plate-averaged anisotropy based on the joint inversion of
teleseismic Rayleigh waves (20-125 s) and SKS splits. Ren et al. (2024) used teleseismic Rayleigh waves (25—
100 s) to infer mainly mantle azimuthal anisotropy variations. A 3-D, depth-dependent seismic anisotropy model
involving shallow depths and spanning the entire JAFG system remains to be established. Such a model is
important to help resolve questions about the cause of seismic anisotropy at different depths in a young and
moderate-speed spreading oceanic plate, and to explore how shallow anisotropy patterns may complement
magnetic anomalies to help decipher the details of plate generation.

Here, we construct such a 3-D azimuthal anisotropy model of the crust and uppermost mantle of the Juan de Fuca-
Gorda plate system. We use a new Rayleigh wave dispersion database based on two- and three-station ambient
noise interferometry and earthquake data (Zhang et al., 2021a), as well as a new V reference model (Wu
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et al., 2023; Wu & Ritzwoller, 2023). The application of the three-station ambient noise method improves
azimuthal and ray-path coverage at short periods (10—40 s) by linking asynchronous station pairs. This is
important for the asynchronously deployed CI OBS arrays (from 2011 to 2013 mostly in the Juan de Fuca plate;
2012-2014 in the Gorda plate). Based on our new azimuthal anisotropy model, we investigate the relationship
between the fast orientation of seismic anisotropy, the paleo-spreading direction, and mantle shear as approxi-
mated from different absolute plate motion (APM) models. Results have implications for the origin of seismic
anisotropy in the oceanic lithosphere and asthenosphere in general.

2. Data and Inversion
2.1. Data

We apply Rayleigh wave phase speed dispersion measurements (10-80 s) from the dataset of Zhang et al. (2021a).
These measurements were obtained from two- and three-station ambient noise interferometry and teleseismic
events recorded at 252 OBS and 360 onshore seismic stations. The linked asynchronous CI OBS stations by using
the three-station method in the JdF and the Gorda plate improved azimuthal coverage for the subsequent seismic
azimuthal anisotropy inversion, similar to work in the Aleutian subduction zone (Liu et al., 2022).

For a given frequency, the local Rayleigh wave phase speed in a weakly anisotropic medium for a wave prop-
agating at azimuth y can be represented approximately by 2y anisotropy (e.g., M. L. Smith & Dahlen, 1973) and
possible apparent 1y anisotropy (e.g., Lin & Ritzwoller, 2011):

(W) = cipo + 5cia(W) & ci5p (1 + %COS (w—y1)+ %005(2(11/ - VIz))), (1)

where c;,, is the isotropic phase speed, dcyy is the azimuthal anisotropy perturbation, y; and y, are the fast axis
orientations for the 1y and 2y components of anisotropy, and A; and A, are the peak-to-peak relative amplitudes
for 1y and 2y anisotropy, respectively. Orientation angles, y, are taken positive clockwise from North. The 1y
anisotropy is typically strong at long periods (>50 s) and is not caused by intrinsic anisotropy, but is an isotropic
phenomenon that may be caused by several effects, including Rayleigh wave back-scattering (Lin & Ritzwol-
ler, 2011). For the dataset we used, Zhang et al. (2021a) observed relatively strong 1y anisotropy at long periods
(>50 s), and its influence is reduced by considering finite frequency effects using Helmholtz tomography at long
periods. The uncertainty estimates for c;,, and dc,4 are obtained by fitting Equation 1 to binned observations from
both ambient noise and earthquake measurements. The uncertainties of the isotropic and anisotropic measure-
ments are upscaled to account for the systematic errors. Details on the dataset construction and uncertainty
analysis are described by Zhang et al. (2021a) and Wu et al. (2023). In our study, we directly use the Rayleigh
wave phase velocity 2y azimuthal anisotropy (fast axis, y,, and amplitude, A,) and corresponding uncertainties.

2.2. Inversion Method

We use a two-step inversion procedure to resolve depth-dependent shear wave azimuthal anisotropy, following
Liu, Sheehan, and Ritzwoller (2024). First, we assimilate a 3-D isotropic V¢ model from the set of local vertical 1-
D isotropic Vg profiles from a 0.4° by 0.4° grid across the study region by Wu et al. (2023). Each 1-D isotropic V
model is inverted from surface wave dispersion data using a thermo-seismic hybrid parameterization, where the
lithosphere is parameterized with apparent thermal age (cf. Ritzwoller et al., 2004). Details of the isotropic
inversion and the Vg model are discussed by Wu et al. (2023).

In the second step, we invert Rayleigh wave phase velocity azimuth anisotropy at periods from 10 to 80 s for the
depth-dependent shear wave azimuth anisotropy at each grid point and then combine the individual models into a
model of 3-D azimuthal anisotropy. The Rayleigh wave phase velocity 2y azimuthal anisotropy perturbation is
linked to a transversely isotropic medium with a horizontal symmetry axis (a so-called HTI medium) by

()CR aCR aCR

_ aCR ()CR aCR .
5CAAZW(T,y/) = _[{(G" 3L + B, A +H, oF cos2y + (G, 3L + By A + H; 3F sin 2y dz 2)

(Montagner & Nataf, 1986), where 6c,, is defined by Equation 1, T'is the period, and the anisotropic shear moduli
G.s.B.s.and H, ; represent the 2y azimuthal variations for three (L, A, and F) of the five Love moduli
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A= pr,H, C = pV%,V, L = pV§V, N = pV%H, and F), and 2, % and % are the sensitivity kernels for L, A,

0L 9A” oF
and F, respectively. We ignore the term H,; due to its small effect on Rayleigh waves (e.g., Montagner &
B Gis

Nataf, 1986). We also impose the a priori relationship, —> = -, following Lin et al. (2011), Feng et al. (2020),
and Liu et al. (2019, 2024). Equation 2 can then be written approximately as

=)

dcg A dcg dcg A dcg .
5 T,w)~ —+-—]G 2 —+-—)G 2yt dz 3
Can,, (T.w) f{(aLJrLaA) . COS W+<6L+L0A s sin 2y dz 3)

0

In Equation 2, we only estimate the anisotropic shear moduli G, ; using the Bayesian Monte Carlo inversion
method (Liu, Sheehan, & Ritzwoller, 2024). The depth-dependent fast azimuth, ¢gy, and anisotropy amplitude,
Agy, are determined from G; and G, as follows:

1 G,
sy = Etaﬂ_l (56) 4)

1 /(G (G
Asy == /=) +([=) - 5
w=3\/(3) +(%) )
To first order, averaging of the G; and G, moduli using Equations 4 and 5 also provides a link between surface
wave anisotropy and shear wave splitting (Becker et al., 2012; Montagner et al., 2000). The lateral resolution of

the final azimuthal anisotropy model is primarily controlled by the smoothing applied during the tomographic
step, which is approximately 130 km (Zhang et al., 2021a). The uncertainty estimation for the first-step isotropic

and

and second-step anisotropic inversions is performed independently by Wu et al. (2023) and in the section below,
respectively.

2.3. Model Parameterization

Our 3-D model of azimuthal anisotropy is composed of a set of vertical 1-D models at each node on a 0.4° by 0.4°
grid. We parameterize the azimuthal anisotropy using three dominant depth-dependent layers: a lithospheric layer
(from the bottom of the sediments to 20 km below the Moho), an asthenospheric zone (50 km thick layer beneath
the lithosphere layer), and a complementary deeper asthenosphere layer extending from the bottom of the upper
asthenospheric layer to 200 km depth, which is mainly constrained by longer period measurements. The water and
sedimentary layers are set as isotropic. This layered structure is based on the variation of Rayleigh phase velocity
fast orientation patterns at different periods (Figure S1 in Supporting Information S1) and is also motivated by the
results of Eilon and Forsyth (2020). We also tested the anisotropy model with an isotropic oceanic crust. The
isotropic crust setting results in relatively large anisotropy amplitudes in the lithospheric and asthenospheric
layers, while still showing very similar fast orientation patterns. Details about this model are in Text S1 in
Supporting Information S1.

We use a Bayesian Monte Carlo method (Liu, Sheehan, & Ritzwoller, 2024) to invert Rayleigh wave phase speed
azimuth anisotropy (y,,A,) measurements for depth-dependent azimuthal anisotropy (¢gy, Asy). The depth-
dependent azimuthal anisotropy parameters (¢gy, Agy) are constant in the three layers. The prior distributions for
these variables are uniform in [0°, 180°] for ¢gy and [0, 5%] for Agy. Uncertainties for azimuthal anisotropy
variables (¢gy, Agy) are estimated from one standard deviation of the posterior distribution.

3. Results

We focus our discussion on the mean and standard deviation of the posterior distribution for azimuthal anisotropy
fast orientation and amplitude (¢, and Agy) as functions of depth. An example of the posterior distributions for
¢y and Agy and the fits to the observations from the estimated model at a single location is shown in Figure S2 in
Supporting Information S1.

Figure 2 shows azimuthal anisotropy from our model at depths of 20 and 60 km, and Figure S3 in Supporting
Information S1 presents the corresponding uncertainty maps. At a depth of 20 km (Figure 2a), the azimuthal
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Figure 2. Azimuthal anisotropy for the Juan de Fuca and Gorda plates at depths of (a) 20 km and (b) 60 km. The white bars
indicate the fast orientations at each depth, with lengths proportional to amplitude. Background shows isotropic V variations
at the corresponding depth from Wu et al. (2023). (c) Comparison of fast orientations from our model with those from Pn
tomography (VanderBeek & Toomey, 2019). The white bars show the azimuthal anisotropy of our model, while the colored
bars indicate Pn observations, colored by the angular differences from our results (see legend). The two blue arrows in the
JdF MOR and JdF plate are plate-averaged Pn fast orientations compared with nearby fast orientations from our model,
where the lengths are amplified. The means of the differences are indicated. (d) Similar to (c), but compared with SKS
splitting (Bodmer et al., 2015).
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Figure 3. Azimuthal anisotropy orientations with background amplitude of anisotropy at (a) 20 km and (e) 60 km. (b) Plate age from Wilson (1993) with the gradient-
based quasi-paleo-spreading directions (QPS) (white bars). (¢c) Angular difference between azimuthal anisotropy fast orientations at 20 km depth and the quasi-paleo-
spreading directions. White circled regions represent the regions inferred to be affected by propagator wakes and the Blanco Transform Fault. The black contour
represents an angular difference of 15°. (d) Similar to (c), but with the augmented paleo-spreading model. (f) Two absolute plate motion models in the no-net-rotation
reference frame. Red arrows represent MORVEL (DeMets et al., 2010), and blue arrows represent NUVEL1A (DeMets et al., 1994). The angular difference between
azimuthal anisotropy fast orientations at 60 km with (g) MORVEL and (h) NUVEL1A. The average angular differences are indicated on each panel.

anisotropy reflects the tectonic history of the oceanic lithosphere. Near the present-day Juan de Fuca and Gorda
spreading centers, the fast orientations are sub-normal to the strike of the mid-ocean ridge axes. In the Juan de
Fuca plate, fast orientations turn to an EW orientation in the interior of the plate and to an NE-SW orientation near
the northeast margin. In the interior of the Gorda plate, fast orientations show homogeneous NW-SE orientations.
The fast orientations near the Blanco Transform Fault reflect a pattern similar to the interior of the JdF plate. The
anisotropy at the northern end of JdF is stronger in amplitude than that in the interior of the JdF plate. Anisotropy
measurements and isotropic observations have large uncertainty in the northern end of JdF and are probably
influenced by the complex structure near the continental slope or by poor data quality (Zhang et al., 2021a).

At 60 km depth (Figure 2b), azimuthal anisotropy is expected to mainly reflect the features of the asthenosphere
beneath the lithosphere, because the lithosphere is quite thin for this young oceanic plate. The amplitude of
azimuthal anisotropy (Agy) is relatively small west of 127°W (Figure 3e) resulting in relatively large uncertainties
in fast orientations (Figure S3b in Supporting Information S1). East of 127°W, the amplitude increases gradually,
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and the fast orientations exhibit mainly sub-E-W orientations in the JdF plate and NE orientations in the Gorda
plate, aligning sub-normally to the strike of the Cascadia trench.

The average uncertainties for the anisotropy fast orientations are 9° and 15° at depths of 20 and 60 km (Figure S3
in Supporting Information S1), respectively. The average uncertainty for amplitude is less than 0.4% (Figure S3 in
Supporting Information S1) at these depths, while the eastern margin of the study region has a larger uncertainty
due to the more limited azimuthal coverage there.

Azimuthal anisotropy in our deepest layer at 100 km is shown in Figure S4 in Supporting Information S1, but we
refrain from detailed interpretation for the following reasons: First, the uncertainty of the observations of Ray-
leigh wave phase speed azimuthal anisotropy is large at the longest periods (>50 s) as we have to rely on
earthquake data alone (e.g., Figure S2a-b in Supporting Information S1; Eilon & Forsyth, 2020). The uncertainty
for fast orientations is large in general, with a mean uncertainty of 29° (Figure S4b in Supporting Information S1).
Second, vertical resolution for depths greater than 100 km is poor given the broader sensitivity kernels at long
periods. Third, the estimated deep anisotropy amplitude is small (Figure S4a in Supporting Information S1). We
also tested a two-layer-only inversion, and the fast orientation patterns of the upper two layers are similar to those
in the three-layer model. We prefer to allow a third layer to absorb deeper sensitivity measurements, but will thus
discuss only the top two layers.

4. Discussion
4.1. Comparison With Pr and SKS

Pn tomography provides constraints on the P-wave anisotropy at depths close to the base of the Moho. We compare
our results in the lithosphere with a well-resolved Pr model in the Gorda plate (VanderBeek & Toomey, 2019) and
plate-averaged fast orientations in the JdF plate (VanderBeek & Toomey, 2017), as shown in Figure 2c. The mean
angular difference between Pn and our model in the Gorda plate is 11°, and the angular differences are 8§° and 10° in
the JdF interior and Endeavor ridges, respectively. Angular deviations are limited to the [0°, 90°] range, because we
are comparing orientation with 180° periodicity. The consistency of fast orientations with small deviations between
our results and the Pn model substantiates the reliability of our model in the lithosphere. The major sensitivity of our
model to shallow structure comes from short-period ambient noise data (<20 s), which help to constrain litho-
spheric structure compared to the surface wave inversion based on earthquake data which are typically restricted to
longer periods. The Prn model contains stronger P-wave anisotropy (>5%) than our S-wave anisotropy estimate
(<2%); this is expected from the larger relative P-wave anisotropy of olivine CPOs.

We also compare our inferred azimuthal anisotropy patterns in the asthenosphere with SKS splitting (Figure 2d).
In general, the fast orientations of our model are consistent with SKS splitting. With an average angular difference
of 22°, moderate deviations are found near the Blanco Transform Fault and the southern part of the Gorda plate.
Because SKS measurements are a depth average, theoretically across the whole mantle, we do not expect an exact
match of SKS with shallow surface wave anisotropy, as deeper anisotropy will affect measurements (e.g., Becker
et al., 2012). In the shallow asthenosphere, the lack of smaller scale deviations between our results and SKS splits
suggests a relatively simple mantle flow pattern beneath the JdF and northern Gorda plate. We attribute the
observed smooth mismatch to the effects of layered anisotropy in the deeper asthenosphere (cf. Eilon & For-
syth, 2020). Beneath the southern Gorda plate, the deviation may reflect the influence of a deeper reorientation of
mantle flow (e.g., Bodmer et al., 2015; Eilon & Forsyth, 2020; Martin-Short et al., 2015; Wang & Becker, 2019).

4.2. Fossil Azimuthal Anisotropy in the Oceanic Lithosphere

The dynamics of plate formation can be constrained from the paleo-spreading directions inferred from the
gradient of seafloor age (e.g., Conrad & Lithgow-Bertelloni, 2007). Seismic azimuthal anisotropy measured in the
oceanic lithosphere provides complementary constraints on the dynamics of plate formation. During seafloor
spreading at mid-ocean ridges, peridotite mantle rock is pulled upward and then sheared; the olivine aggregates
are thus affected by the transition from pure to simple shear during spreading (e.g., Blackman et al., 1996, 2017;
Blackman & Kendall, 2002; Russell et al., 2022). The olivine CPO formed in rock retains the record of the local
strain field and relative plate motion and is frozen in the oceanic lithosphere as it cools.

Global shear wave azimuthal anisotropy models provide large-scale anisotropy patterns based on earthquake data,
with relatively low horizontal resolution and a lack of information about the lithosphere due to the typical period
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range used (e.g., Becker & Lebedev, 2021; Beghein et al., 2014; Schaeffer et al., 2016). Local azimuthal
anisotropy of the oceanic lithosphere is generally inferred using Pn tomography, which is limited by the local
earthquake distribution and mainly provides information on the regions directly below the Moho. In contrast,
ambient noise data from OBS arrays provide valuable shallow mantle information with depth resolution.

We estimate quasi-paleo-spreading directions by calculating the gradient of the magnetic anomaly inferred
seafloor age (Wilson, 1993), with the results shown as white arrows in Figure 3b. Figure 3¢ shows the angular
difference between the fast orientation of azimuthal anisotropy in the oceanic lithosphere and paleo-spreading
orientations. In most of the JAFG system, the angular differences are smaller than 15°, as shown by the black
contours in Figure 3c. Even in a young oceanic plate, such as the JAFG system, the fast orientations of seismic
anisotropy thus already record the fossil spreading directions starting from the vicinity of the spreading center (cf.
Becker et al., 2014; Debayle & Ricard, 2013). However, the tectonic-magmatic complexity of regional plate
generation (Figure 1a) makes it difficult to infer the paleo-spreading from seafloor age gradients. In particular, the
regions near three major propagator wakes (PW1-3 in Figure 3c) and the Blanco Transform Fault show large
angular differences (>70°), where transform faults may be affected locally by the vertical mantle flow (Eakin
et al., 2018). The propagator wake is formed through the propagation of a ridge segment across a small ridge
offset into the preexisting oceanic crust formed by a receding ridge segment. As a result, the crust is transferred
from one plate to another, and the plate age reserves along the spreading direction (Figure 1a; Hey et al., 1980).
This process forms pseudo faults in isochron lines (Figure la) and complicates the quasi-paleo-spreading in-
formation from age gradients alone. In addition, near the immediate vicinity of the JdF spreading center, fast
orientations mainly show a ridge-perpendicular pattern, while the derived quasi-paleo-spreading alignments are
affected by local small-scale faults, leading to larger angular deviations (Figure 3c).

We thus also augmented the quasi-paleo-spreading model by replacing the spreading orientations in the regions of
mid-ocean ridges, propagator wakes, and transform faults with the relative plate motion of the JAFG system
relative to the Pacific plate based on the plate reconstruction of Wilson (1986, 1988), shown in Figure S5 in
Supporting Information S1. Details about the updated quasi-paleo-spreading model are in Text S2 in Supporting
Information S1. The seismic fast orientations indeed show an improved match with the paleo spreading orien-
tations in the regions of mid-ocean ridges, propagator wakes, and the Blanco transform faults for this augmented
model (Figure 3d). This indicates coherence of tectonic deformation between the surface as inferred from
magnetic anomalies and at great depths where seismic imaging provides important complementary constraints for
plate formation.

Besides the propagator wakes, there are also two regions with large angular differences near the trench, R1 and R2
in Figures 3c and 3d. The amplitude of anisotropy is quite small in R2 with a relatively large uncertainty in
orientation. R1 corresponds to the area that has much younger seismic thermal ages than the plate age (Wu
et al., 2023), probably reflecting the influence of deep fracturing structures due to subduction or ridge segment
movement.

Compared to the relatively intact Juan de Fuca plate, the Gorda plate has experienced intense internal deformation
(e.g., Chaytor et al., 2004) and the spreading rate decreases southward. Normal and strike-slip faults developed
across the whole Gorda plate (Chaytor et al., 2004). The fast orientation of seismic anisotropy shows a homo-
geneous NW-SE pattern (Figure 3a), which does not reflect the influence of local faults with strike parallel to the
ridge, possibly due to the lack of data in the shorter periods (<10 s). The isochrons near 42°N are offset by a small-
scale propagator wake (Figure 1a). In most of the Gorda plate, fast orientations nevertheless align with quasi-
paleo-spreading. Deviations between them appear to mainly reflect the influence of local strike-slip faults and
propagator wakes on the plate age map.

4.3. Azimuthal Anisotropy in the Asthenosphere

For the asthenosphere beneath oceanic plates, the generally accepted cause of seismic anisotropy is CPO induced
by mantle shear (e.g., Conrad & Behn, 2010; Tanimoto & Anderson, 1984). Absolute plate motion (APM) models
are commonly used as a first-order estimate of the sense of shear caused by mantle flow and can often provide
satisfactory approximations to more realistic CPO estimates based on solving for 3-D mantle circulation (Becker
et al., 2014; Wang & Becker, 2019). Previous global studies show that APM models align well with orientations
of azimuthal anisotropy in parts of the oceanic mantle (e.g., Becker et al., 2014; Debayle & Ricard, 2013).
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We first consider two APM models (Figure 3f) in a no-net rotation (NNR)
reference frame, the MORVEL (DeMets et al., 2010) and NUVELIA
(DeMets et al., 1994) plate motion models. The angular differences between
fast orientations of azimuthal anisotropy at 60 km depth and the APM models
are shown in Figures 3g and 3h. Interestingly, the fast azimuthal anisotropy in
the asthenosphere fits better with NUVEL1A than with MORVEL, with mean
angular differences of 21° and 31° for NUVEL1A and MORVEL, respec-
tively. In the interior of the Juan de Fuca and Gorda plates, the difference
between seismic anisotropy fast orientation and the NUVELIA model is
smaller than 10° (Figure 3h), which indicates that the NUVEL1A model may
reflect the mantle flow direction induced shear relevant during CPO forma-
tion at the imaged depths quite well. The angular deviation is relatively large
near the margin of the study region (Figures 3g and 3h), probably due to the
small amplitudes of anisotropy and hence large uncertainty for fast orienta-
tions as well as relatively poor azimuthal coverage.

We also investigate the impact of using different velocity reference frames.
For plate motions relative to North America and the absolute spreading-
aligned reference frame of Becker et al. (2015), which is close to hotspot
reference frames, the mean angular differences are 25° and 27° for
NUVELI1A and 34° and 52° for MORVEL in the comparison with seismic

Figure 4. Interpretation of the azimuthal anisotropy pattern in the (a) Juan de

azimuthal anisotropy (Figure S6 in Supporting Information S1), respectively.

80km
& This means that while the absolute angular mismatch depends on the choice of
é§ reference frame, the relative differences between NUVEL1A and MORVEL
N
. vr:§<b are robust.

One reason for the relatively poor match based on MORVEL may be that this
model uses a relatively geologically recent, 0.78 Myr-averaging interval to

Fuca and (b) Gorda plates. The top layer (oceanic lithosphere): the fast determine the motion of the plate pair of the Juan de Fuca and Pacific, while
orientations of azimuthal anisotropy within the lithosphere are identified by NUVELIA uses a 3.16 Myr-averaging interval (DeMets et al., 2010). In
the dark-brown (JdF) in (a) and light-brown (Gorda) arrows in (b), where the addition, plate motions determined with MORVEL agree better with GPS-
fast orientations reflect fossil anisotropy generated at the MOR and are based Euler pole estimates than NUVELIA (DeMets et al., 2010). There-

parallel to the quasi-paleo-spreading directions. The stripes represent

magnetic anomalies (cf. Figure 1a). Bottom layer (asthenosphere): The fast

fore, while MORVEL more closely approximates current plate motions,

orientations in the asthenosphere are marked by dark-green arrows, where NUVELIA may reflect mantle flow directions in the asthenosphere, and
the fast orientations reflect anisotropy affected by the mantle flow and are hence tectonic fabrics in the incoming plate, on the timescales needed to form

parallel to the NUVEL1A APM model.

CPO anisotropy (cf. Becker, 2006).

The comparison between our results and SKS elucidates the influence of deeper mantle flow. Beneath the JdF
plate and the northern Gorda plate, the consistency between SKS and our results in the asthenosphere may indicate
a single, consistent direction of mantle flow with depth, where shear is mainly aligned as inferred from
NUVELI1A in the NNR APM frame. In contrast, beneath the southern Gorda plate (south of 42°N) and south of
the Blanco Transform Fault, the moderate angular deviation between surface wave and SKS anisotropy reflects
the effect of northwestward flow beneath the Pacific plate on the deeper asthenosphere (Eilon & Forsyth, 2020).
Such variations are expected based on the local effects of density anomalies and the complexities of global mantle
circulation (cf. Wang & Becker, 2019).

The amplitude of azimuthal anisotropy in the asthenosphere also shows systematic variations. Amplitude near the
mid-ocean ridge in the Juan de Fuca and Gorda plates and Blanco Transform Fault is relatively small (<1%; cf.
Eakin et al., 2018). The amplitude increases as the lithosphere moves away from the mid-ocean ridge, as expected
for an actively forming asthenospheric anisotropy regime.

In summary, we image a relatively straightforward pattern of anisotropy where paleo-spreading dominates fossil
at shallow depths and mantle flow actively forms anisotropy for deeper layers, respectively (Figure 4). This is
noteworthy because the plate is relatively young and effects such as possible partial melt layers at depth (e.g.,
Hawley et al., 2016) might have been expected to complicate the seismo-tectonic setting. Besides confirming our
general understanding of the formation and dynamics of the oceanic lithosphere-asthenosphere system, our
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analysis indicates that current convergence directions at the Cascadia margin may not reflect tectonic structures in
the incoming plate and asthenosphere.

5. Conclusion

Based on a new Rayleigh wave phase velocity database, we construct a 3-D azimuthal anisotropy model of the
lithosphere and asthenosphere in the Juan de Fuca and Gorda plates. In the lithosphere, the general fast orientation
pattern of anisotropy within the interiors of the two plates aligns well with quasi-paleo-spreading from seafloor
age gradients. Exceptions include regions influenced by transform faults and propagator wakes, where more
detailed tectonic models improve the fit. In the asthenosphere, azimuthal anisotropy fast orientations that
represent mantle flow fit well with plate motions inferred for ~3 Myr averaging periods rather than the more
recent plate convergence. While anomalies such as due to melting or local buoyancy might be expected to be
relatively more important for young plates, our findings show that young systems can record mantle convection in
ways similar to older plates, such as the Pacific. Further exploration of higher-resolution anisotropy models, using
both surface wave and body wave measurements as well as full-waveform inversion (FWI), can enhance our
understanding of the details of plate formation, including recent plate reorganization and changes in plate
boundary loading.

Data Availability Statement

The surface wave dispersion dataset can be found in Zhang et al. (2021b). The azimuthal anisotropy model
presented herein is available in Liu, Becker, et al. (2024). We used GMT by Wessel et al. (2019) for most of our
figures.
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