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Abstract  23 

 24 

We estimate seismic azimuthal anisotropy for the Juan de Fuca - Gorda plates from inversion of 25 

a new 10-80 s period Rayleigh wave dataset, resulting in a two-layer model to 80 km depth. In 26 

the lithosphere, most anisotropy patterns reflect the kinematics of plate formation, as 27 

approximated from seafloor-age-based paleo-spreading, except for regions close to propagator 28 

wakes and near plate boundaries. In the asthenosphere, the fast propagation orientations align 29 

with convective shear as inferred from the NUVEL1A plate motion model, which is indicative of 30 

a ~3 Myr average, rather than with the more recent, ~0.8 Myr, motions inferred from MORVEL. 31 

Regional anisotropy of this young plate system thus records convection like older plates such as 32 

the Pacific. On smaller scales, anisotropy imaging provides insights into dynamics of plate 33 

generation and can further elucidate plate reorganizations and changes in boundary loading. 34 

 35 

Plain Language Summary 36 

The speed of seismic waves can depend on the direction the wave travels, a phenomenon known 37 

as seismic azimuthal anisotropy. Below the Earth's crust, this property is linked to the alignment 38 

of olivine fabrics under deformation in the oceanic lithosphere and asthenosphere, allowing us to 39 

infer spreading histories and mantle flow. Here, we construct a new 3-D model of seismic 40 

azimuthal anisotropy for the Juan de Fuca - Gorda plate system. The fast propagation orientation 41 

of azimuthal anisotropy in most of the lithosphere records paleo-spreading, and the 42 

asthenosphere mantle flow as inferred from a longer-term plate motion model, although not the 43 

most recent convergence directions. These findings indicate that this young oceanic plate system 44 

has similar azimuthal anisotropy properties to older plates and shallow anisotropy can be used to 45 

understand the evolution of the plate system.  46 

1 Introduction 47 

Seismic anisotropy is one of the most important observables for decoding the tectonic history 48 

and dynamics of oceanic plate systems (e.g., Tanimoto & Anderson, 1984; Long & Becker, 49 

2010). Below the crust, in the olivine-dominated oceanic lithosphere and asthenosphere, the 50 

connection between seismic anisotropy and convective dynamics or tectonic processes is simpler 51 

than in continental plates (e.g., Conrad & Lithgow-Bertelloni, 2007; Becker & Lebedev, 2021; 52 

Liu & Ritzwoller, 2024), due to the relative compositional simplicity and shorter deformation 53 

history. 54 

The primary cause of seismic anisotropy in the oceanic lithosphere and upper mantle is the 55 

formation of crystallographic-preferred orientation (CPO) of olivine fabrics. CPO results from 56 

past and current convective deformation, predominantly under dislocation creep, encoding 57 

information about finite strain and CPO reworking (Nicolas & Christensen, 1987; Karato et al., 58 

2008). In the oceanic lithosphere, seismic anisotropy is thought to be mainly frozen-in, i.e. CPO 59 

that formed at the spreading center, or mid-ocean ridge (MOR), recording the relative plate 60 

motion, then not further modified due to cooling and reduced strain rates, leaving a record of 61 

paleo-spreading (e.g., Francis, 1969; Nishimura & Forsyth, 1989; Smith et al., 2004; Becker et 62 

al., 2014). In the underlying oceanic asthenosphere, seismic anisotropy mainly reflects CPO 63 

formation and reworking under the influence of convective mantle flow, indicating shear in 64 
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mantle flow through the fast orientations of seismic anisotropy (e.g., Tanimoto & Anderson, 65 

1984; Debayle & Ricard, 2013; Becker et al., 2014). 66 

The Juan de Fuca - Gorda (JdFG) plate system is an interesting region to investigate the tectonic 67 

processes of oceanic plate generation and the geodynamics of the asthenosphere using seismic 68 

anisotropy, due to its young age, and its proximity to the continent which makes it more readily 69 

observable (Fig. 1a). The JdFG system is the northernmost remnant of the Farallon plate where 70 

the full spreading rate is currently 56 mm/yr for the Juan de Fuca (JdF) and northern Gorda 71 

Ridge (Wilson, 1993), while it decreases to approximately 10 mm/yr for the southern Gorda 72 

Ridge (Riddihough, 1984). Compared to the Juan de Fuca plate, the Gorda plate experiences 73 

significant internal deformation and reorganization with a significant amount of intraplate 74 

seismicity (Wilson, 1988; Chaytor et al., 2004). 75 

Benefitting from the deployment of seismometers of the Cascadia Initiative experiment (CI; 76 

Toomey et al., 2014) across the Juan de Fuca-Gorda plate and Cascadia, the seismic anisotropy 77 

structure of the Juan de Fuca-Gorda plate has been investigated using various seismic 78 

approaches. Bodmer et al. (2015) and Martin-Short et al. (2015) used SKS splitting to investigate 79 

the path-integrated anisotropy of the upper mantle. By employing Pn tomography, VanderBeek 80 

& Toomey (2017, 2019) constructed P-wave anisotropy models near the Moho in the Gorda 81 

plate, and a plate-average-only model in the JdF plate due to limited azimuthal coverage. Eilon 82 

& Forsyth (2020) resolved a depth-dependent but also plate-averaged anisotropy based on the 83 

joint inversion of teleseismic Rayleigh waves  (20 - 125 s) and SKS splits. Ren et al. (2024) used 84 

teleseismic Rayleigh waves (25 - 100s) to infer mainly mantle azimuthal anisotropy variations. A 85 

3-D, depth-dependent seismic anisotropy model involving shallow depths and spanning the 86 

entire JdFG system remains to be established. Such a model is important to help resolve 87 

questions about the cause of seismic anisotropy at different depths in a young and moderate-88 

speed spreading oceanic plate, and to explore how shallow anisotropy patterns may complement 89 

magnetic anomalies to help decipher the details of plate generation. 90 

Here, we construct such a 3-D azimuthal anisotropy model of the crust and uppermost mantle of 91 

the Juan de Fuca-Gorda plate system. We use a new Rayleigh wave dispersion database based on 92 

two- and three-station ambient noise interferometry and earthquake data (Zhang et al., 2021a), as 93 

well as a new VS reference model (Wu et al., 2023; Wu & Ritzwoller, 2023). The application of 94 

the three-station ambient noise method improves azimuthal and ray-path coverage at short 95 

periods (10 - 40 s) by linking asynchronous station pairs. This is important for the 96 

asynchronously deployed CI OBS arrays (from 2011 to 2013 mostly in the Juan de Fuca plate; 97 

2012-2014 in the Gorda plate). Based on our new azimuthal anisotropy model, we investigate the 98 

relationship between the fast orientation of seismic anisotropy, the paleo-spreading direction, and 99 

mantle shear as approximated from different absolute plate motion (APM) models. Results have 100 

implications for the origin of seismic anisotropy in the oceanic lithosphere and asthenosphere in 101 

general. 102 

 103 
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 104 

Figure 1. (a) Tectonic setting of the Juan de Fuca and Gorda plate system. The colored bands represent 105 

magnetic anomalies, pink lines indicate magnetic isochrons and grey shading outlines propagator wakes 106 

(Nedimović et al., 2009; Wilson, 1988, 1993). The figure is modified from Nedimović et al. (2009). BC = 107 

British Columbia; WA = Washington; OR = Oregon; CA = California; PW = propagator wake. (b) 108 

Seismic stations: red squares mark onshore and blue squares mark OBS instruments. 109 

 110 

2 Data and Inversion  111 

2.1 Data 112 

We apply Rayleigh wave phase speed dispersion measurements (10 - 80 s) from the dataset of 113 

Zhang et al. (2021a). These measurements were obtained from two- and three-station ambient 114 

noise interferometry and teleseismic events recorded at 252 OBS and 360 onshore seismic 115 

stations. The linked asynchronous CI OBS stations by using the three-station method in the JdF 116 

and the Gorda plate improved azimuthal coverage for the subsequent seismic azimuthal 117 

anisotropy inversion, similar to work in the Aleutian subduction zone (Liu et al., 2022).  118 

For a given frequency, the local Rayleigh wave phase speed in a weakly anisotropic medium for 119 

a wave propagating at azimuth 𝜓  can be represented approximately by 2𝜓 anisotropy (e.g., 120 

Smith & Dahlen, 1973) and possible apparent 1𝜓 anisotropy (e.g., Lin & Ritzwoller, 2011): 121 

𝑐(𝜓) = 𝑐𝑖𝑠𝑜 + 𝛿c𝐴𝐴(𝜓) ≈ 𝑐𝑖𝑠𝑜 (1 +
𝐴1

2
cos(𝜓 − 𝜓1) +

𝐴2

2
cos( 2(𝜓 − 𝜓2))),    (1) 122 
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where 𝑐𝑖𝑠𝑜 is the isotropic phase speed, 𝛿c𝐴𝐴 is the azimuthal anisotropy perturbation, 𝜓1 and 𝜓2 123 

are the fast axis orientations for the 1𝜓 and 2𝜓 components of anisotropy, and 𝐴1 and 𝐴2 are the 124 

peak-to-peak relative amplitudes for 1𝜓 and 2𝜓 anisotropy, respectively. Orientation angles, 𝜓, 125 

are taken positive clockwise from North. The 1𝜓 anisotropy is typically strong at long periods (> 126 

50 s) and is not caused by intrinsic anisotropy, but is an isotropic phenomenon that may be 127 

caused by several effects, including Rayleigh wave back-scattering (Lin & Ritzwoller, 2011). 128 

For the dataset we used, Zhang et al. (2021a) observed relatively strong 1𝜓 anisotropy at long 129 

periods (> 50 s), and its influence is reduced by considering finite frequency effects using 130 

Helmholtz tomography at long periods. The uncertainty estimates for 𝑐𝑖𝑠𝑜 and 𝛿c𝐴𝐴 are obtained 131 

by fitting eq (1) to binned observations from both ambient noise and earthquake measurements. 132 

The uncertainties of the isotropic and anisotropic measurements are upscaled to account for the 133 

systematic errors. Details on the dataset construction and uncertainty analysis are described by 134 

Zhang et al. (2021a) and Wu et al. (2023). In our study, we directly use the Rayleigh wave phase 135 

velocity 2𝜓  azimuthal anisotropy (fast axis, 𝜓2 , and amplitude, 𝐴2 ) and corresponding 136 

uncertainties.  137 

 138 

2.2 Inversion method 139 

We use a two-step inversion procedure to resolve depth-dependent shear wave azimuthal 140 

anisotropy, following Liu et al. (2024). First, we assimilate a 3-D isotropic VS  model from the set 141 

of local vertical 1-D isotropic VS profiles from a 0.4° by 0.4° grid across the study region by Wu 142 

et al. (2023). Each 1-D isotropic VS model is inverted from surface wave dispersion data using a 143 

thermo-seismic hybrid parameterization, where the lithosphere is parameterized with apparent 144 

thermal age (cf. Ritzwoller et al., 2004). Details of the isotropic inversion and the VS model are 145 

discussed by Wu et al. (2023). 146 

 147 

In the second step, we invert Rayleigh wave phase velocity azimuth anisotropy at periods from 148 

10 s to 80 s for the depth-dependent shear wave azimuth anisotropy at each grid point and then 149 

combine the individual models into a model of 3-D azimuthal anisotropy. The Rayleigh wave 150 

phase velocity 2𝜓 azimuthal anisotropy perturbation is linked to a transversely isotropic medium 151 

with a horizontal symmetry axis ( a so-called HTI medium) by 152 

 
𝛿c𝐴𝐴2𝜓

(𝑇, 𝜓) = ∫ {(𝐺𝑐

𝜕𝑐𝑅

𝜕𝐿
+ 𝐵𝑐

𝜕𝑐𝑅

𝜕𝐴
+ 𝐻𝑐

𝜕𝑐𝑅

𝜕𝐹
) cos2𝜓

+ (𝐺𝑠

𝜕𝑐𝑅

𝜕𝐿
+ 𝐵𝑠

𝜕𝑐𝑅

𝜕𝐴
+ 𝐻𝑠

𝜕𝑐𝑅

𝜕𝐹
) sin2𝜓} 𝑑𝑧 

(2) 

(Montagner & Nataf, 1986), where 𝛿c𝐴𝐴 is defined by eq. (1), T is the period, and the anisotropic 153 

shear moduli 𝐺𝑐,𝑠, 𝐵𝑐,𝑠, 𝑎𝑛𝑑 𝐻𝑐,𝑠 represent the 2𝜓 azimuthal variations for three (L, A, and F) of 154 

the five Love moduli (𝐴 = 𝜌𝑉𝑃𝐻
2 , 𝐶 = 𝜌𝑉𝑃𝑉

2 , 𝐿 = 𝜌𝑉𝑆𝑉
2 , 𝑁 = 𝜌𝑉𝑃𝐻

2 , and 𝐹), and 
𝜕𝑐𝑅

𝜕𝐿
, 

𝜕𝑐𝑅

𝜕𝐴
, and 

𝜕𝑐𝑅

𝜕𝐹
 155 

are the sensitivity kernels for L, A, and F, respectively. We ignore the term 𝐻𝑐,𝑠 due to its small 156 

effect on Rayleigh waves (e.g., Montagner & Nataf, 1986). We also impose the a priori 157 

relationship, 
𝐵𝑐,𝑠

 

𝐴 
=

𝐺𝑐,𝑠
 

𝐿 
 , following Lin et al. (2011) and Liu et al. (2019, 2024). Eq. (2) can then 158 

be written approximately as  159 

 𝛿c𝐴𝐴2𝜓
(T, 𝜓) ≈ ∫ {(

𝜕𝑐𝑅

𝜕𝐿
+

𝐴

𝐿

𝜕𝑐𝑅

𝜕𝐴
) 𝐺𝑐cos2𝜓 + (

𝜕𝑐𝑅

𝜕𝐿
+

𝐴

𝐿

𝜕𝑐𝑅

𝜕𝐴
) 𝐺𝑠sin2𝜓}  𝑑𝑧

∞

0
.             (3) 
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In Eq. (2), we only estimate the anisotropic shear moduli 𝐺𝑐,𝑠 using the Bayesian Monte Carlo 160 

inversion method (Liu et al., 2024). The depth-dependent fast azimuth, 𝜙SV , and anisotropy 161 

amplitude, 𝐴𝑆𝑉, are determined from 𝐺𝑠
  and 𝐺𝑐

  as follows:  162 

 𝜙𝑆𝑉 =
1

2
tan−1 (

𝐺𝑠

𝐺𝑐
),                                                                   (4) 

and 163 

 
𝐴𝑆𝑉 =

1

2
√(

𝐺𝑠
 

𝐿
)

2
+ (

𝐺𝑐
 

𝐿
)

2
.                                                                  (5) 

 164 

To first order, averaging of the 𝐺𝑠
  and 𝐺𝑐

  moduli using eqs. (4) and (5) also provides a link 165 

between surface wave anisotropy and shear wave splitting (Montagner et al., 2000; Becker et al., 166 

2012). The lateral resolution of the final azimuthal anisotropy model is primarily controlled by 167 

the smoothing applied during the tomographic step, which is approximately 130 km (Zhang et al., 168 

2021a). The uncertainty estimation for the first-step isotropic and second-step anisotropic 169 

inversions is performed independently by Wu et al. (2023) and in the section below, respectively.  170 

 171 

2.3 Model parameterization 172 

Our 3-D model of azimuthal anisotropy is composed of a set of vertical 1-D models at each node 173 

on a 0.4° by 0.4° grid. We parameterize the azimuthal anisotropy using three dominant depth-174 

dependent layers: a lithospheric layer (from the bottom of the sediments to 20 km below the 175 

Moho), an asthenospheric zone (50 km thick layer beneath the lithosphere layer), and a 176 

complementary deeper asthenosphere layer extending from the bottom of the upper 177 

asthenospheric layer to 200 km depth, which is mainly constrained by longer period 178 

measurements. The water and sedimentary layers are set as isotropic. This layered structure is 179 

based on the variation of Rayleigh phase velocity fast orientation patterns at different periods 180 

(Fig. S1) and is also motivated by the results of Eilon & Forsyth (2020).  181 

We use a Bayesian Monte Carlo method (Liu et al., 2024) to invert Rayleigh wave phase speed 182 

azimuth anisotropy (𝜓2, 𝐴2 ) measurements for depth-dependent azimuthal anisotropy (𝜙SV , 183 

𝐴𝑆𝑉). The depth-dependent azimuthal anisotropy parameters (𝜙SV, 𝐴𝑆𝑉) are constant in the three 184 

layers. The prior distributions for these variables are uniform in [0°, 180°] for 𝜙SV and [0, 5%] 185 

for 𝐴𝑆𝑉 . Uncertainties for azimuthal anisotropy variables (𝜙SV , 𝐴𝑆𝑉 ) are estimated from one 186 

standard deviation of the posterior distribution.  187 

3. Results  188 

We focus our discussion on the mean and standard deviation of the posterior distribution for 189 

azimuthal anisotropy fast orientation and amplitude (𝜙𝑆𝑉  and 𝐴SV) as functions of depth. An 190 

example of the posterior distributions for 𝜙𝑆𝑉 and 𝐴SV and the fits to the observations from the 191 

estimated model at a single location is shown in Fig. S2.  192 

Fig. 2 shows azimuthal anisotropy from our model at depths of 20 and 60 km, and Fig. S3 193 

presents the corresponding uncertainty maps. At a depth of 20 km (Fig. 2a), the azimuthal 194 

anisotropy reflects the tectonic history of the oceanic lithosphere. Near the present-day Juan de 195 

Fuca and Gorda spreading centers, the fast orientations are sub-normal to the strike of the mid-196 

ocean ridge axes. In the Juan de Fuca plate, fast orientations turn to an EW orientation in the 197 
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interior of the plate and to an NE-SW orientation near the northeast margin. In the interior of the 198 

Gorda plate, fast orientations show homogeneous NW-SE orientations. The fast orientations near 199 

the Blanco Transform Fault reflect a pattern similar to the interior of the JdF plate. The 200 

anisotropy at the northern end of JdF is stronger in amplitude than that in the interior of the JdF 201 

plate. Anisotropy measurements and isotropic observations have large uncertainty in the northern 202 

end of JdF and are probably influenced by the complex structure near the continental slope or by 203 

poor data quality (Zhang et al, 2021a). 204 

At 60 km depth (Fig. 2b), azimuthal anisotropy is expected to mainly reflect the features of the 205 

asthenosphere beneath the lithosphere, because the lithosphere is quite thin for this young 206 

oceanic plate. The amplitude of azimuthal anisotropy (𝐴𝑆𝑉) is relatively small west of 127°W 207 

(Fig. 3e) resulting in relatively large uncertainties in fast orientations (Fig. S3b). East of 127°W, 208 

the amplitude increases gradually, and the fast orientations exhibit mainly sub-E-W orientations 209 

in the JdF plate and NE orientations in the Gorda plate, aligning sub-normally to the strike of the 210 

Cascadia trench. 211 

The average uncertainties for the anisotropy fast orientations are 9° and 15° at depths of 20 and 212 

60 km (Fig. S3), respectively. The average uncertainty for amplitude is less than 0.4% (Fig. S3) 213 

at these depths, while the eastern margin of the study region has a larger uncertainty due to the 214 

more limited azimuthal coverage there. 215 

Azimuthal anisotropy in our deepest layer at 100 km is shown in Fig. S4, but we refrain from 216 

detailed interpretation for the following reasons: First, the uncertainty of the observations of 217 

Rayleigh wave phase speed azimuthal anisotropy is large at the longest periods (> 50 s) as we 218 

have to rely on earthquake data alone (e.g., Fig. S2a-b; Eilon & Forsyth, 2020). The uncertainty 219 

for fast orientations is large in general, with a mean uncertainty of 29° (Fig. S4b). Second, 220 

vertical resolution for depths greater than 100 km is poor given the broader sensitivity kernels at 221 

long periods. Third, the estimated deep anisotropy amplitude is small (Fig. S4a). We also tested 222 

a two-layer-only inversion, and the fast orientation patterns of the upper two layers are similar to 223 

those in the three-layer model. We prefer to allow a third layer to absorb deeper sensitivity 224 

measurements, but will thus discuss only the top two layers. 225 

 226 
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 227 

 228 

 229 

Figure 2. Azimuthal anisotropy for the Juan de Fuca and Gorda plates at depths of (a) 20 km and (b) 60 km. 230 

The white bars indicate the fast orientations at each depth, with lengths proportional to amplitude. Background 231 

shows isotropic VS variations at the corresponding depth from Wu et al. (2023). (c) Comparison of fast 232 

orientations from our model with those from Pn tomography (VanderBeek & Toomey, 2019). The white bars 233 

show the azimuthal anisotropy of our model, while the colored bars indicate Pn observations, colored by the 234 

angular differences from our results (see legend). The two blue arrows in the JdF MOR and JdF plate are plate-235 

averaged Pn fast orientations compared with nearby fast orientations from our model, where the lengths are 236 

amplified. The means of the differences are indicated. (d) Similar to (c), but compared with SKS splitting 237 

(Bodmer et al., 2015). 238 
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4. Discussion  239 

 240 

 241 

Figure 3. Azimuthal anisotropy orientations with background amplitude of anisotropy at (a) 20 242 

km and (e) 60 km. (b) Plate age from Wilson (1993) with the gradient-based quasi-paleo-243 

spreading directions (QPS) (white bars). (c) Angular difference between azimuthal anisotropy 244 

fast orientations at 20 km depth and the quasi-paleo-spreading directions. White circled regions 245 

represent the regions inferred to be affected by propagator wakes and the Blanco Transform 246 

Fault. The black contour represents an angular difference of 15°. (d) Similar to (c), but with the 247 

augmented paleo-spreading model. (f) Two absolute plate motion models in the no-net-rotation 248 

reference frame. Red arrows represent MORVEL (DeMets et al., 2010), and blue arrows 249 

represent NUVEL1A (DeMets et al., 1994). The angular difference between azimuthal 250 

anisotropy fast orientations at 60 km with (g) MORVEL and (h) NUVEL1A. The average 251 

angular differences are indicated on each panel. 252 

 253 

 254 
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4.1 Comparison with Pn and SKS 255 

Pn tomography provides constraints on the P-wave anisotropy at depths close to the base of the 256 

Moho. We compare our results in the lithosphere with a well-resolved Pn model in the Gorda 257 

plate (VanderBeek & Toomey, 2019) and plate-averaged fast orientations in the JdF plate 258 

(VanderBeek & Toomey, et al. 2017), as shown in Fig. 2c. The mean angular difference between 259 

Pn and our model in the Gorda plate is 11°, and the angular differences are 8° and 10° in the JdF 260 

interior and Endeavour ridges, respectively. Angular deviations are limited to the [0°, 90°] range, 261 

because we are comparing orientation with 180° periodicity. The consistency of fast orientations 262 

with small deviations between our results and the Pn model substantiates the reliability of our 263 

model in the lithosphere. The major sensitivity of our model to shallow structure comes from 264 

short-period ambient noise data (< 20 s), which help to constrain lithospheric structure compared 265 

to the surface wave inversion based on earthquake data which typically are restricted to longer 266 

periods. The Pn model contains stronger P-wave anisotropy (>5%) than our S-wave anisotropy 267 

estimate (< 2%); this is expected from the larger relative P-wave anisotropy of olivine CPOs.  268 

We also compare our inferred azimuthal anisotropy patterns in the asthenosphere with SKS 269 

splitting (Fig. 2d). In general, the fast orientations of our model are consistent with SKS splitting. 270 

With an average angular difference of 22°, moderate deviations are found near the Blanco 271 

Transform Fault and the southern part of the Gorda plate. Because SKS measurements are a 272 

depth average, theoretically across the whole mantle, we do not expect an exact match of SKS 273 

with shallow surface wave anisotropy, as deeper anisotropy will affect measurements (e.g., 274 

Becker et al., 2012). In the shallow asthenosphere, the lack of smaller scale deviations between 275 

our results and SKS splits suggests a relatively simple mantle flow pattern beneath the JdF and 276 

northern Gorda plate. We attribute the observed smooth mismatch to the effects of layered 277 

anisotropy in the deeper asthenosphere (cf. Eilon & Forsyth, 2020). Beneath the southern Gorda 278 

plate, the deviation may reflect the influence of a deeper reorientation of mantle flow (e.g., 279 

Bodmer et al., 2015; Martin-Short et al., 2015; Wang & Becker, 2019; Eilon & Forsyth, 2020). 280 

 281 

4.2 Fossil azimuthal anisotropy in the oceanic lithosphere 282 

The dynamics of plate formation can be constrained from the paleo-spreading directions inferred 283 

from the gradient of seafloor age (e.g., Conrad & Lithgow-Bertelloni, 2007). Seismic azimuthal 284 

anisotropy measured in the oceanic lithosphere provides complementary constraints on the 285 

dynamics of plate formation. During seafloor spreading at mid-ocean ridges, peridotite mantle 286 

rock is pulled upward and then sheared; the olivine aggregates are thus affected by the transition 287 

from pure to simple shear during spreading (e.g., Blackman & Kendall, 2002; Blackman et al., 288 

1996, 2017; Russell et al., 2022). The olivine CPO formed in rock retains the record of the local 289 

strain field and relative plate motion and is frozen in the oceanic lithosphere as it cools. 290 

Global shear wave azimuthal anisotropy models provide large-scale anisotropy patterns based on 291 

earthquake data, with relatively low horizontal resolution and a lack of information about the 292 

lithosphere due to the typical period range used (e.g., Beghein et al., 2014; Schaeffer et al., 2016; 293 

Becker & Lebedev, 2021). Local azimuthal anisotropy of the oceanic lithosphere is generally 294 

inferred using Pn tomography, which is limited by the local earthquake distribution and mainly 295 

provides information on the regions directly below the Moho. In contrast, ambient noise data 296 

from OBS arrays provide valuable shallow mantle information with depth resolution. 297 
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We estimate quasi-paleo-spreading directions by calculating the gradient of the magnetic 298 

anomaly inferred seafloor age (Wilson, 1993), with the results shown as white arrows in Fig. 3b. 299 

Fig. 3c shows the angular difference between the fast orientation of azimuthal anisotropy in the 300 

oceanic lithosphere and paleo-spreading orientations. In most of the JdFG system, the angular 301 

differences are smaller than 15°, as shown by the black contours in Fig. 3c. Even in a young 302 

oceanic plate, such as the JdFG system, the fast orientations of seismic anisotropy thus already 303 

record the fossil spreading directions starting from the vicinity of the spreading center (cf. 304 

Debayle & Ricard, 2013; Becker et al., 2014). However, the tectonic-magmatic complexity of 305 

regional plate generation (Fig. 1a) makes it difficult to infer the paleo-spreading from seafloor 306 

age gradients. In particular, the regions near three major propagator wakes (PW1-3 in Fig. 3c) 307 

and the Blanco Transform Fault show large angular differences (> 70°), where transform faults 308 

may be affected locally by the vertical mantle flow (Eakin et al., 2018). The propagator wake is 309 

formed through the propagation of a ridge segment across a small ridge offset into the 310 

preexisting oceanic crust formed by a receding ridge segment. As a result, the crust is transferred 311 

from one plate to another, and the plate age reserves along the spreading direction (Fig. 1a; Hey 312 

et al., 1980). This process forms pseudo faults in isochron lines (Fig. 1a) and complicates the 313 

quasi-paleo-spreading information from age gradients alone. 314 

We thus also augmented the quasi-paleo-spreading model by replacing the spreading orientations 315 

in the regions of mid-ocean ridges, propagator wakes, and transform faults with the relative plate 316 

motion of the JdFG system relative to the Pacific plate based on the plate reconstruction of 317 

Wilson (1986 & 1988), shown in Fig. S5. Details about the updated quasi-paleo-spreading model 318 

are in Text S1. The seismic fast orientations indeed show an improved match with the paleo 319 

spreading orientations in the regions of propagator wakes and the Blanco transform faults for this 320 

augmented model (Fig. 3d). This indicates coherence of tectonic deformation between the 321 

surface as inferred from magnetic anomalies and at great depths where seismic imaging provides 322 

important complementary constraints for plate formation.   323 

Besides the propagator wakes, there are also two regions with large angular differences near the 324 

trench, R1 and R2 in Fig. 3c. The amplitude of anisotropy is quite small in R2 with a relatively 325 

large uncertainty in orientation. R1 corresponds to the area that has much younger seismic 326 

thermal ages than the plate age (Wu et al., 2023), probably reflecting the influence of deep 327 

fracturing structures due to subduction or ridge segment movement. Near the immediate vicinity 328 

of the JdF spreading center (Fig. 3a), fast orientations mainly show a ridge-perpendicular pattern, 329 

while the derived paleo-spreading alignments are affected by local small-scale faults, leading to 330 

larger angular deviations (Fig. 3c). 331 

Compared to the relatively intact Juan de Fuca plate, the Gorda plate has experienced intense 332 

internal deformation (e.g., Chaytor et al., 2004) and the spreading rate decreases southward. 333 

Normal and strike-slip faults developed across the whole Gorda plate (Chaytor et al., 2004). The 334 

fast orientation of seismic anisotropy shows a homogeneous NW-SE pattern (Fig. 3a), which 335 

does not reflect the influence of local faults with strike parallel to the ridge, possibly due to the 336 

lack of data in the shorter periods (< 10 s). The isochrons near 42°N are offset by a small-scale 337 

propagator wake (Fig. 1a). In most of the Gorda plate, fast orientations nevertheless align with 338 

quasi paleo-spreading. Deviations between them appear to mainly reflect the influence of local 339 

strike-slip faults and propagator wakes on the plate age map. 340 

4.3 Azimuthal anisotropy in the asthenosphere 341 
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For the asthenosphere beneath oceanic plates, the generally accepted cause of seismic anisotropy 342 

is CPO induced by mantle shear (e.g., Tanimoto & Anderson, 1984; Conard & Behn, 2010). 343 

Absolute plate motion (APM) models are commonly used as a first-order estimate of the sense of 344 

shear caused by mantle flow and can often provide satisfactory approximations to more realistic 345 

CPO estimates based on solving for 3-D mantle circulation (Becker et al., 2014; Wang & Becker, 346 

2019). Previous global studies show that APM models align well with orientations of azimuthal 347 

anisotropy in parts of the oceanic mantle (e.g., Debayle & Ricard, 2013; Becker et al., 2014).  348 

We first consider two APM models (Fig. 3f) in a no-net rotation (NNR) reference frame, the 349 

MORVEL (DeMets et al., 2010) and NUVEL1A (DeMets et al., 1994) plate motion models. The 350 

angular differences between fast orientations of azimuthal anisotropy at 60 km depth and the 351 

APM models are shown in Fig. 3g-h. Interestingly, the fast azimuthal anisotropy in the 352 

asthenosphere fits better with NUVEL1A than with MORVEL, with mean angular differences of 353 

21° and 31° for NUVEL1A and MORVEL, respectively. In the interior of the Juan de Fuca and 354 

Gorda plates, the difference between seismic anisotropy fast orientation and the NUVEL1A 355 

model is smaller than 10° (Fig. 3h), which indicates that the NUVEL1A model may reflect the 356 

mantle flow direction induced shear relevant during CPO formation at the imaged depths quite 357 

well. The angular deviation is relatively large near the margin of the study region (Fig. 3g-h), 358 

probably due to the small amplitudes of anisotropy and hence large uncertainty for fast 359 

orientations as well as relatively poor azimuthal coverage.  360 

We also investigate the impact of using different velocity reference frames. For plate motions 361 

relative to North America and the absolute spreading-aligned reference frame of Becker et al. 362 

(2015), which is close to hotspot reference frames, the mean angular differences are 25° and 27° 363 

for NUVEL1A and 34° and 52° for MORVEL in the comparison with seismic azimuthal 364 

anisotropy (Fig. S6), respectively. This means that while the absolute angular mismatch depends 365 

on the choice of reference frame, the relative differences between NUVEL1A and MORVEL are 366 

robust. 367 

One reason for the relatively poor match based on MORVEL may be that this model uses a 368 

relatively geologically recent, 0.78-Myr-averaging interval to determine the motion of the plate 369 

pair of the Juan de Fuca and Pacific, while NUVEL1A uses a 3.16-Myr-averaging interval 370 

(DeMets et al., 2010). In addition, plate motions determined with MORVEL agree better with 371 

GPS-based Euler pole estimates than NUVEL1A (DeMets et al., 2010). Therefore, while 372 

MORVEL more closely approximates current plate motions, NUVEL1A may reflect mantle flow 373 

directions in the asthenosphere, and hence tectonic fabrics in the incoming plate, on the 374 

timescales needed to form CPO anisotropy (cf. Becker et al., 2006).  375 

The comparison between our results and SKS elucidates the influence of deeper mantle flow. 376 

Beneath the JdF plate and the northern Gorda plate, the consistency between SKS and our results 377 

in the asthenosphere may indicate a single, consistent direction of mantle flow with depth, where 378 

shear is mainly aligned as inferred from NUVEL1A in the NNR APM frame. In contrast, 379 

beneath the southern Gorda plate (south of 42°N) and south of the Blanco Transform Fault, the 380 

moderate angular deviation between surface wave and SKS anisotropy reflects the effect of 381 

northwestward flow beneath the Pacific plate on the deeper asthenosphere (Eilon & Forsyth, 382 

2020). Such variations are expected based on the local effects of density anomalies and the 383 

complexities of global mantle circulation (cf. Wang & Becker, 2019). 384 
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The amplitude of azimuthal anisotropy in the asthenosphere also shows systematic variations. 385 

Amplitude near the mid-ocean ridge in the Juan de Fuca and Gorda plates and Blanco Transform 386 

Fault is relatively small (<1%; cf. Eakin et al., 2018). The amplitude increases as the lithosphere 387 

moves away from the mid-ocean ridge, as expected for an actively forming asthenospheric 388 

anisotropy regime.  389 

In summary, we image a relatively straightforward pattern of anisotropy where paleo-spreading 390 

dominates fossil at shallow depths and mantle flow actively forms anisotropy for deeper layers, 391 

respectively (Fig. 4). This is noteworthy because the plate is relatively young and effects such as 392 

possible partial melt layers at depth (e.g. Hawley et al, 2016) might have been expected to 393 

complicate the seismo-tectonic setting. Besides confirming our general understanding of the 394 

formation and dynamics of the oceanic lithosphere-asthenosphere system, our analysis indicates 395 

that current convergence directions at the Cascadia margin may not reflect tectonic structures in 396 

the incoming plate and asthenosphere. 397 

 398 

Figure 4. Interpretation of the azimuthal anisotropy pattern in the (a) Juan de Fuca and (b) 399 

Gorda plates. The top layer (oceanic lithosphere): the fast orientations of azimuthal anisotropy 400 

within the lithosphere are identified by the dark-brown (JdF) in (a) and light-brown (Gorda) 401 

arrows in (b), where the fast orientations reflect fossil anisotropy generated at the MOR and are 402 

perpendicular to the paleo-spreading directions. The stripes represent magnetic anomalies (cf. 403 

Fig. 1a). Bottom layer (asthenosphere): The fast orientations in the asthenosphere are marked by 404 

dark-green arrows, where the fast orientations reflect anisotropy affected by the mantle flow and 405 

are parallel to the NUVEL1A APM model. 406 
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5 Conclusion 407 

Based on a new Rayleigh wave phase velocity database, we construct a 3-D azimuthal anisotropy 408 

model of the lithosphere and asthenosphere in the Juan de Fuca and Gorda plates. In the 409 

lithosphere, the general fast orientation pattern of anisotropy within the interiors of the two plates 410 

aligns well with quasi paleo-spreading from seafloor age gradients. Exceptions include regions 411 

influenced by transform faults and propagator wakes, where more detailed tectonic models 412 

improve the fit. In the asthenosphere, azimuthal anisotropy fast orientations that represent mantle 413 

flow fit well with plate motions inferred for ~3 Myr averaging periods rather than the more 414 

recent plate convergence. While anomalies such as due to melting or local buoyancy might be 415 

expected to be relatively more important for young plates, our findings show that young systems 416 

can record mantle convection in ways similar to older plates, such as the Pacific. Further 417 

exploration of higher-resolution anisotropy models, using both surface wave and body wave 418 

measurements as well as full-waveform inversion (FWI), can enhance our understanding of the 419 

details of plate formation, including recent plate reorganization and changes in plate boundary 420 

loading. 421 

 422 
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