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Supplementary Text 

S1. Trade-off between lateral heterogeneities and azimuthal anisotropy 

An unavoidable problem when quantifying the dependence of wave speed with the direction of 

propagation is the trade-off between lateral heterogeneities and seismic anisotropy. Although we 

argue that the effect of small-scale heterogeneities should be minimal because of the relatively 

wide period band we are making our measurements in (3-17 s), we can quantify the travel-time 

contribution from the isotropic structures and analyze their effect over our anisotropy 

measurements. Such exercise requires the computation of a purely isotropic velocity model of the 

study region. To this end, we used all noise derived Green functions, calculated their dispersion 

relation with an image transformation technique (61) and performed a tomographic inversion 

following the method of Barmin et al., (62). 

Once the isotropic structures were illuminated, we generated an average velocity model by linearly 

stacking all group velocity maps for the 3-to-17 s period band and, for every seismic station, 

calculated an Eikonal travel-time surface to obtain a station term that contains the isotropic 

contamination at each site. We then used these terms to correct our anisotropy measurements by 

subtracting the isotropic contribution from the apparent anisotropy. An additional advantage of 

applying this correction term is that it may also help to mitigate any potential bias that may arise 

from the array geometry. Fig. S10 shows a synthetic example of the correction process in an 

extreme scenario, where we emplaced a strong and confined gaussian velocity anomaly into a 

weak anisotropic media. 

When applied to the observed waveform data, our analysis revealed that small yet distinguishable 

changes in both the amplitude and orientation of the fast axis of anisotropy occurred primarily in 



  

the northernmost stations due to the concentration of moderately fast velocities in northern Idaho63 

(Fig. S11). However, despite these alterations, our anisotropy measurements conserved their 

original first-order pattern, suggesting that the overall contribution of the isotropic structure is 

close to negligible. With this result, we concluded that, although isotropic contamination is 

imminent, our measurements reflect the true anisotropic nature of the crust. 

S2. Moho temperature 

The water bed-model invoked in this study requires the existence of a weak channel within the 

mid-lower crust, which in turn requires that the rocks in the deep part of the crust have low viscous 

strength likely due to an elevated temperature. Fig. S12 presents a map with Schutt et al. (27) 

Moho temperature measurements for the Western U.S. showing that there are regions around NE 

Oregon with a sufficiently elevated temperature to develop a ductile lower crust. Moreover, surface 

heat flow measurements for the same region are relatively high (70 − 80	𝑚𝑊𝑚() 38 and also 

suggests high temperatures in the lower crust (25).  

S3. Moho depth 

Fig. S13 presents Shen et al. (64) estimated Moho depths for the western U.S. derived from the 

joint interpretation of surface waves and receiver functions. The heat map shows that a nearly 

circular depression close to the Wallowa Mountains dominates the regional Moho structure.  



 

 

Fig. S1. Comparison between surface wave and receiver function derived azimuthal 

anisotropy. The black vectors represent the surface wave results and the red arrows represent the 

receiver function results. For both datasets, the orientation of the bars gives the fast direction of 

anisotropy and their length is proportional to anisotropy amplitude. The agreement between the 

two different type of measurements was used to verify to the reliability of the surface wave results. 



  

 

Fig. S2. Geodynamic results without incorporating the localized Wallowa load. (A) Azimuthal 

anisotropy model for the crust of the Pacific NW overlying a depth slice through the Vp 

tomography model at 250 km (16). The red dashed lines depict the Wallowa anomaly and the 

Siletzia slab curtain. (B) Modeled Moho stress and mid-lower crustal flow velocity for the Pacific 

NW. The colored contours represent the vertical stress at the Moho based on a global geodynamic 

model driven by density anomalies derived from the P-wave velocity structure. The black arrows 

denote the predicted mid-lower crustal flow velocity that results from the application of the 

modeled Moho stress to a viscously heterogeneous crust. The red bars represent the anisotropy 

measurements derived from this study.  



  

 

Fig. S3. Depth sensitivity kernels of fundamental mode Rayleigh wave group velocity with 

respect to shear wave velocity. The panel on the right shows the modified Tectonic North 

America Model (44), which was used to calculate the sensitivity kernels. 

  



 

 

Fig. S4. Errors calculated in the bootstrap resampling. (A) The black vectors represent the 

best-fitting fast direction azimuth while the green vectors represent their bootstrap standard 

deviation. (B) Standard deviation for the anisotropy percentage.  



  

 

Fig. S5. Crustal anisotropy measurements for 4 stations located northwest of the Wallowa 

Mountains.  The black vectors on the left map represent the surface wave results while the red 

arrows represent the receiver function results. For both datasets, the orientation of the bars gives 

the fast direction of anisotropy and their length is proportional to anisotropy amplitude. The 4 right 

panels show the radial receiver functions for stations: US.NEW, US.WOLL, XD.MD12 and 

TA.A08A. The black dashed line in each panel represents the best-fitting anisotropy model to the 

Pms phase. The best fitting set of anisotropy parameters are given on the top right corner of each 

panel.  



 

 

Fig. S6. Crustal anisotropy measurements for 4 stations located southwest of the Wallowa 

Mountains.  The black vectors on the left map represent the surface wave results while the red 

arrows represent the receiver function results. For both datasets, the orientation of the bars gives 

the fast direction of anisotropy and their length is proportional to anisotropy amplitude. The 4 right 

panels show the radial receiver functions for stations: CC.SHRK, UO.TOOM, TA.F09A and 

TA.K09A. The black dashed line in each panel represents the best-fitting anisotropy model to the 

Pms phase. The best fitting set of anisotropy parameters are given on the top right corner of each 

panel.  



  

 

Fig. S7. Crustal anisotropy measurements for 4 stations located southeast of the Wallowa 

Mountains.  The black vectors on the left map represent the surface wave results while the red 

arrows represent the receiver function results. For both datasets, the orientation of the bars gives 

the fast direction of anisotropy and their length is proportional to anisotropy amplitude. The 4 right 

panels show the radial receiver functions for stations: TA.F13A, TA.K14A, TA.I12A and 

TA.G12A. The black dashed line in each panel represents the best-fitting anisotropy model to the 

Pms phase. The best fitting set of anisotropy parameters are given on the top right corner of each 

panel.  



  

 

Fig. S8. Crustal anisotropy measurements for 4 stations located northeast of the Wallowa 

Mountains.  The black vectors on the left map represent the surface wave results while the red 

arrows represent the receiver function results. For both datasets, the orientation of the bars gives 

the fast direction of anisotropy and their length is proportional to anisotropy amplitude. The 4 right 

panels show the radial receiver functions for stations: TA.E13A, TA.D12A, TA.C15A and 

TA.B13A. The black dashed line in each panel represents the best-fitting anisotropy model to the 

Pms phase. The best fitting set of anisotropy parameters are given on the top right corner of each 

panel.  



  

 

Fig. S9. Depth-dependent Vp to density scaling factor. The blue lines show ln(ρ) and ln(VP) 

derivatives with respect to temperature from Cammarano et al. (37). Black line shows the ratio of 

the two, used to convert VP tomography to density in initial geodynamic models.  



  

 

Fig. S10. Synthetic exercise showing the correction of isotropic contamination. (A) Isotropic 

structure generated by introducing a small-scale gaussian velocity anomaly with a +33% velocity 

amplitude. The white circles represent the seismic stations. (B) Anisotropic structure generated by 

placing elongated scatterers with an E-W orientation and a ±10% velocity perturbation. The 

average anisotropy generated in such setting is of ~1%. (C) Total velocity structure generated by 

adding the isotropic structure in (A) and the anisotropic structure in (C). The black vectors 

represent the anisotropy measured at each station after applying the station correction term. Both 



  

the amplitude and orientation of the fast azimuth of propagation is recovered despite the presence 

of the strong Gaussian anomaly. (D) Velocity measurements as a function of azimuth for the red 

station in (C). The upper panel clearly shows how the presence of the Gaussian anomaly 

overshadows the 2𝜋 symmetry of the anisotropic structure. The lower panel shows the apparent 

anisotropy (blue dashed line), the isotropic contribution (green dashed line) and the corrected 

anisotropy (red dashed line) for the same station. Note that in this example we introduced an 

unusually large apparent anisotropy (~4.5%) compared to the actual anisotropy to illustrate an 

extreme case when this correction is necessary. 



  

 

Fig. S11. Comparison of azimuthal anisotropy measurements before and after correction. 

The black vectors represent the original “raw” measurements while the red vectors represent the 

corrected measurements.  



  

 

Fig. S12. Moho temperature for NE Oregon and its surrounding area (from Schutt et al., 27). 

The black vectors represent the anisotropy measurements from this study. 



 

 

Fig. S13. Crustal thickness for NE Oregon and its surrounding area (from Shen et al., 64). 

The black vectors represent the anisotropy measurements from this study.  



 

Table S1. 

List of broadband stations used to generate the azimuthal anisotropy model. 

Table S2. 

Measured anisotropy parameters (and estimated errors) for the 3-17 s period band. 

External Databases S1. 

Model parameter file to reproduce the geodynamic results (Fig. 3B). 
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