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Introduction

This section adds a number of additional details of the data and techniques used in this

investigation.

Text S1. Ambient noise cross-correlations

The dataset used in this investigation consists of fundamental mode Rayleigh waves

extracted from the vertical-to-vertical cross-correlation of ambient seismic noise recorded

at every publicly available broadband station that operated within the target areas with

the one recorded at every contemporary station from the EarthScope Transportable array
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(TA; Figure S1). In total, we employed waveform data of 658 stations for the Wyoming

area (Table S1) and of 794 seismic stations for the California area (Table S2). For the

actual cross-correlations, we followed the processing methodology of Bensen et al. (2007)

and (i) downsampled the continuous records to one sample per second, (ii) divided them

into 1-day time windows, (iii) removed the mean and trend in each time window, (iv)

band-pass filtered between the 3- and 100-s period band, (v) whitened the spectra, (vi)

cross-correlated in the time domain, and (vii) averaged over time. Moreover, to enhance

the ballistic wave arrivals, we averaged the causal and anticausal parts of the correlograms.

Text S2. Seismic beamforming and anisotropy characterization

The seismic anisotropy anisotropy in this investigation was characterized via a beam-

forming approach. Within this context, we analyzed the coherent energy of surface waves

traveling through small groups of stations to determine both their direction of propagation

and the phase velocity beneath the instruments. First, however, we probed the seismic

structure of the target areas and produced a series of tomograms for a wide range of

frequencies. For this task, we performed a frequency-time analysis (FTAN) to all surface

waves that exclusively travelled within each of the target areas, and determined their

phase and group velocities (Figure S3). These measurements were then used to determine

the Rayleigh wave phase velocity structure using the straight ray tomographic method of

Barmin, Ritzwoller, and Levshin (2001). To carry out the inversion, homogeneous maps

were constructed on a 15 15 km regular grid across each of the target areas and are defined

relative to the average slowness observed at each period of interest. Figure S4 shows a

series of frequency-dependent phase velocity maps of the target areas, where it is possible
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to observe the fast velocities of the Sierra Nevada and the slow velocities of the Central

Valley for the California area (at 10-s period), and the slow velocities associated with

the Snake River Plane for the Wyoming area (at 30-s period). Once the phase velocity

maps for all periods of interest were constructed (12 to 23 s for California and 18 to 31 s

for Wyoming), we stacked them to obtain a reference phase velocity map of each region.

These average maps were then used to guide the actual beamforming. Figure S5-S6 shows

the associated checkerboard test and model error for the same periods as in Figure S4,

respectively.

To perform the beamforming, we looped through every station that operated within the

target areas and grouped all other stations that are/were less than two-wavelengths apart

from it. This grouping process allowed us to form multiple subarrays around different

parts of the target areas. Then, for each subarray, we used every available station of the

TA as a virtual source and grid-searched for the horizontal slowness vector that resulted

in most coherent beamformer output. One advantage of this approach is that, because we

only measure the differential traveltime time between stations of the same subarray, there

is no need to apply any sort of corrections related to structures that are outside the radius

of the subarrays. As a quality control criterium, we only performed the beamforming on

subarrays that were composed of 10 stations or more and on time series that had a signal-

to-noise ratio larger than 5. Further, to accelerate the beam computation and keep the

estimates between reasonable bounds, we limited the grid search to slownesses that are

±40% away from the local velocity that was determined from the averaged-tomograms
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(Figure S4). Figure S7 shows an example the beamforming process for one subarray in

the Wyoming area and three virtual sources.

To determine the anisotropy beneath each subarray, we collected all available local

phase velocities (for a given subarray) and characterized their azimuthal dependence by

fitting the 2θ components of the model of Smith and Dahlen (1973) for surface waves in

a weakly anisotropic media:

C(T, θ) = C0(T ) + C1(T ) cos (2θ) + C2(T ) sin(2θ) + C3(T ) cos (4θ) + C4(T ) sin(4θ),(1)

where T represents the period, θ the backazimuth, C0 the isotropic velocity, and C1−4

the azimuthal coefficients (Backus, 1970). During the fitting process, we weighted the

measurements in proportion to the coherence of the beamformer output. To ensure that

our final anisotropy estimates are made with an appropriate azimuthal coverage, we only

retain measurements at which the azimuth range of 180◦ was sampled by at least three

ray paths in a five-bin range (Debayle and Sambridge, 2004; Figure S8). To assess the

uncertainty in our estimates, we applied a bootstrapping method to calculate the 95%

confidence limits using a total of 100 resamples. Figure S9 shows an example of the

Rayleigh wave azimuthal dependence at 12-23 s period for a station in the California

area and at 18-31 s period for a station in the Wyoming area. Figure S10 shows a

comparison between the tomograms and the isotropic velocity measurements obtained

via beamforming for both target regions. The resemblance between these estimates to

the ones obtained in the tomographic inversions speak to the reliability of the anisotropy

measurements.
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Table S1

List of seismic stations used to characterize the anisotropy in the Wyoming area.

Table S2

List of seismic stations used to characterize the anisotropy in the California area.

Table S3

Anisotropic parameters and associated errors for the measurements made in the

Wyoming area. The format of the tables is as follows: coordinates of the subarrays (Longi-

tude and Latitude), anisotropy coefficients and their associated 95% confidence intervals

(C0, C0Lower, C0Upper, C1, C1Lower, C1Upper, C2, C2Lower, C2Upper), the root-

mean-squared error of the anisotropy fit (Residual), fast direction of anisotropy (AniDir),

amplitude of anisotropy (AniAmp), number of beams used for the anisotropy character-

ization (NumberMeasurements), and number of azimuth bins (for the azimuth range of

180◦ divided into 5 bins) used for the anisotropy characterization (NumberAzimuthBin).

Table S4

Anisotropic parameters and associated errors for the measurements made in the Cali-

fornia area. The format of the tables is as follows: coordinates of the subarrays (Longi-

tude and Latitude), anisotropy coefficients and their associated 95% confidence intervals

(C0, C0Lower, C0Upper, C1, C1Lower, C1Upper, C2, C2Lower, C2Upper), the root-

mean-squared error of the anisotropy fit (Residual), fast direction of anisotropy (AniDir),

amplitude of anisotropy (AniAmp), number of beams used for the anisotropy character-

ization (NumberMeasurements), and number of azimuth bins (for the azimuth range of

180◦ divided into 5 bins) used for the anisotropy characterization (NumberAzimuthBin).
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Figure S1. Seismic broadband stations used in this investigation. The black inverted triangles

correspond to the EarthScope Transportable Array (TA) instruments that were used as virtual

sources whereas the inverted red triangles represent the publicly available broadband seismome-

ters that were used as receivers. The black rectangles mark the geographic limits of our two

target areas.
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Figure S2. 1D structural model (green is density, blue is Vs and red is Vp) and Rayleigh wave

sensitivity kernels for a single point the contiguous US (latitude 41◦ longitude -116.50◦). For this

particular location, the sensitivity kernels that have most of their amplitude located between the

middle crust (MC) and the lower crust (LC) are from 12 s to 23 s.
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Figure S3. Vertical-to-Vertical cross-correlations and group velocity measurements for a wide

range of frequencies. The first waveform panel shows the correlograms between a single station

near the California-Nevada border (station XE.SNP57) with every other station in that same

study area. The second waveform panel shows the correlograms between a single station near

the city of Lander, Wyoming (station TA.K20A) with every other station in that same study

area. Both recordsections are band-passed filter between 20-50 seconds. Clear fundamental mode

Rayleigh waves traveling at an approximate velocity of 3.0 km/s can be seen. The rightmost

panels show the group velocity measurements of the two recordsections on the left as a function

of frequency. the color of the scatter plot represents the density of the measurements.
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Figure S4. Phase velocity maps at 10, 20 and 30 seconds of the California (top) and Wyoming

areas (bottom).
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Figure S5. Checkerboard test at 10, 20 and 30 seconds of the California (top) and Wyoming

areas (bottom). The true velocity model consists on a ±1% velocity perturbation.
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Figure S6. Error maps at 10, 20 and 30 seconds of the California (top) and Wyoming areas

(bottom). The errors are computed from the diagonal elements of the model covariance matrix,

which reflects the variance of the model subject to the variance of the data.
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Figure S7. Example of the beamforming process for a one subarray in the Wyoming area and

three virtual sources. The upper panels show the power distribution for a range of horizontal

slownesses. The black markers in each panel indicate the maximum beamformer output. The

geographic location of the stations forming the subarray (red inverted triangles) and the virtual

sources (yellow inverted triangles) is shown in the bottom map.
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Figure S8. Quality criterion measuring azimuthal path coverage. The azimuth range of

180◦ is divided into 5 bins of 36◦each. The azimuthal anisotropy characterization is only made

when at least 3 of the azimuth bins are sampled. For the cases presented in this Figure, only

classes 1-4 qualify for the anisotropy characterization. This Figure was adapted from Debayle

and Sambridge (2004)
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Figure S9. Example of the Rayleigh wave azimuthal dependence at 12-23 s period for a

subarray in the California area (top panel) and at 18-31 s period for a subarray in the Wyoming

area (bottom panel). The size and the color of the markers indicate the relative energy of the

beam and the red curves mark the predicted directionality using the first three terms in Equation

1. The fitting of the model was made through a linear least squares inversion, and the best-fitting

coefficients, along with their 95% confidence intervals, are shown in the bottom left of each panel.
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Figure S10. Phase velocity tomograms (A-B) and Isotropic phase velocities (C0 term in

Equation 1; C-D) for all subarrays in the California and Wyoming areas. The black circles in

A and B mark the center of the subarrays in C and D. The resemblance between the velocities

obtained through the tomographic inversion and the beamforming speak to the reliability of our

anisotropy estimates.
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