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Seismic evidence for widespread western-US
deep-crustal deformation caused by extension

M. P. MoschettiIT, M. H. Ritzwoller!, F. Lin' & Y. Yang'

Laboratory experiments have established that many of the materials
comprising the Earth are strongly anisotropic in terms of seismic-
wave speeds’. Observations of azimuthal>’ and radial** anisotropy in
the upper mantle are attributed to the lattice-preferred orientation
of olivine caused by the shear strains associated with deformation,
and provide some of the most direct evidence for deformation and
flow within the Earth’s interior. Although observations of crustal
radial anisotropy would improve our understanding of crustal
deformation and flow patterns resulting from tectonic processes,
large-scale observations have been limited to regions of particularly
thick crust®. Here we show that observations from ambient noise
tomography in the western United States reveal strong deep (middle
to lower)-crustal radial anisotropy that is confined mainly to the
geological provinces that have undergone significant extension
during the Cenozoic Era (since ~65 Myr ago)”®. The coincidence of
crustal radial anisotropy with the extensional provinces of the
western United States suggests that the radial anisotropy results
from the lattice-preferred orientation of anisotropic crustal minerals
caused by extensional deformation. These observations also provide
support for the hypothesis that the deep crust within these regions
has undergone widespread and relatively uniform strain in response
to crustal thinning and extension®"".

To infer information about crustal anisotropy in the western
United States from surface-wave dispersion requires measurements
at periods less than 20s, but waves at these periods are strongly
scattered and attenuated as they propagate from distant earthquakes.
Because surface waves with periods greater than 20 s are primarily
sensitive to wave-speed structures below a depth of ~25km, only
regions with very thick crust have been amenable to the inversion of
surface-wave data for crustal radial anisotropy®. The inference of the
three-dimensional distribution of anisotropy in regions with normal
to thin continental crust is now possible, however, using surface-
wave dispersion measurements at periods from 6 to 20's recovered
from ambient seismic noise'>'®. The dispersion data from ambient
noise tomography have been combined with longer period (>40-s)
Rayleigh-wave phase-speed measurements from multiple-plane-
wave earthquake tomography to generate high-resolution images
of isotropic S-wave speeds in the crust and uppermost mantle across
the western United States'. We show similarly high-resolution
images of the radial anisotropy of the crust and uppermost mantle
in the western United States and discuss implications for deforma-
tion within the deep crust.

We follow the ambient noise data-processing protocol of ref. 15 to
obtain cross-correlations between long time series (of lengths up to
several years) of ambient noise recorded at pairs of seismic stations of
the USArray Transportable Array. The cross-correlations provide
three-component, interstation ‘empirical Green’s functions’ from
which measurements of Rayleigh- and Love-wave group and phase

speeds are obtained at periods from 6 to 40s (refs 16, 17). These
measurements are strongly sensitive to S-wave speeds in the crust
and uppermost mantle and facilitate the imaging of structures shal-
lower than those typically resolved using teleseismic earthquake
observations alone'. At each point in time, the Transportable
Array comprises about 400 broadband stations on a 70 km X 70 km
grid (Fig. 1a). We processed waveforms from 526 Transportable
Array stations acquired between October 2004 and December 2007
to obtain Rayleigh- and Love-wave dispersion measurements along
more than 120,000 interstation paths (Supplementary Fig. 1). Love-
wave group-speed measurements are less reliable than the others, and
we retain only measurements of the other speeds in certain period
bands, as follows: Rayleigh-wave group and phase speeds, 6—40s;
Love-wave phase speeds, 8-32 s. Inversion of the dispersion measure-
ments begins with the construction of dispersion maps. The maps
based on dispersion measurements from ambient noise (see, for
example, Figs 1b—d) are constructed using a traditional straight-ray
tomographic method". Measurement of Rayleigh-wave phase speeds
by multiple-plane-wave earthquake tomography is described in ref. 14,
but the maps have been updated to extend the study area and to
incorporate data from additional earthquakes. The combined period
band of the Rayleigh-wave phase-speed measurements extends from
6 to 100s.

We report results of inversions for radial anisotropy (transverse
isotropy with a radial symmetry axis) in the crust and uppermost
mantle underlying the western United States. Radial anisotropy, also
referred to as polarization anisotropy, manifests itself as the difference
in the speeds of horizontally and vertically polarized, horizontally
propagating S waves (Vsy and Vsy, respectively). It is inferred by
simultaneously interpreting the dispersion characteristics of Rayleigh
and Love waves, which depend predominantly on Vsy and Vs,
respectively. In particular, it is inferred from the ‘Rayleigh—Love dis-
crepancy’, which is a measure of the mis-fit to the Rayleigh- and Love-
wave dispersion curves that results from a best-fitting isotropic model
(in which Vg = Vgy = Vi, the S-wave speed).

To illustrate the existence and nature of the Rayleigh-Love dis-
crepancy in the western United States and to localize its source, we
present three inversions. Inversion I defines a purely isotropic
reference state in which there is a single S-wave speed at each depth
in the crust and upper mantle. Inversion II is a perturbation of the
isotropic reference model in which radial anisotropy is permitted in
the upper mantle but not in the crust. Inversion III further perturbs
the model by allowing radial anisotropy in the crust with an addi-
tional perturbation in the upper mantle. In each case, the data are the
same: local dispersion curves, with uncertainties (Methods), that are
constructed from the dispersion maps ona 0.5° X 0.5° grid across the
study region (see, for example, Fig. 2a for a point in central Nevada).
Forward modelling is performed using the radially anisotropic code
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Figure 1| Major tectonic regions and example surface-wave dispersion in
the study region. a, Western US study region. Seismic stations (black
triangles), major tectonic boundaries (thick black lines) and boundaries of
the predominant extensional provinces (Basin and Range (BR), Rocky
Mountain basin and range (RMBR) and Omineca extended belt (OEB); red
lines) are identified. Grid points from the BR, the Columbia Plateau in

MINEOS* and the model space is sampled by a Monte Carlo
method?*'.

An example best-fitting model for a point in central Nevada pro-
duced using inversion I is shown in Fig. 2b. Because data at periods
greater than 30s are generally well fitted by the isotropic models of
inversions I, IT and III, we present the reduced chi-squared mis-fit, 5?,
in the 6-30-s period band. The range of acceptable models for this
point, and how those models fit the dispersion data, is shown in
Supplementary Fig. 3a, b. The isotropic models from inversion I pro-
duce a large Rayleigh—Love discrepancy across most of the western
United States, as seen in Fig. 2c. The spatially averaged chi-squared
mis-fit from the best-fitting model of inversion I is yf = 12.2. At
locations with large chi-squared values (for example the point in
central Nevada in Fig. 2a, for which 7* =129.2), Love-wave phase
speeds computed from the isotropic model underestimate the
observed speeds at periods greater than ~15s, whereas the
Rayleigh-wave phase and group speeds are slightly overestimated at

Oregon (CPOR), the Colorado Plateau (CP), the OEB, the RMBR and the
Sierra Nevada (SN) are indicated by white squares. Examples from Figs 2 and 4
correspond to these grid points. b—d, Maps of Rayleigh-wave phase speed
(b), Rayleigh-wave group speed (c) and Love-wave phase speed (d) at a period
of 20s. ¢, phase speed; U, group speed.

periods between 20 and 30 s and severely overestimated at periods less
than 20 s. Because more measurements of Rayleigh waves than Love
waves are inverted, the isotropic model tends to fit the Rayleigh-wave
data better than the Love-wave data.

Inversion II attempts to resolve this Rayleigh—Love discrepancy by
introducing radial anisotropy in the upper mantle as a single depth-
independent perturbation between Vg and Vsy. We permit radial
anisotropy with an amplitude (2|Vsy — Vsy|/(Vsy + Vsy)) of up to
10%, consistent with the largest values observed in ref. 22. The intro-
duction of mantle anisotropy (see, for example, Fig. 2e) improves the
data fit significantly (y* = 10.5; Fig. 2d, f) in comparison with the
isotropic model, reducing the overall mis-fit to yf; = 5.7, which is a
77% variance reduction. Regions of relatively poor data fit persist,
however. Residual mis-fit to the Rayleigh-wave phase and group
speeds is largest at periods less than ~15 and ~20s, respectively,
whereas mis-fit to the Love-wave phase speeds remains largest at
periods between ~15 and ~25s (see, for example, Fig. 2d). The
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Figure 2 | Mis-fit to surface-wave dispersion data from inversions | and I,
which do not include crustal radial anisotropy. a, b, Example local
dispersion curves (with 1o error bars, a) compared with black curves
predicted by the best-fitting isotropic model, Inversion I, from the BR

(b). LP, Love-wave phase speed; RG, Rayleigh-wave group speed; RP,
Rayleigh-wave phase speed. The mis-fit in a reflects the Rayleigh—Love
discrepancy and identifies the need for radial anisotropy. ¢, Chi-squared
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mis-fit for the best-fitting model from Inversion I; spatially averaged mis-fit,
XIZ =12.2. d, Same as a, but fitted curves are from inversion II, which
includes radial anisotropy in the mantle. e, Same as b, but from inversion II.
f, Same as ¢, but from Inversion II; spatially averaged mis-fit, ;{121 =5.7. The
Rayleigh—Love discrepancy is partially resolved by introducing mantle radial
anisotropy.
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amplitude of radial anisotropy in the mantle that results from this
inversion is shown in Supplementary Fig. 4.

Significant further reduction in the Rayleigh-Love discrepancy
requires the introduction of radial anisotropy in the crust. The inability
of other physically reasonable model parameters to resolve the discre-
pancy is demonstrated in Supplementary Information. In inversion III,
we perturb the best-fitting model from inversion II by allowing a
constant anisotropic perturbation of middle- and lower-crustal
S-wave speeds and an additional perturbation of mantle anisotropy.
With this inversion, there is a trade-off between the amplitudes of
radial anisotropy in the crust and mantle; the resulting amplitudes of
crustal and mantle anisotropy are negatively correlated across all tec-
tonic regions, as indicated by the negative slopes of the mis-fit ellipses
shown in Fig. 3. In some regions (for example the Sierra Nevada and
much of the Colorado Plateau; Fig. 3b, ¢) radial anisotropy is not
required in either the crust or the mantle to fit the data, whereas in
other regions (for example the region of the Columbia Plateau lying in
Oregon; Fig. 3a) it is. However, in extensional provinces in the western
United States (for example the Basin and Range province, the Rocky
Mountain basin and range, and the Omineca extended belt), positive
crustal anisotropy (Vs > Vsy; Fig. 3d—{) is required irrespective of
the strength of the mantle anisotropy. Although the amplitude of the
crustal anisotropy in these regions depends on the amplitude of the
mantle anisotropy, the sign of the crustal radial anisotropy is unique
and positive. We refer to the regions with unambiguously positive
crustal radial anisotropy as the ‘anisotropic crustal regions’. Outside
the anisotropic crustal regions, crustal anisotropy is generally not
required by the data.

To construct a single model using inversion III, we constrain
upper-mantle anisotropy to lie within 2% of the best-fitting model
from inversion II (Supplementary Fig. 4). Because of the negative
correlation between crustal and mantle anisotropy, this constraint
produces a conservative (lower-bound) estimate of the amplitude of
crustal anisotropy. Example results for central Nevada are shown in
Fig. 4a,b (4* = 3.2). The mean amplitudes of radial anisotropy in the
crust and mantle across the anisotropic crustal regions are 3.6% and
5.3%, respectively. Only positive radial anisotropy is observed. Mis-
fit resulting from inversion III is presented in Fig. 4c, and the mean
chi-squared mis-fit across the study region is 7, = 2.8, which is a

b .
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95% variance reduction relative to the isotropic model from inver-
sion I. The introduction of crustal radial anisotropy resolves the
residual Rayleigh-Love discrepancy to > <4, on average, except in
discrete areas outside the primary anisotropic crustal regions where
other structural variables may need to be introduced to improve the
data fit further (for example the Olympic peninsula, the Great Valley
of California, the Salton Trough, parts of the High Lava Plains of
Oregon, the southern Cascades and Yellowstone National Park).
Residual mis-fit is discussed further in ref. 23.

The amplitudes of crustal and mantle radial anisotropy in the best-
fitting model from inversion IIT are shown in Fig. 4d, e. The resulting
patterns of strong crustal radial anisotropy correlate with the
predominant extensional provinces in the region. Cenozoic extension
in the western United States is believed to have been primarily con-
fined to the Basin and Range province, the Rocky Mountains basin
and range, and the Omineca extended belt” (Fig. 1a). Average exten-
sion across these provinces has been estimated to range up to 100%
(refs 7, 8). Strong crustal radial anisotropy is evident across nearly the
entire Basin and Range province and terminates abruptly near its
edges, for example along the Wasatch and Sierra Nevada ranges, along
the Snake River plain and along the Colorado Plateau. Crustal aniso-
tropic amplitudes greater than 5% are present in all three extensional
provinces. The largest continuous region of high-amplitude radial
crustal anisotropy (>4%) occurs in central Nevada. Observations of
seismic anisotropy in the mantle are routinely ascribed to the lattice-
preferred orientation of mantle minerals and are used to infer char-
acteristics about the mantle flow field***. Because of the relative
dearth of observations of middle- to lower-crustal anisotropy, such
inferences are not common for the crust.

Various studies, however, suggest widespread lower-crustal
deformation in response to extension in the western United States® .
Heretofore, regional-scale observations of crustal seismic anisotropy
have not existed to support or overturn this hypothesis. We interpret
the observed crustal radial anisotropy as resulting from the lattice-
preferred orientation of seismically anisotropic crustal minerals
induced by the finite strains accompanying extension. The shear strains
associated with crustal extension preferentially orient the seismic slow
axes along the vertical axis**. At middle to lower crustal depths, micro-
fractures are closed by lithostatic stresses” and the lattice-preferred

Crustal anisotropy (%)

Mantle anisotropy (%)

Figure 3 | Crustal radial anisotropy within the extensional provinces is
required despite a trade-off between the amplitudes of crustal and mantle
radial anisotropy. Mis-fit ellipses reflecting trade-off between amplitudes of
crustal and mantle radial anisotropy resulting from inversions with no
constraints on the amplitudes of anisotropy in the crust or mantle. Symbol

colours correspond to chi-squared mis-fit: grey, 3.0 < > < 4.0; blue,

2.0 = % < 3.0; red, y> < 2.0.a, CPOR; b, SN; ¢, CP; d, BR; e, RMBR; f, OEB.
The locations BR, RMBR and OEB lie within the principal extensional
provinces of the western United States.
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Figure 4 | Data mis-fit and the amplitude of radial anisotropy in the crust
and upper mantle using inversion lll. Here crustal and mantle radial

anisotropy are allowed. a, Same as Fig. 2a, d, but for inversion IIIL b, Same as
Fig. 2b, e, but for inversion III. ¢, Same as Fig. 2¢, f, but for the best-fitting
model from inversion III; spatially averaged mis-fit, 73, = 2.8. The observed

orientations of micas and amphiboles significantly contribute to seismic
anisotropy"***®. Improved vertical resolution of radial anisotropy is
needed to estimate the contributions from specific minerals in this
region. Our results suggest, however, that the deep-crustal response
to extension in the western United States is widespread and relatively
uniform.

METHODS SUMMARY

For a radially anisotropic medium, the elasticity tensor reduces to a symmetric
matrix with twelve non-zero elements and five independent components. These
five components may be represented by the Love parameters, A, C, F, L and N
(ref. 29). Horizontally propagating seismic-wave speeds are given by Vpyy = (A/
P2 Vg = (NIp)Y* and Vgy = (L/p)"?, where p is density. The dimensionless
parameters & = N/L = (Vsp/ Vsy)?, ¢ = C/A = (Vpy/ Vpy)* and i = FI(A — 2L)
are commonly introduced and in an isotropic medium all equal one (Vpy and
Vpy are the speeds of horizontally and vertically propagating P waves, respec-
tively). Because surface-wave dispersion measurements are less sensitive to ¢ and
1 than to &, we perturb only £ from its isotropic value. We find that perturbations
of the ¢ and 5 parameters do not significantly affect our conclusions
(Supplementary Information).

Rayleigh- and Love-wave dispersion curves are simultaneously inverted using
the radially anisotropic code MINEOS™ to calculate surface-wave dispersion
curves and the neighbourhood algorithm?! for model-space sampling. We invert
for layer thicknesses, for Vp/ Vs, for Vs and Viy in the crust, and for Vs and Vsy
in the mantle. Uniform model parameterizations and constraints are applied at
all grid points. Models are parameterized using four crustal layers (one sedi-
mentary and three underlying crystalline layers) and five cubic B-splines in the
mantle. We impose a layer thickness ratio of 1:2:2 for the crystalline crustal
layers. Independent perturbations of the thicknesses of the sediment and crys-
talline layers are allowed, but total crustal thickness is constrained by receiver
function estimates and uncertainties®. Crustal S-wave speeds increase mono-
tonically with depth. The values of Vp/Vs, Vspy and Vgy are constrained within
physically reasonable bounds summarized in Supplementary Table 1.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Inversion of surface-wave dispersion measurements for a three-dimensional
S-wave speed model proceeds in two steps: (1) the inversion of surface-wave
dispersion measurements from the interstation empirical Green’s functions by
ambient noise tomography (ANT) and from earthquake data by multiple-plane-
wave earthquake tomography (MPWT), to produce dispersion maps; and (2)
inversion of the dispersion maps for the three-dimensional S-wave speed model.
Inversions I, IT and III differ only in the amplitudes of radial anisotropy allowed
in the deep (middle to lower) crust and in the uppermost mantle.
Surface-wave dispersion maps. Although we make use of two methods to con-
struct surface-wave dispersion maps (ANT and MPWT), both techniques yield
similar things—maps of surface-wave phase and group speeds as a function of
period and geographic location. To calculate the dispersion maps by ANT, we
have increased the number of stations and, therefore, the areal coverage relative
to previously published results'®"”. In addition, time series durations are
increased by up to one year. All cross-correlations between 526 stations from
the Transportable Array are calculated for the time period between October 2004
and December 2007 by established methods'. Dispersion measurements on the
more than 120,000 empirical Green’s functions are made by automated
frequency-time analysis'>’' and inverted using straight-ray tomography'. The
resulting Rayleigh- and Love-wave maps span the period bands 6-40s and
8-32s, respectively.

MPWT is an extension of the two-plane-wave tomography method* to larger
geographic regions. The Rayleigh-wave phase-speed maps from MPWT have
been updated from published maps' to provide dispersion measurements across
the western United States. To construct the Rayleigh-wave phase-speed maps
(25-100-s period) using MPWT, 250 earthquakes were recorded at the
Transportable Array between January 2006 and September 2008. At periods
between 25s and 40 s, for which Rayleigh-wave phase speeds are estimated by
both ANT and MPWT, Yang et al."* demonstrate substantial agreement between
the phase-speed estimates and equivalent resolution in the dispersion maps.
Data uncertainty estimates. To assess data mis-fit and select the set of accepted
models, uncertainty estimates are required for group- and phase-speed maps as a
function of position, period and wave type. Uncertainty estimation for ANT is
discussed in detail in ref. 23. Supplementary Fig. 2a—d shows example uncer-
tainty maps for Rayleigh-wave phase speed at periods of 8, 16, 24 and 40s.
Uncertainties for Rayleigh-wave phase speeds from MPWT are derived from
inversion residuals following ref. 14 and show little spatial variability; the spatial
average uncertainty is plotted in Supplementary Fig. 2e. As described in ref. 23
for ANT, Rayleigh-wave group-speed and Love-wave phase-speed uncertainties
are estimated by a frequency-dependent scaling of the Rayleigh-wave phase-
speed uncertainty maps of ref. 33. The scaling parameters derive from the tem-
poral variability of each measurement type as discussed in ref. 15. Uncertainty
maps for Rayleigh-wave group speed and Love-wave phase speed, therefore, have

nature

the same spatial pattern as shown for Rayleigh-wave phase speeds in
Supplementary Fig. 2a—d. Spatially averaged uncertainties for all three speeds
are presented, as functions of period, in Supplementary Fig. 2f. The spatially
averaged and frequency-averaged uncertainties in the Rayleigh-wave phase-
speed, Rayleigh-wave group speed and Love-wave phase-speed maps from
ANT are 14.5, 38.1 and 13.4ms ", respectively. The spatially averaged and
frequency-averaged uncertainty in the Rayleigh-wave phase-speed maps from
MPWT is 27.6kms ™.

Inversions for S-wave speed. The Rayleigh-wave phase- and group-speed maps
and the Love-wave phase-speed maps are inverted simultaneously ona 0.5° X 0.5°
grid across the study region to a depth of 250 km, where the model ties into the
S-wave speed model of ref. 5. Inversion parameters include Vp/Vs, Vspy, Vsy and
crustal layer thicknesses, in the crust, and Vg and Vsy, in the mantle. Because we
find that upper-crustal anisotropy cannot resolve the Rayleigh-Love discrepancy,
we require the sedimentary and uppermost crystalline crustal layer to be isotropic.
Allowed ranges for the inversion parameters are presented in Supplementary Table
1. Crustal thicknesses are constrained by the range provided by receiver function
estimates and uncertainties®. Details of the inversion are provided in ref. 23. The
inversion uses the neighbourhood algorithm*' for parameter-space sampling and
the radially anisotropic MINEOS™ code for calculation of surface-wave dispersion
curves. At least 500,000 trial models, subject to the constraints of Supplementary
Table 1, are forward-modelled at each grid point. Selection of the final set of models
is determined by data mis-fit, as described below. Inversions I, II and III differ in
the amplitudes of radial anisotropy allowed in the deep (middle to lower) crust and
in the uppermost mantle. Inversion I is an isotropic model, inversion II allows
radial anisotropy in the uppermost mantle and inversion III allows radial aniso-
tropy in the deep crust and uppermost mantle.

Model acceptance criteria. At each spatial grid point, and for each of the three
inversions, we accept a set of models that fit the dispersion curves within a
specified mis-fit threshold. We define this threshold to be two units greater than
the reduced chi-squared mis-fit, 7> =n"' S"I_, 6; 2(d;— p;)?, of the best-fitting
model. Here, n is the number of discrete dispersion measurements along the
dispersion curves, d; are the observed local dispersion values, p; are the predicted
dispersion values from a trial model and ¢; are the measurement errors. At each
grid point, we require a minimum of 1,000 models to be accepted for the final set
of models.
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