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Complex and variable crustal and uppermost
mantle seismic anisotropy in the western
United States
Fan-Chi Lin1*, Michael H. Ritzwoller1, Yingjie Yang1, Morgan P. Moschetti1 and Matthew J. Fouch2

The orientation and depth of deformation in the Earth is
characterized by seismic anisotropy1—variations in the speed
of passing waves caused by the alignment of minerals under
strain into a preferred orientation. Seismic anisotropy in the
western US has been well studied2–11 and anisotropy in the
asthenosphere is thought to be controlled by plate motions
and subduction6–9. However, anisotropy within the crust and
upper mantle and the variation of anisotropy with depth
are poorly constrained. Here, we present a three-dimensional
model of crustal and upper mantle anisotropy based on
new observations of ambient noise12 and earthquake13 data
that reconciles surface wave and body wave9 data sets. We
confirm that anisotropy in the asthenosphere reflects a mantle
flow field controlled by a combination of North American
plate motion and the subduction of the Juan de Fuca and
Farallon slab systems6–9. We also find that seismic anisotropy
in the upper mantle and crust are largely uncorrelated:
patterns of anisotropy in the crust correlate with geological
provinces, whereas anisotropy in the upper mantle is controlled
by temperature variations. We conclude that any coupling
between anisotropy in the crust and mantle must be extremely
complex and variable.

Recent advances in surface wave methodology, particularly the
development of ambient noise interferometry14,15, improvements in
ambient noise and earthquake tomography13,16,17, and the ongoing
deployment of the USArray Transportable Array (TA) stations
(Fig. 1a), have yielded considerable improvements in information
about anisotropy in the shallow Earth beneath the western US. Here
we measure Rayleigh wave phase travel times based on ambient
noise18 at periods from 12 to 46 s using observations from 611 TA
stations that operated between October 2004 and October 2008
(ref. 12). Similar measurements from 24 to 54 s period are obtained
from 574 teleseismic earthquakes with Ms ≥ 5.0 that occurred
between January 2006 and January 2009. These surface wave
dispersion measurements are used to infer azimuthal anisotropy in
the crust and uppermost mantle and, combined with SKS splitting
measurements9 (Fouch andWest, manuscript in preparation), also
constrain azimuthal anisotropy in the asthenosphericmantle.

The surface wave tomographicmethod is Eikonal tomography17,
which estimates azimuthally dependent phase velocity and its
uncertainty on a 0.2◦ spatial grid (Fig. 1b–g). Thismethod produces
direct observation of the 180◦ azimuthal periodicity of Rayleigh
wave speeds (Fig. 1b–g) that is expected for a weakly anisotropic
medium19, yielding a fast azimuth direction and amplitude of
anisotropy at each period and grid node. The robustness and
uncertainty (see Methods) of the observed anisotropy are verified
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by comparing the independent results from the ambient noise and
earthquake data sets (Supplementary Fig. S1). Measurements from
ambient noise and earthquake tomography are averaged in the
period band of overlap. Above 54 s period, wavefield complexities
such as multipathing and wavefront healing degrade the ability
of Eikonal tomography to recover accurate information about
azimuthal anisotropy.

Figure 2a–c summarizes observations of Rayleigh wave az-
imuthal anisotropy at periods of 12, 26 and 38 s, which are most
sensitive to VSV anisotropy in the middle crust, lower crust and
uppermost mantle, and uppermost mantle, respectively. The most
likely cause of anisotropy is the lattice preferred orientation of
crustal or mantle minerals20,21. The patterns of anisotropy at 12 and
38 s period are strikingly different, which requires that anisotropy
differ between the crust and uppermost mantle. Figure 2d,e exem-
plifies the period dependence of the fast azimuths and amplitudes
of anisotropy, which we refer to as ‘anisotropic dispersion curves’,
for a point in northern Nevada (star in Fig. 1a) where the fast
directions at short (<18 s) and long (>32 s) periods differ from one
another. The anisotropic dispersion curves are used to invert for
three models of anisotropy in the crust and upper mantle (models
A, B, C) that differ in the treatment of the deepest (asthenospheric)
layer (>∼100 km depth) and in the introduction of SKS splitting
measurements in the construction ofmodels B andC.

Model A is based exclusively on the surface wave anisotropic
dispersion curves and possesses two vertically constant anisotropic
layers: in the middle-to-lower crust and in the uppermost mantle
(see Methods) to a depth of about 250 km. The data constrain the
model only to about 100 km. The isotropic13 and anisotropic parts
of this model are summarized in Fig. 3a,b. (Supplementary Figs S2
and S3 present χ 2 misfit and model uncertainties.) Azimuthally
averaged SKS splitting measurements are computed using the
method of ref. 22 and measurements predicted from model A are
compared with SKS observations in Supplementary Fig. S4. The
agreement between model A, derived from surface wave data alone,
and SKS measurements in which the standard deviation of the
difference in fast axis directions averages ∼29◦ is unprecedented23,
but is not as good as expected based on the uncertainties of
the model (∼16◦ for anisotropic amplitudes greater than 0.75%).
This motivates further layerization in the upper mantle and the
construction of models B and C.

In models B and C, the anisotropy in the crust and uppermost
mantle are the same as model A. The thickness of the uppermost
mantle layer, however, and the characteristics of the underlying
‘asthenospheric’ layer are determined from the SKS data (see
Methods). (The term ‘asthenospheric layer’ is used for simplicity,
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Figure 1 |Major tectonic setting and examples of 2-psi azimuthal anisotropy for Rayleigh waves. a, Triangles identify the seismic stations. Yellow and red
lines are the plate and tectonic boundaries. CAS: Cascade Range; CV: Central Valley; GB: Great Basin; HLP: High Lava Plains; CP: Colorado Plateau; SRP:
Snake River Plain. Black arrows give relative motions between the Pacific (PA) and North American plates (NA), the Juan de Fuca plate (JdF) and NA, and
NA and the hotspot reference frame (HS; ref. 24). Red stars give locations shown in b–g and Fig. 2d,e. b–g, Examples of 12-, 26- and 38-s-period Rayleigh
wave phase velocity measurements. Green dashed lines give the best fitting 2-psi curves.

although it is a rheological term and in some regions the layer
may be lithospheric and in other regions the overlying uppermost
mantle may be asthenospheric.) The fit to the SKS data is optimized
when the uppermost mantle layer extends only to a depth of
∼110 km (80 km beneath the Moho) and the splitting time of
the asthenospheric layer is ∼0.8 s. Although the thickness of the
asthenospheric layer is unconstrained by the data, if we assume
an anisotropic strength of 2% in this layer, the 0.8 s splitting time
requires a thickness of about 200 km beneath the uppermostmantle
layer. Asthenospheric anisotropy in models B and C is vertically
constant, horizontally constant in model B, but fast axis directions
are allowed to vary smoothly laterally in model C (see Methods).
Table 1 presents misfit statistics to the surface wave anisotropic
dispersion curves and to the SKS data for all threemodels.

The constant asthenospheric fast direction of model B is 15◦N
of E. The misfit improvement relative to model A is significant
(see Table 1 and Supplementary Fig. S5), although only two
asthenospheric parameters (fast axis direction and split time) are
introduced across the entire region. This deeper layer of anisotropy,
therefore, is probably significantly less laterally heterogeneous than
the crust and uppermost mantle.

The fast directions and their uncertainties of the asthenospheric
layer in model C are shown in Fig. 3c and Supplementary Fig. S6,
respectively. Figure 3d summarizes the predicted SKS apparent
splitting parameters frommodel C. Figure 4a–c compares observed
SKS splitting and predictions frommodel C. The standard deviation
of the directional differences equals 18◦, consistent with differences
expected from model and data uncertainties. About 80% of
the model predictions agree with the SKS fast directions by
better than 20◦, although model C underestimates splitting times

by ∼0.25 s, on average. Thus, model C successfully reconciles
surface wave observations and SKS splitting measurements to
within expectations based on data and model uncertainties
and resolution.

A strong coherence is observed between the patterns of crustal
anisotropy (Fig. 3a) with major geological provinces. This includes
crustal north–south fast directions across nearly the entire Great
Basin province coincident with strong crustal radial anisotropy10,
northwest–southeast fast directions in California’s Central Valley,
east–west fast directions in the Cascadia forearc roughly parallel
to the subduction direction of the Juan de Fuca plate, northeast–
southwest fast directions in the Colorado Plateau, east–west fast
directions inOregon’s High Lava Plains, and weak anisotropy in the
Snake River Plain. It is reasonable to believe that the cause of crustal
anisotropy is the same in each geological province.

Spatial patterns of anisotropy in the uppermostmantle (Fig. 3b),
on the other hand, are less well correlated with surface geological
features, but are correlated with low isotropic velocity anomalies,
which probably reflect warm mantle temperatures. For example,
strong anisotropy is observed near the western (western Nevada
through Oregon’s High Lava Plains) and eastern (western Utah)
boundaries of theGreat Basin, where isotropic shearwave speeds are
low in the uppermost mantle. Not surprisingly, uppermost mantle
anisotropy also reflects changes in the ambient stress field. For
example, near the western plate boundaries, fast directions change
abruptly near the Mendocino Triple Junction, consistent with a
change in the principal stress direction from strike-slip in the south
to subduction in the north.

The patterns and the overall fast directions of anisotropy in the
crust and the uppermost mantle, therefore, are largely uncorrelated
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Figure 2 | Example azimuthal anisotropy variation and dispersion in the study region. a–c, Maps of 12, 26 and 38 s period Rayleigh wave phase velocity
azimuthal anisotropy on a 0.6◦ spatial grid. The fast propagation direction and anisotropic amplitude are presented by the orientation and length of the red
bars. d,e, An example of anisotropy dispersion curves for a location in northern Nevada between periods of 12 and 54 s with associated uncertainties. The
red lines are the best fitting dispersion curves based on the crustal and uppermost mantle model shown in Fig. 3a,b.

(Fig. 4d). The directional correlation coefficient between the crustal
and uppermost mantle fast axis distributions is found to be
r = 0.12; one out of four random directional distribution pairs
correlate at least as well (see Supplementary Methods). The
average strength of uppermost mantle anisotropy across the study
area is ∼1.3%, slightly stronger than the ∼1.1% anisotropy
observed in the crust.

The smoothly varying anisotropic fast directions in the
asthenospheric layer of model C can be approximately separated
into three distinct tectonic regions. First, in the east, the fast
directions (blue shades in Fig. 3c) average about 32◦ (±12◦) north
of east, aligned with the direction of absolute plate motion (33◦
south of west; ref. 24) beneath the North American craton. Second,
nearly east–west fast directions are observed beneath most of
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Figure 3 |Azimuthal anisotropy in the crust, uppermost mantle, and asthenosphere and predicted SKS splitting. a,b, Crust and uppermost mantle in
models A, B and C. c, Asthenospheric layer in model C. Fast propagation directions and anisotropic amplitudes are given by the orientations and lengths of
the yellow/red bars on a 0.6◦ spatial grid. Background colours represent isotropic shear wave speeds at depths of 15 and 50 km in a,b, and the fast
direction is shown in the background in c. d, Predicted SKS measurements based on model C, where the background colour also gives the split time.

the tectonically active western US, which may be induced by
a combination of absolute plate motions and the geodynamic
effect of the previously subducted Farallon slab4,6, as well as rapid

eastwards inflow of Pacific asthenosphere in the gap between the
Mendocino and Rivera triple junctions where subduction has
been eradicated. Third, north of the Mendocino Triple Junction
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Table 1 | Summary of model performance.

Variance reduction relative
to an isotropic model

Comparison between
predicted and observed SKS
fast directions

Surface wave
data (%)

SKS splitting
data (%)

Standard
deviation

Percentage
within 20◦ (%)

Model A: Crust and 220-km-thick
uppermost mantle.

94 36 29◦ 57

Model B: Crust, 80-km-thick
uppermost mantle, with a laterally
homogeneous asthenosphere.

94 58 22◦ 77

Model C: Crust, 80-km-thick
uppermost mantle, with a laterally
smoothly varying asthenosphere.

94 64 18◦ 82
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Figure 4 | Comparison of predicted and observed SKS splitting and comparison of anisotropy between different layers. a, Observed SKS splitting (blue,
red or black) compared with predictions (yellow) from model C (Fig. 3a–c) where bars summarize the fast direction and splitting time. Blue, red or black
colours give differences in fast directions: blue: 0◦–30◦, red: 30◦–60◦, black: 60◦–90◦. b,c, Differences between the observed and predicted (model C)
directions and times in a. d, Differences in fast directions between the crust and uppermost mantle. e, Differences in fast directions between the
uppermost mantle and the asthenosphere in model C.
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in Cascadia, there is a distinct region with fast directions nearly
parallel to the northeast-directed subduction of the Juan de
Fuca plate (Fig. 1a). There is only weak directional agreement
between the uppermost mantle and asthenospheric fast directions
(Fig. 4e), but agreement is best where shear velocities are slow
(that is, hot) and the lithosphere is thinnest. Uppermost mantle
anisotropy in cool (that is, fast) regions may be ‘frozen-in’, whereas
anisotropy inwarm regionsmay continue to evolve with the current
sub-crustal deformation.

Numerous studies have used shear wave splitting measurements
to infer sub-lithospheric flow beneath the western US (refs 3–6,
8,9). The spatial pattern of broad-scale asthenospheric anisotropy
in model C reconciles earlier studies that have suggested that
sub-lithospheric anisotropy is induced by absolute plate motions7
or the subduction of the Juan de Fuca and Farallon slabs4,6,8, as
spatially dependent correlations between absolute plate motions
and expected subduction induced anisotropy are both observed in
model C. In addition, the observation of fast directions parallel
to the San Andreas fault in the uppermost mantle is consistent
with the deformation direction induced by simple shear25. East–
west asthenospheric fast directions in this area, in contrast,
suggest that plate interaction deformation does not penetrate to
asthenospheric depths similar to previous SKS splitting studies near
the San Andreas fault2,5.

The observed disagreement between the strength, geometry and
geological coherence of anisotropy in the crust and uppermost
mantle acrossmuch of the westernUS presents prima facie evidence
against amodel of simplemechanical coupling between these layers,
which has been suggested for regions of thicker lithosphere26. Our
model, therefore, presents new constraints on strain partitioning
within the crust and upper mantle and on geodynamical models
of deformation within and beneath the lithosphere. It must be
acknowledged, however, that application of these constraints, at
least in the near term, will be impeded by ignorance of the crustal
minerals that cause the anisotropy as well as incomplete knowledge
of their anisotropic properties.

Methods
Uncertainty of azimuthal anisotropy based on Eikonal tomography. Ref. 17
discusses the estimation of uncertainty for the two anisotropic dispersion
parameters (period dependent fast axis direction and amplitude) shown, for
example, in Fig. 2d,e. To prevent underestimation of uncertainties, two additional
uncertainty scaling schemes are applied. First, the reduced chi-squared value of
the best fitting 2-psi curve (for example, green dashed line in Fig. 1b–g), χ2−psi

2, is
used to scale the uncertainty of both parameters by λ= exp(χ2−psi

2/6). The effect
is to scale up uncertainties at periods where data misfit is large. Second, if the
anisotropy amplitude, c , is less than 0.75% we scale the fast direction uncertainty
by λ= 8.5–10c , which acts to diminish the effect of fast direction measurements
where amplitudes are small in the ensuing inversion. Supplementary Fig. S1e,f
demonstrates that this approach yields measurement uncertainties consistent with
the differences between ambient noise and earthquake tomography, although
perhaps slightly underestimated.

Weakly anisotropic medium. For a weak anisotropic medium, there are 13
independent elastic moduli that determine surface wave observables: the five Love
parameters (A, C, F, L and N) that define a transversely isotropic medium (for
a transversely isotropic medium: A= ρVPH

2, N = ρVSH
2, L= ρVSV

2, where ρ is
density) and six 2-psi (Bc,s, Gc,s, andHc,s) and two 4-psi (Ec,s) azimuthal anisotropy
parameters7,21 (subscripts c and s indicate cosine and sine terms, respectively).
In principle, the Love parameters can be determined by a constrained joint
inversion of Love and Rayleigh wave isotropic dispersion curves10. The remaining
eight azimuthal anisotropy parameters are required to explain the directionally
dependent phase velocity measurements.

Inversion of anisotropic dispersion curves. We invert the anisotropic dispersion
curves at each location for a 3D azimuthally anisotropic shear velocity model of
the crust and uppermost mantle. First, we follow the method of ref. 10 to construct
a reference isotropic model represented by four crustal layers and five B-splines in
the upper mantle. Second, we introduce azimuthal anisotropy perturbations to the
isotropic model to fit the anisotropic dispersion curves observed at each location.
Most observed anisotropic dispersion curves fit well to a two-layer anisotropic

model (Fig. 2d,e; Supplementary Fig. S2) in which azimuthal anisotropy is
introduced in the middle-to-lower crust and in the uppermost mantle. Anisotropy
in each layer is vertically constant but laterally variable.

Only the anisotropic shear moduli Gc,s are explicitly estimated in the
inversion. The moduli Hc,s and Ec,s are not included because their effects on
Rayleigh wave phase velocities are negligible based on empirical mineral models21
and the non-existence of 4-psi anisotropy in our directionally dependent phase
velocity measurements (for example, Fig. 1b–g). The sensitivities of Rayleigh
wave anisotropic dispersion measurements to Gc,s and the compressional moduli
Bc,s are identical to the sensitivities of isotropic Rayleigh wave dispersion curves
to the Love parameters L and A (ref. 21), respectively. The ratios Gc,s/L and
Bc,s/A are associated with azimuthal variations of horizontally propagating body
wave speeds VSV and VPH, respectively. Although our surface wave anisotropy
measurements are roughly three times more sensitive to Gc,s/L than Bc,s/A
(Supplementary Fig. S7), there is a formal tradeoff between the two that prevents
estimating them independently. Therefore, in estimating Gc,s, we impose the
relationship Bc,s/A=Gc,s/L. This is based on studies of olivine-21 as well as mica-
and amphibole-rich crustal rocks20 that indicate that Gc,s and Bc,s may have similar
fast and slow directions and that the ratios Bc,s/A and Gc,s/L are also similar. This
approach is identical to fixing the ratio VPH/VSV for body waves propagating in
different azimuthal directions. This choice has no effect on the inferred anisotropic
fast directions, but reasonable variations in the scaling between Gc,s/L and Bc,s/A
would affect the amplitude of anisotropy.

Uppermost mantle thickness and asthenospheric anisotropy parameters. To
determine model B, we minimized the SKS misfit (defined in Supplementary
Methods) with three free parameters: uppermost mantle thickness, asthenospheric
splitting strength, and asthenospheric fast direction, which are constant across
the entire region. The crustal and uppermost mantle anisotropic parameters
constrained by surface wave data are fixed in the inversion. The misfit is minimized
for an 80-km-thick uppermost mantle and an asthenospheric layer with 0.8 s
splitting strength and 15◦ north of east fast direction.

To ensure only smooth lateral variations of asthenospheric fast directions
in model C, we first fix the uppermost mantle thickness and asthenopheric
splitting strength based on model B. For each location we then minimize the misfit
between the predicted and observed SKS measurements within a radius of 300 km
by assuming a constant fast direction in the asthenospheric layer. The tradeoff
between splitting strength in the asthenospheric layer and the thickness of the
uppermost mantle layer increases the difficulty of investigating the spatial variation
of these two parameters. This smoothing process effectively weights down the effect
of small-scale variations in the SKSmeasurements.

Received 15 April 2010; accepted 12 November 2010;
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