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We present the results of a joint inversion of long period seismic waveforms and SKS splitting measurements
for 3D lateral variations of anisotropy in the upper mantle beneath the western US, incorporating recent
datasets generated by the USArray deployment as well as other permanent and temporary stations in the
region. We find that shallow azimuthal anisotropy closely reflects plate motion generated shear in the
asthenosphere in the shallow upper mantle (70–150 km depth), whereas at depths greater than 150 km, it is
dominated by northward and upward flow associated with the extension of the East Pacific Rise under the
continent, constrained to the east by the western edge of the North American craton, and to the north, by the
presence of the East–West trending subduction zone. In particular, the depth-integrated effects of this
anisotropy explain the apparent circular pattern of SKS splitting measurements observed in Nevada without
the need to invoke any local anomalous structures.
).

ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Various seismological approaches have been developed over the
last 30 years to infer patterns of seismic anisotropy in the earth's
mantle and provide constraints on past and present deformation
processes. In particular, the analysis of SKS splitting measurements
has been particularly useful for the study of upper mantle anisotropy
(Fouch and Rondenay, 2006; Fouch et al., 2000; Levin et al., 1999;
Savage, 1999; Silver, 1996; Silver and Chan, 1991; Vinnik et al., 1989).
In the western US, such studies have revealed complex patterns of
anisotropy (e.g., Currie et al., 2004; Davis, 2003; Fox and Sheehan,
2005; Gok et al., 2003; Hartog and Schwartz, 2000; Liu et al., 1994;
Polet and Kanamori, 2002; Russo, 2009; Savage, 2002; Savage and
Sheehan, 2000; Schutt et al., 1998; Waite et al., 2005; Walker et al.,
2004; Wang et al., 2008; West et al., 2009; Xue and Allen, 2006),
reflecting a strong correlation with the tectonic history of the region
(e.g. Burchfiel et al., 1992), including subduction, passive rifting,
transcurrent boundary deformation and intensive extension (Fig. 1).

The recent deployment of the Transportable Array (TA) of
EarthScope, as well as several other temporary broadband networks
in the western US, have provided the opportunity to measure SKS
splitting at a significantly larger number of locations in the region
thanwas previously possible. Combinedwith previously available SKS
splitting data, these measurements have revealed an intriguing
apparent “circular” pattern in the distribution of fast axis directions
and amplitude of anisotropy, centered in south-central Nevada, with
vanishing strength in the center of the pattern (Eakin et al., 2010; Liu,
2009; Savage and Sheehan, 2000; Schutt and Humphreys, 2001; West
et al., 2009). In addition to the circular SKS splitting pattern, large
splitting times (~2 s) are observed beneath Oregon andwestern Idaho
(Long et al., 2009; Xue and Allen, 2006), much larger than the 1 s
global continent average (Silver, 1996). Interestingly, some recent
regional body wave tomographic studies also show the presence of a
fast velocity anomaly extending into the transition zone, beneath the
Cascades and High Lava Plains (e.g., Burdick et al., 2009; Sigloch et al.,
2008; van der Lee and Nolet, 1997; Xue and Allen, 2007). Various
geodynamic models have been proposed to address the mantle flow
associated with these features, including: 1) initial impinging of an
active upwelling into the lithosphere in the Basin and Range province
(Savage and Sheehan, 2000; Walker et al., 2004); 2) toroidal flow
around the southern edge of the sinking Gorda–Juan de Fuca plate,
associated with its retreating and the creation of a slab window
(Zandt and Humphreys, 2008); and 3) asthenospheric flow associated
with a sinking lithospheric instability (or “drip”) in the center of the
Basin and Range (West et al., 2009).

While providing improved lateral resolution, the SKS dataset by
itself lacks the depth resolution necessary to constrain the 3D pattern
of anisotropy in the upper mantle, even though the necessity of
introducing several layers of anisotropy in the upper mantle to
explain SKS splitting data has been demonstrated (e.g., Levin et al.,
1999; Özalaybey and Savage, 1994; Silver and Savage, 1994; Yuan
et al., 2008). Therefore, we have performed a combined inversion of
long period fundamental mode and overtone surface waveforms and
SKS splitting data for anisotropic shear velocity structure in the upper
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Fig. 1. Tectonic setting and physiographic provinces of the western US. Labels follow
Burchfiel et al. (1992): OM,OlympicMountains;OCT, OregonCoast Ranges; CRP, Columbia
River Plateau; BB, Belt Basin; IB, Idaho Batholith; HLP, High Lava Plains; ESRP, Eastern
SnakeRiver Plain, BH, BlackHills; CP, ColoradoPlateau;RGRRioGrandeRift; TR, Transverse
Ranges; and PR, Peninsular Ranges. Red line demarcates the boundary between the Pacific
Plate and the North American (NA), Gorda and Juan de Fuca plates. The thick gray dashed
line is theRockyMountainFront. The two thingray lines are theSevier Thrust andFoldbelt,
and the Strontium isotope ratio 0.706 line, which, respectively, mark the eastern and
western boundaries of the Precambrian passive margin of the continent (Burchfiel et al.,
1992). The locations of depth cross-sections AA′ to DD′ discussed in the text are shown as
blue lines.
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mantle over the North American continent. Our complete model
(Yuan and Romanowicz, 2010; Yuan et al., in revision) includes 3D
isotropic shear velocity (Vs) structure, radial anisotropy, described by
the parameter ξ=(Vsh/Vsv)2, and azimuthal anisotropy.We focus here
specifically on the 3D distribution of azimuthal anisotropy and on the
tectonic provinces west of the Rocky Mountain Front, where the
USArray Transportable Array (TA) provides the most dense station
coverage for both surface waveform and SKS measurements in the
whole continent. In particular, we show that the apparent circular
pattern in SKS splitting in Nevada can be explained simply by a depth
dependent anisotropic structure in the upper mantle, expressing the
rapid transition from shear dominated by the North American plate
motion (NA) in the east, to shear dominated by Pacific plate motion
(PAC) in the west, in the presence of the sinking Juan de Fuca plate in
the north, and the northward extension of the East Pacific Rise (EPR)
in the south.
2. Azimuthal anisotropic tomographic inversion

Our inversion follows the methodology described in Marone and
Romanowicz (2007) and Marone et al. (2007) (from here on referred
to as MR07). As in MR07, the tomographic waveform inversion is cast
in the framework of non-linear asymptotic normal mode coupling
theory (NACT, Li and Romanowicz, 1995) which takes into account
coupling across mode branches, thus allowing us to represent the
body wave character of overtones by means of 2D finite frequency
kernels in the vertical plane containing source and receiver. In what
follows, we describe the dataset used, the model parameterization
and the key steps of our inversion procedure. More details on our
azimuthal anisotropy tomography method are found in our compan-
ion papers (Yuan and Romanowicz, 2010; Yuan et al., in revision).
2.1. Joint inversion with SKS splitting measurements

Assuming weak anisotropy with a horizontal fast symmetry axis
and long enough period of the SKS waves (i.e., N10 s), we can express
the station-averaged SKS splitting measurements (apparent splitting
time δt and fast axis direction ψ) as a function of elastic parameters as
(e.g., Marone and Romanowicz, 2007; Montagner et al., 2000):

δt sin 2ψ = ∫
a

0

1
V0
s zð ÞL0 zð ÞGs θ;φ; zð Þdz ð1Þ

δt cos 2ψ = ∫
a

0

1
V0
s zð ÞL0 zð ÞGc θ;φ; zð Þdz ð2Þ

where a is the Earth radius, and θ,φ,z describe the position in the
spherical Earth. L=ρVSV

2 , where ρ is density, is one of the five Love
parameters (A, C, F, L, and N; Love, 1927). VS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2L + NÞ= ð3ρÞp
is

isotropic S-velocity. The two azimuthal anisotropy terms, Gs=Gsin
(2ψG)and Gc=Gcos(2ψG), depend on the local anisotropy strength G

and fast axis direction ψG at a point (θ,φ,z) with G =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2
s + G2

c

q
and

ψG = 1
2 arctan Gs

.
Gc

� �
(Montagner and Nataf, 1986; Montagner et al.,

2000). We substitute L in the original derivation (Montagner et al.,
2000) with L0 assuming weak anisotropy. Superscript 0 refers to the
parameters of the one-dimensional reference model.

Eqs. (1) and (2) set up an inversion problem for the two azimuthal
anisotropy parameters Gs and Gc using the SKS splitting data (δt and
ψ). Parameters Gs and Gc can also be retrieved from surface waveform
inversion (e.g. Marone and Romanowicz, 2007; Yuan et al., in
revision). Eqs. (1) and (2) and the fact that the waveforms and SKS
splitting data are sensitive to the same parameters Gc and Gs allow us
to combine the two datasets and set up a joint inversion for Gs and Gc.

Eqs. (1) and (2) can be rearranged as

δt =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∫a

0

1
V0
s zð ÞL0 zð ÞGs θ;φ; zð Þdz

� �2
+ ∫a

0

1
V0
s zð ÞL0 zð ÞGc θ;φ; zð Þdz

� �2
s

ð3Þ

tan 2ψ =
∫a
0

1
V0
s zð ÞL0 zð ÞGs θ;φ; zð Þdz

∫a
0

1
V0
s zð ÞL0 zð ÞGc θ;φ; zð Þdz

ð4Þ

Using Eqs. (3) and (4) the predicted SKS splitting parameters, δt
and ψ can be computed by integrating the inverted Gs and Gc over
depth (Vs

0 and L0 are known from the 1D reference model).
To be valid, the formalism of Montagner et al. (2000) requires that

the dominant period of SKS measurements be greater than ~10 s,
which is in general the case in studies that contribute to our SKS
compilation. As a first order approximation, the formalism here does
not include finite frequency effects on the SKS measurements (e.g.,
Favier and Chevrot, 2003; Rümpker et al., 1999; Sieminski et al.,
2008). Long and Silver (2009) discuss the frequency dependence of
splitting measurements in the presence of multiple layers of
anisotropy, and point out that higher frequency measurements are
generally biased towards near surface layers. Inspecting finite
frequency kernel effects for the SKS measurements may become
useful when moving to higher resolution in our inversion.

δt and ψ given by Eqs. (3) and (4) predict apparent splitting
parameters, which represent the integrated effects of shear wave
splitting through a depth dependent (e.g., multiple-layer) anisotropic
domain. Our dataset of station-averaged SKS is a compilation from
recent studies by several groups (Courtier et al., 2010; Eakin et al.,
2010; Frederiksen et al., 2006; Liu, 2009;West et al., 2009) thus we do
not possess details of how the station averages were performed. In
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general, such stations averages are obtained using an error surface
stacking method (e.g., Wolfe and Silver, 1998; Yuan et al., 2008) from
individual events which should include measurements over a wide
range of back-azimuths, so that the station averages are good
representations of the apparent splitting at the earth's surface.

Strong back-azimuth dependence is reported from individual SKS
measurements in the western US (e.g., Liu et al., 1994; Özalaybey and
Savage, 1995; Polet and Kanamori, 2002), suggesting the existence of
multiple layers or dipping anisotropy. Our inversion method could be
modified to incorporate Individual measurements. We consider
station‐averaged rather than individual SKS measurements, however,
to avoid contamination by the possible presence of anisotropy outside
of our model space (e.g. the core–mantle boundary region; Long,
2009): by station averaging, the incoherent signal along the ray path
outside of our model region is effectively muted, while consistent
anisotropic signals from the single‐ or multiple‐layered upper mantle
structure within our model space contribute to the apparent splitting
measurements on the surface.

2.2. Data and inversion procedure

We complemented the three-component teleseismic waveform
data collection of MR07 with recent data from permanent and
temporary broadband stations in North America, in order to achieve
higher spatial resolution and improved azimuthal distribution. In
particular, owing to the uniform coverage provided by the 70-km
spacing TA stations, and earthquakes from three regions (the
Aleutians and the western Pacific, Tonga, and South America) with
abundant seismicity, we obtain excellent azimuthal coverage for the
western US (Fig. 2). Our waveform dataset now includes over 150,000
fundamental and overtone wave packets, in which three-component
seismograms from ~1100 Mw 6 to 7 teleseismic events recorded at
over 1500 stations are decomposed into individual energy packets,
which can be separately weighted in the inversion to bring out the
contribution of smaller amplitude phases (e.g., fundamental versus
overtone surface waves; Li and Romanowicz, 1995; Panning and
Romanowicz, 2006). The SKS splitting data collection of MR07 was
also complemented by more recent measurements from the literature
(Eakin et al., 2010; Liu, 2009; West et al., 2009) resulting in a total of
more than 1200 station-averaged SKS measurements.

The waveform data were low pass filtered with a cut-off period of
60 s, and corrected for the influence of structure o`utside of the region
100ο 1000ο 5000ο
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Fig. 2. Azimuthal coverage provided by minor arc source-station paths for fundamental (left
center of each 4° by 4° region show the cumulative source-station paths within 30° azimu
coverage provided by the events from the Aleutians and the western Pacific, Tonga and Sou
of study using a recent 3D radially isotropic global shear velocity
model of the upper mantle developed with the Spectral Element
Method (SEMum; Lekic and Romanowicz, 2010). Crustal corrections
were applied using the CRUST2.0 model (Bassin et al., 2000) and an
approach that takes into account the non-linearity introduced by large
variations in Moho depth (Lekic and Romanowicz, 2010).

The inversion then proceeded in two steps. The waveform data
were first inverted for 3D Vs and ξ structure in the upper mantle,
down to 1000 km, under the entire North American continent. In a
second step, the waveform dataset, corrected for the 3D Vs and ξ
structure obtained in the first step, was jointly inverted with station-
averaged SKS splitting data for 3D variations in 2-ψ azimuthal
anisotropy, using the formalism of Montagner et al. (2000) described
above. Gs and Gc are the only azimuthal anisotropy parameters
(Montagner and Nataf, 1986) that can be resolved well using long
period waveforms, given the available azimuthal distribution of data.
A relative weight is needed to take into account the scaling between
the two types of data. As shown in our previous and companion
papers (Marone and Romanowicz, 2007; Yuan and Romanowicz,
2010; Yuan et al., in revision), models obtained by adding the SKS
splitting data do not significantly change the fit to the waveforms.
Thus the optimum weight is found by picking the elbow value of the
variance reduction versusmodel norm trade-off curve for the SKS data
(e.g. Supp. Fig. 4 in Yuan and Romanowicz, 2010). As shown in the
next section, addition of SKS splitting constraints improves depth
resolution of azimuthal anisotropy at depths greater than 250 km,
without degrading the fit to the waveform data.

3. Azimuthal anisotropy inversion results

The continental scale azimuthal anisotropy model obtained is
described elsewhere (Yuan and Romanowicz, 2010; Yuan et al., in
revision). In what follows, we discuss the azimuthal anisotropy results
in the western part of the continent. We limit our discussion to the
first 500 km of the upper mantle, where our model is best resolved in
depth. Indeed, at depths from 24 km to 500 km, we are able to
parameterize the model in depth using cubic splines with spacing 30–
70 km (Fig. 3a), while the spline spacing changes to 150 km and
greater at larger depths, based on resolution tests. The lateral
parameterization of the model is in terms of an unconformal spherical
spline mesh (Wang and Dahlen, 1995) with a mesh for Vs
corresponding to lateral resolution of about 250 km and a mesh for
100ο 1000ο 5000ο

Z-component Overtones

50ο

40ο

30ο

W120ο W110ο W100ο

) and high mode (right) waveforms for the vertical component. Blue bars plotted at the
thal bins. The scale is logarithmic. Note in majority of the nodes the wide azimuthal
th America.



Fig. 3. Model parameterization for our inversion. (a) Vertical cubic splines used in this study (blue) and in MR07 (dashed green). Note the finer spatial resolution in our inversions
allowed by the inclusion of the TA data. (b) “Level 5” spherical spline nodes (green and blue dots) with 4° spacing, corresponding to the resolution of a degree 48 spherical harmonics
model. “Level 4” nodes (corresponding to 8° spacing and a degree 24 spherical harmonics model) used in MR07 are shown as green dots only for comparison. Blue line is the location
of depth profile EE′ for the resolution test in Figure 4. Red line is the vertical symmetry plane for forming the input model in our resolution test (see details in text).
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radial and azimuthal anisotropy corresponding to lateral resolution of
about 450 km (Fig. 3b). The parameters are parameterized vertically
in terms of B-splines (Fig. 3a; Mégnin and Romanowicz, 2000).

3.1. Resolution

A series of resolution tests are presented in the companion papers to
show the robustness of our joint tomographic inversions for the 3-D
North American upper mantle isotropic and anisotropic structure.
Checkerboard-like structure (e.g. in Yuan and Romanowicz, 2010) and
more realistic synthetic models, which are taken and modified from our
inverted models and therefore have broader spectrum of velocity
heterogeneities (e.g. Nettles and Dziewoński, 2008), are tested using
the model resolution matrix (Menke, 1989). The recovered models are
suitable to address the resolution power of the current dataset and the
effects of the applied damping scheme (e.g. Marone et al., 2007).
Specifically for the azimuthal anisotropy inversion, our tests showthat, 1)
we are able to accurately recover the distribution of fast axis directions of
azimuthal anisotropy down to the transition zone; 2) the azimuthal
anisotropy strength is systematically underestimated at larger depths
(N200 km), particularly so when inverting waveforms only; 3) the
recoveryof azimuthal anisotropyamplitudeat depths larger than200 km
is improved by the addition of constraints from the SKS dataset (Marone
et al., 2007; Yuan and Romanowicz, 2010; Yuan et al., in revision).

In Figure 4 we show an example of a resolution test along a depth
cross-section EE′, which runs diagonally through our western US
model region. The input model is modified from our inverted model
using both the waveform and SKS data sets. To form the input model,
the inverted model is spatially flipped by symmetry with respect to a
vertical plane to avoid possible bias introduced by the current data
distribution (see also Supp. Figs. 8 and 9 in Yuan and Romanowicz
(2010)). The recovered models, particularly for the inversion which
includes the SKS dataset, can accurately recover the 3D distribution of
fast axis directions of azimuthal anisotropy down to the transition
zone. Figure 4 also shows that the inversions with and without the
SKS dataset (middle and bottom panels in Fig. 4) yield similar
anisotropic structures in the upper 200 km for both amplitude and
fast axis direction distribution. Below 200 km, anisotropy strength is
better recovered from the inversion that includes the SKS dataset,
while the directions do not change much whether or not the SKS
dataset is included. The stability of the direction recovered below
200 km suggests that the two datasets are compatible, as also found at
the global scale (Wüstefeld et al., 2009), and that the enhanced
anisotropy strength below 200 km (middle right panel in Fig. 4) when
SKS data are included is not an artifact.

3.2. Azimuthal anisotropy patterns in the Western US upper mantle

Figure 5 shows maps of lateral variations in azimuthal anisotropy at
different depths in the upper mantle. In Figure 6, we present several
East–West depth cross-sections in Vs and azimuthal anisotropy across
the region of study. Several spatial domains can be distinguished. First,
the Rocky Mountain Front (RMF) marks a sharp boundary between, to
the east, the North American craton with thick lithosphere (200–
250 km), and, to the west, a domain with thin lithosphere (50–80 km),
as determined from receiver function studies (Abt et al., 2010; Li et al.,
2007) as well as from our isotropic Vs and ξ inversion (Yuan et al., in
revision). Under the craton, weak azimuthal anisotropy is present in the
lithosphere, markedly changing in direction and strength at the
lithosphere–asthenosphere boundary (LAB) (Yuan and Romanowicz,
2010). Azimuthal anisotropy is stronger at depths greater than 200 km,
peaking around 250 km (e.g., Fig. 4) with a NE–SW fast axis direction
parallel to the North American absolute plate motion (NA APM; Gripp
andGordon, 2002). Patterns of anisotropy in theNA cratonuppermantle
are described in more detail in Yuan and Romanowicz (2010), and we
will not discuss them further here.

West of the RMF, results are shown at and below 70 km, and
correspond to asthenospheric depths. Several domains can be
distinguished. At the southwest corner of the region considered,
under the Pacific Plate and west of the San Andreas Fault, the fast axis
direction is parallel to the Pacific Plate APM throughout the depth
domain considered, and the strength of anisotropy peaks in the depth
range of 150–200 km. In the region between the craton and the Pacific
ocean, and from north to south, anisotropy is strong at shallow depths
(70–100 km), with a NE–SWpointing fast axis direction, quasi parallel
to both the NA and Juan de Fuca/Gorda plate APM, and decreases with
depth, reaching a minimum around 150 km depth. It appears that, at
shallow depth in the western US, the azimuthal anisotropy pattern
reveals strong shear associated with coupling between the astheno-
sphere and lithosphere in the NA and Juan de Fuca (JdF) plates on the



Fig. 4. Resolution test for azimuthal anisotropy direction and strength along depth profile EE′, which runs diagonally across ourmodel region (Fig. 3).We consider as inputmodel, the
3D azimuthal anisotropy model obtained from our joint inversion, andmodified by flipping its lateral structure with respect to a vertical symmetry plane (indicated by the red line in
Fig. 3) to avoid possible bias introduced by current data distribution. The output models are obtained by multiplying the input model by the respective resolution matrices
corresponding to joint inversion with SKS splitting data and inversion using waveforms only. Top panels: Input distribution of fast axis direction (left) and strength (right). Middle
panels: Recovered fast axis direction (left) and strength (right) from the model obtained from joint inversion of waveforms and SKS splitting data. Bottom panels: recovered fast axis
direction (left) and strength (right) for the model obtained using waveform data only. In the left panels, the color indicates direction of the fast axis. The fast axis direction of the
input model is well recovered in both models, whereas the strength of anisotropy is poorly recovered below 200 km when only waveforms are inverted, as we have previously
observed (e.g. Marone and Romanowicz, 2007; Yuan and Romanowicz, 2010). At depths greater than 500 km (not shown), depth resolution is poor in all cases, resulting in smearing
of features with depth.
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eastern side, and in the PAC plate on the western side of the PAC/NA/
JdF plate boundaries. The 150 km depth marks a large scale transition
in the anisotropy direction. At this depth under Oregon, Nevada, and
Fig. 5. Azimuthal anisotropy variations with depth. Black bars indicate the fast axis direction
show the absolute plate motion (APM) directions of the North American, JdF, and the Pacific
and Gordon, 2002). Thick green line is the Rocky Mountain Front. Physiographic provinces
much of California, the fast axis direction takes on an intermediate
East–West direction between the NA and PAC APMs, as seen in many
other studies (e.g., Becker et al., 2006; Beghein et al., 2010; Lin et al.,
and the bar length is proportional to the anisotropy strength. Blue, green and red arrows
plates, respectively, computed at each location using the HS3-NUVEL 1A model (Gripp
are outlined in cyan as in Fig. 1.

image of Fig.�4
image of Fig.�5


Fig. 6. Depth cross-sections of azimuthal anisotropy compared with variations in Vs along East–West cross-sections shown in Figure 1: (a) AA′, (b) BB′, (c) CC′, (d) DD′. For each
cross-section, the top and bottom panels show the azimuthal anisotropy and isotropic velocity, respectively, with each their own color scale, as given (d). For anisotropy, the color
indicates the direction of the fast axis. The LAB estimated from the location of the maximum gradient with depth of Vs and ξ is shown as the thick dashed black line. Note that due to
the 180° ambiguity, the east and west pointing fast axis directions are equivalent (dark red). Physiographic provinces are indicated at the top of each cross section following Figure 1.
The two arrows indicate the location of the Sevier Fold and Thrust belt (left) and Rocky Mountain Front (Right), respectively. We present results for depths greater than 50 km as
resolution is poor at shallow depths. In (a) (b) and (c), the coincident location of fast velocities and East–West trending anisotropy aremarked as “slab”. Cross section DD′ (d) is south
of the termination of the fast velocity feature in the transition zone. In DD′, the East–West trending anisotropy region is very narrow, indicating that the influence of the slab-like
feature extends south beyond its termination. The fast velocity region seen further east in the Vs cross-section is found in many tomographic models and is attributed to the lost
Farallon slab. It is not directly connected to the feature seen at similar depths in (a) (b) (c).

390 H. Yuan, B. Romanowicz / Earth and Planetary Science Letters 300 (2010) 385–394
2009; Silver and Holt, 2002; Yang and Forsyth, 2006; Zhang et al.,
2009).

Below 150 km, the anisotropy becomes stronger again, first under
Oregon and Washington (200 km) and somewhat deeper under the
Basin and Range (250 km), and the fast axis has rotated to a direction
quasi parallel to the Pacific Plate APM, almost orthogonal to the NA APM.
A region of N–S oriented fast axis appears at 250 km depth under the
Colorado Plateau and southern Basin and Range, peaking in strength
between250 and350 km,while an East–West orienteddomain begins at
250 km depth under Oregon andWashington states, peaking in strength
at 400 km. This region coincides laterally and in depth with the location
of a fast Vs anomaly that has been associated with the presence of the
subducted Juan de Fuca plate (e.g., Xue and Allen, 2007). Indeed, as
revealed by our isotropic velocity model (Fig. 6a–c and Yuan et al., in
revision) andmany other tomographic studies, high velocities are found
beneath the Cascades and the High Lava Plains at depths below 200 km,
and extend to transition zone depths beneath the Basin and Range. The
on-going Juan de Fuca subduction and the subducted Farallon slab are
likely responsible for the high velocity anomalies. While our lateral
resolution is insufficient to detect the thin slab at depths shallower than
200 km, the slab is quite visible both in velocity and in anisotropy at
transition zone depths and just above, where it has spread laterally. The
coincidence between the E–W pointing anisotropy domain and the fast
velocities down to transition zone depths is particularly clear when
comparing depth cross-sections of Vs and azimuthal anisotropy along
East–West profiles, as shown in Figure 6a–c. The fast axis direction
remains East–West beneath the northern Cascades and the Columbia
River Plateau, and rotates slightly toWNWin theHigh LavaPlains and the
northwestern Basin and Range. Neither East–West nor WNW direction
correlates with the NA JdF and Gorda APM or the predicted NW–SW
Pacific APM (Gripp and Gordon, 2002). We note that the trend of the
Cascades in Oregon, where the JdF slab steepens dramatically (McCrory
et al., 2006; Xue and Allen, 2010), has a general North–South direction.
We suspect that the high velocity body in the transition zone is related to
the stagnant subducted JdF slab, while the East–West fast axis direction
associated with the high velocities may be due to flow around the
southern edge of the slab, as well as internal deformation within the
stacked slab segments (e.g., Schmid et al., 2002).

Also starting at a depth of ~200 km, a narrower anisotropic domain
with North–South to NNW–SSE fast axis direction is present between
the subduction system and the craton. As can be seen from depth
cross-sections shown in Figure 6, this N–S oriented fast axis domain
extends horizontally from the southern Basin and Range and the Rio
Grande rift system (−115° and −105° on DD′) to beneath the
western edge of theWyoming province (−115° to−110° on BB′), and
is associated with the broad low Vs region marking the northern
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continuation of the East Pacific Rise, as seen in both regional and
global shear velocity models (e.g., Kustowski et al., 2008; Nettles and
Dziewoński, 2008; Panning and Romanowicz, 2006), as well as a
region of radial anisotropy with ξb1 (Yuan et al., in revision),
indicative of the presence of a vertical component of shear. This
northerly pointing direction rotates more to NW–SE along the Sevier
Thrust and Fold belt beneath the northeastern Basin and Range,
following the shape of the western edge of the North American craton,
and rotates to East–West beneath the Snake River Plain and the High
Lava plains, as described above. We suggest that the overall pattern of
anisotropy at depths greater than 150 km is controlled by flow
moving northward and up from the East Pacific Rise (EPR), guided by
the southwestern border of the craton, in the southern US and by the
presence of the slab stagnating in the transition zone in the
northwestern US as mentioned above. Several large scale azimuthal
anisotropy studies observe this generally North–South to NNW–SSE
direction fast axis at 200 km in the region (Maggi et al., 2006;
Montagner, 2002; Smith et al., 2004). Interestingly, this is also in
agreement with the northward component of the deep flow from
independent geodynamic modeling based on isotropic tomographic
models (e.g., Forte et al., 2010).

4. Depth dependent SKS splitting: the circular pattern and large
splitting times

As described above, we find a strongly depth dependent azimuthal
anisotropy pattern in the western US, with orientation of the fast axis
ed
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depth range of the azimuthal anisotropy models, (b) and (e): the top 150 km of the model
controlled by plate motion related lithosphere–asthenosphere cou-
pling at depths shallower than 150 km, and other processes at greater
depths, likely representing the channeling of deep flow from the EPR
constrained by the presence of the craton margin to the west and
subducted slabs to the north. We infer that all these features
combined significantly contribute to the circular pattern and large
splitting times of the SKS splitting observations.

Indeed, the SKS splitting predictions from our inverted model
successfully predict the circular splitting measurement pattern
(Fig. 7a). Integrating different depth portions of our model shows
that the circular pattern is best reproduced by integrating the
azimuthal anisotropy model over the full upper mantle depth range.
In Figure 7b, we plot the SKS predictions from the top 150 km of our
model. The predicted splitting directions are to first order parallel to
the NA APM inmost of the western US and to the PAC APM offshore. It
is thus clear that this shallow depth anisotropy domain contributes to
the NA APM parallel (NE–SW) component of the surface SKS circular
pattern. This portion of the model provides about 34% variance
reduction. The deeper anisotropy domain (150–500 km, Fig. 7c)
contributes a significant northward apparent splitting direction in the
southern Basin and Range and along the Colorado Plateau. Under
southern and central California, the predicted apparent splitting has a
NW–SE direction, perpendicular to that seen at shallow depth, and
close to the Pacific Plate APM. The NW–SE direction beneath the
northeastern Basin and Range and southern and central California
thus contributes to the NW–SE component of the circular pattern seen
in the SKS splitting. Variance reduction from the deeper portion of the
f
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cate observed station-averaged SKS splitting measurements and are shown in the left
zimuthal anisotropy model obtained from joint inversion of long period waveforms and
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s, (c) and (f): the portion of the model between 150 and 500 km, respectively.
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model is 47%. Integrated over the full upper mantle depth range, our
model predicts the circular pattern from the surface SKS measure-
ments quite well (Fig. 7a) with a 58% variance reduction.We conclude
that the circular pattern results from the combined effects of strong
plate shear and varying depth dependent asthenospheric anisotropy
in the western US, and their interaction with the craton boundary.
Note that the smallest splitting times predicted by our model are in
the central and southwest part of the Basin and Range province,
consistent with the SKS splitting observations (Eakin et al., 2010; Liu,
2009; West et al., 2009).

Another important feature of the SKS measurements in the
northwestern US region is the large measured splitting times. Xue
and Allen (2006) observe a rotation of the splitting directions along a
linear array from NW–SE in northwestern Oregon to East–West in
southeastern Oregon, with an average of 1.65 s splitting time. From
much denser 2D array stations, Long et al. (2009) see a similar change
of splitting directions from central to eastern Oregon and western
Idaho. Their measurements give an average of 2.0 s splitting time for
the stations in the High Lava Plains. Strong mantle flow in the
asthenosphere, presence of hydrous rocks in the upper mantle
(Karato et al., 2008), and shape preferred orientation of partial melt,
have been proposed to explain the anomalously large splitting times
(Long et al., 2009). Our azimuthal anisotropy model predicts large
splitting times and changes of the splitting directions in this region
consistent with these previous studies (Fig. 7a). Interestingly
Figure 7b indicates that the NE–SW North American APM parallel
splitting direction originates most likely in the shallow portion of the
upper mantle, due to the coupling between the upper plates (NA and
Juan de Fuca, respectively) and the underlying shallow astheno-
sphere. Beneath Oregon and west Idaho in Figure 7c, significant East–
West directed anisotropy, possibly representing a combined effect of:
1) edge flow along the craton southwestern margin at ~150 km
depth; 2) the return flow due to the slab rollback at shallow depth;
and 3) anisotropy fabrics in the stacked subducted slab segments (e.g.,
Schmid et al., 2002), contributes coherently to the East–West
direction in the SKS splitting. The combination of both shallow and
deep anisotropy thus can explain the large splitting times.

5. Comparison with MR07 model

Our new azimuthal anisotropy model of the western US shows
large scale features that are generally consistent with those of our
previous study (e.g. Fig. 1a–c in MR07). Some shorter wavelength
features are present. In particular, below 100 km, the new model
shows a significant transition from directions associated with plate
motions at shallow depth to north and NNW fast axis direction in the
southwestern US. East–West fast axis direction is found at 150 km
under most of the Basin and Range and below 250 beneath the High
Lava Plains. The new features are robust and a consequence of the
significantly larger dataset available in the present study, allowing
improved resolution.

Indeed, MR07 was obtained before the TA deployment. A total
number of 45,000 surface waveform packets and a compilation of
~400 station-averaged SKS measurements were used in the inversion.
The model was parameterized laterally in “level 4” spherical splines
(8° spacing; corresponding to a degree 24 spherical harmonics
model), and vertically in irregularly spaced 16 cubic splines (Fig. 3).
The depth spline spacing in depth above the transition zone is ~100–
150 km. As shown in Section 2, in the current inversion we are able to
triple the amount of waveform and SKS data, and thus reach higher
resolution both laterally and vertically (now at ~450 km spacing of
spherical splines, corresponding to a degree 48 spherical harmonics
model, and 30–70 km spacing of vertical splines; see Fig. 3). The
increased lateral and vertical resolution has allowed shorter wave
length features in our azimuthal anisotropy model, especially in the
most data-rich western US region. Close inspection shows that, the
largest difference between the two models occurs in the Colorado
Plateau and the southern Basin and Range, i.e. regions transitioning
from the active western US region into the stable craton. While in
model MR07, the signature of the craton spills over to the Colorado
Plateau due to the long wavelength spherical splines used in that
inversion, the smoothing effect is reduced in our higher resolution
new inversion. Our resolution tests in Figure 4 and Supp. Figure 6–10
in (Yuan and Romanowicz, 2010) show that our current model
resolves structures with ~450 km lateral wavelength and fast axis
direction changes within ~30–40 km in depth. Thus we conclude
these structural differences with MR07 are robust, and are attributed
to the finer spatial resolution enabled by the new dataset.

The robustness of newly added features is also supported by
higher variance reduction of the SKS data using our new model. The
circular pattern in the SKS splittingmeasurements is well predicted by
the new model (Fig. 7), which can explain 58% variance of the newly
compiled SKS dataset, while the MR07 model can only explain 41% of
these data. We do not expect to explain much more of the variance in
the splitting data, because our model parameterization is still smooth
compared to the sampling provided by the dense USArray deploy-
ment. Accordingly, Figure 7a shows our model does not predict the
large apparent splitting times along the western boundary of the
Colorado Plateau, the Sevier thrust and fold belt in Utah (Fig. 1),
where very rapid lateral changes at (b100 km scale) in seismic
velocities and shear wave splitting fast axis directions have been
reported (Sine et al., 2008; Wang et al., 2008). This sharp boundary in
seismic velocity and fast axis direction change is beyond our current
resolution.

6. Discussion and conclusions

Results of synthetic tests presented in Figure 4 show that the depth
dependence of azimuthal anisotropy described here is well resolved
by the data and our inversion procedure. In particular, the joint
inversion of waveform data and SKS splitting data is essential to
recover the strength of azimuthal anisotropy at depths greater than
200 km and provides a more symmetric and uni-modal distribution of
residuals in both fast axis direction and strength of anisotropy, than
for the model based only on waveform inversion, as shown in Figure 8.

Since our long period waveform dataset does not have much
sensitivity to crustal anisotropy, we do not invert for anisotropy at
depths shallower than 24 km (the Moho depth in our reference 1D
model), and only consider azimuthal anisotropy in the upper mantle.
Shorter period azimuthal anisotropy studies (Beghein et al., 2010; Lin
et al., 2009) reveal strong azimuthal anisotropy in the crust, likely
reflecting strongly deformed crust and shallow upper mantle due to
the Cenozoic Basin and Range extension (e.g., Jones et al., 1992;
Moschetti et al., 2010). However, crustal thicknesses are smaller than
30 km in the region considered (e.g., Miller and Levander, 2009), and
therefore cannot contribute more than ~0.2–0.3 s to SKS splitting
times and cannot significantly affect the upper mantle structure found
here, although they likely contribute to the remaining unexplained
variance in both SKS splitting data and waveform fits.

Several azimuthal anisotropy studies usingRayleighwave data have
documented frequencydependent anisotropy in thewesternU.S. upper
mantle, indicative of strong depth dependence. These studies use only
the fundamental Rayleigh waves which have sensitivity from the crust
down to ~200 km, and most of them only show phase velocity maps at
different periods, stopping short of inverting with depth (e.g., Beghein
et al., 2010; Li et al., 2005; Yang and Forsyth, 2006; Zhang et al., 2009).
Our results in different parts of the western US are generally consistent
with these studies. Some differences are found in the details. For
example, west of the RMF, in the Colorado Rocky Mountains, Li et al.
(2005) observe a significant trend of increasing anisotropy strength
with period and suggest that the anisotropy domain beneath the
Colorado Rockies is dominated by a source deeper than 100 km depth,



Fig. 8. Comparison of SKS misfits between the observations and predictions from the
model obtained using: (a) waveforms and SKS data, jointly; (b) waveforms only. Left
panels: probability density estimates for the difference in fast axis direction; Right
panels: same for the difference in splitting time. The 1-σ region is colored in black. Note
that the misfits from the joint inversion of waveforms and SKS data are centered closer
to zero, and have a more uni-modal shape and smaller 1-σ region than those obtained
from the model based on waveforms only.
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possibly a highly anisotropic asthenosphere strongly sheared by the
NA. They also point out that their strong and consistent anisotropy at
longer periods is in contradiction to the SKS splitting measurements in
the northern Colorado Rockies, where many null measurements are
observed (Savage et al., 1996). We also observe a sharp transition
across the RMF and NA APM directed fast axis above 150 km depth
(Figs. 5 and6), consistentwith their results. At larger depths (N200 km)
however, our model shows a second anisotropy domain with North–
South directed fast axis (Fig. 5). Due to this deeper layer with nearly
orthogonal fast axis direction, the overall predicted SKS splitting times
from our model are small in this region (Fig. 7a), consistent with the
SKS splitting measurements.

The notable East–West anisotropy direction beneath Nevada and
central California at 150 km to 200 km depth beneath Oregon and
Washington is supported by geodynamic modeling, as mentioned
earlier. Silver and Holt (2002) consider a density driven eastward flow
due to the sinking of the Farallon slab on the eastern border of the
region. Becker et al. (2006) predict a similar East–West anisotropy
direction above 200 km in this region, and their model suggests it is
due to the complications of the flow field by the subducted Juan de
Fuca slab (e.g., slab rollback). Alternatively, from a plate motion
reconstruction, Zandt and Humphreys (2008) show the southern end
of the slab window may extend into central Nevada. As indicated by
the combination of North–South fast axis direction, slow velocities
and radial anisotropy with ξb1 south of the triple junction, the deep-
seated active upwelling flow from the subducted East Pacific Rise,
therefore, may be partially deflected to the east (Moucha et al., 2009)
as it reaches the base of the Colorado Plateau in eastern Basin and
Range.

Our upper mantle 3-D azimuthal anisotropy model shows strong
lateral and vertical variations throughout the western US, which
reflect complex past and present tectonic processes. To first order, the
azimuthal anisotropy orientation reflects the gradual transition from a
NA APM dominated pattern at shallow depths adjacent to the craton,
to a Pacific Plate APM dominated pattern at greater depths on the
ocean side. Our model successfully predicts the circular pattern of the
SKS splitting measurements in the western US, which results from the
depth-integrated effects of the lithosphere–asthenosphere coupling
to the NA, Pacific and JdF plates at shallow depths, and in the depth
range of 200–400 km, northward flow from the EPR channeled along
the craton edge and deflected by the JdF slab, and more generally slab
related anisotropy. With the accumulating high quality TA data,
surface wave azimuthal anisotropy combined with multiple layer SKS
splitting modeling (e.g., Levin et al., 1999; Özalaybey and Savage,
1994; Silver and Savage, 1994; Yuan et al., 2008) nowmake it possible
to resolve complex depth dependent anisotropic domains in the North
American upper mantle.
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