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New high-resolution P- and S-wave tomography of the United States upper mantle from the Pacific Coast to
the Great Plains reveals strong multi-scale heterogeneity closely correlated with tectonic and magmatic
activity. We invert teleseismic travel-time residuals from the EarthScope Transportable Array and more than
1700 additional temporary and permanent stations for 3-D velocity perturbations to a depth of 1000 km. The
inversion uses recent advances in western U.S. crust models to better isolate the mantle component of travel-
time residuals, and frequency-dependent 3-D sensitivity kernels to map travel-time residuals, measured in
multiple frequency bands, into velocity structure. In addition to separate VP and VS models, we jointly invert
the two datasets for VP/VS perturbations by imposing a smoothness constraint on the δlnVS/δlnVP field. The
joint inversion helps us identify regions where partial melt is probable. The amplitude of VP, VS, and VP/VS

variations is greatest in the upper 200 km of the mantle and the form of velocity anomalies suggests a
provincially heterogeneous lithosphere and the occurrence of widespread small-scale convection. Partially
molten mantle is inferred beneath Yellowstone and the eastern Snake River Plain (SRP), the Salton Trough,
and the Clear Lake volcanic field. The inferred depth extent of partial melt is consistent with a generally
hydrated upper mantle and elevated temperatures beneath the eastern SRP and Yellowstone. Despite
continuous subduction since the Cretaceous, the distribution of sub-lithospheric high-velocity anomalies is
dissected (similar to other recent studies). Based on our new tomography models, western U.S. geologic
history, and plate–tectonic reconstructions, we infer patchy and incomplete removal of the flat-subducting
Laramide slab and slab tearing associated with Eocene accretion in the northwestern U.S.
dt).
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1. Introduction

The western United States provides an excellent region for
advancing our understanding of mantle heterogeneity caused by
subduction (Sigloch et al., 2008), small-scale convection of the
lithosphere (Bird, 1979; Zandt et al., 2004), and plumes (Schutt and
Dueker, 2008; Smith et al., 2009) both because these processes appear
to be active there and because the seismic data are unparalleled. In
particular, the transportable array (TA) component of EarthScope's
USArray is providing a fundamental advance in data coverage,
allowing for continuous high-resolution imaging from the Pacific
coast to the western Great Plains. Seismologists have long recognized
that subduction beneath western U.S. occurs into an anomalously
low-velocity upper mantle (Romanowicz, 1979; Grand, 1994); on
average, mantle seismic velocities between 100 and 200 km depth are
among the lowest on Earth (Lebedev and van der Hilst, 2008). Imaged
within this generally low-velocity mantle are small-scale high-
velocity structures that exhibit seismic contrasts as great as that
observed between average craton and the tectonically active western
U.S. (Humphreys and Dueker, 1994). That the western U.S. upper
mantle is vigorously active is implicated by geologic study, which has
shown that the western third of the U.S. is undergoing post-Laramide
orogenic collapse with accompanying volcanism (Coney and Harms,
1984; Burchfiel et al., 1992), and it has been uplifted into one of
Earth's great plateaus. The elevated western U.S. interior is comprised
of distinctive tectonic and geomorphic provinces (Fig. 1), including
the highly extended and magmatically altered Basin and Range, the
Laramide-contracted and unextended Colorado Plateau and Rocky
Mountains, and the tilted and intact Great Plains. It appears that large
portions of the Great Plains, Rocky Mountains and Colorado Plateau
have been uplifted in part since the Laramide orogeny (Heller et al.,
2003), with evidence for uplift continuing to the present (Riihimaki et
al., 2007; Karlstrom et al., 2008). This indicates young and ongoing
mass redistribution at depth.

Ongoing transition of thewesternmost NorthAmerica platemargin
from subduction to transform (Atwater, 1970) has been used to
predict a triangular slab-free area beneathmost of the Basin and Range
and southern Rocky Mountains (Dickinson and Snyder, 1979),
although geologic evidence for complex subduction since ~80 Ma
suggests that the actual slab distribution may be more complicated
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Fig. 1. Regional geography and station map. Major geologic provinces of the western U.S. are labeled on the left map abbreviated names include the Columbia Basin (CB), Snake River
Plain–Yellowstone hotspot track (SRP–Y), Colorado Plateau (CP), and Rio Grande Rift. The right map shows the stations used only for P data (red) and stations used for both P and S
data (blue). We include TA data up to December 2009. The 0.706 Sr line (brown dotted) indicates the approximate boundary between accreted oceanic terranes to the west and
Precambrian North America to the east (from DeCelles, 2004). The location of cross-section A–A′ used for the synthetic test results in Fig. 3 is indicated.
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than that predicted by plate kinematics. In particular, the distribution
of Laramide thrust faulting and magmatism suggests flat-slab
subduction as far inboard as the Rocky Mountain Front (Bird, 1984),
and the subsequent ignimbrite flare-up of the Basin and Range is
thought to represent slab removal (Coney and Reynolds, 1977)
beneath the Basin and Range (Humphreys, 1995). Accretion of the
Siletzia ocean lithosphere ~50 Ma in the northwestern U.S. necessi-
tated slab tearing and initiation of subduction at Cascadia (Hum-
phreys, 2009). The fate and distribution of ~5000 kmof slab subducted
since 80 Ma is the subject of several recent seismic investigations
(Sigloch et al., 2008; Burdick et al., 2009; Roth et al., 2008, Tian et al.,
2009, Xue and Allen, in press).

In this paper we present new travel-time tomographymodels of 3-
D VP, VS, and VP/VS perturbations in the western U.S. upper mantle.
Use of nearly all available teleseismic body-wave data and recently
advanced crustal models results in upper mantle resolution superior
to previous efforts, and imaging of VP/VS perturbations helps identify
where properties other than temperature have a strong influence on
seismic structure.

2. Data and methodology

2.1. Travel-time data

We use relative travel-time residuals of teleseismic P and S phases
observed at 2661 seismic stations (1648 stations for S) in the western
U.S. to invert for 3-D perturbations in upper mantle VP, VS, and VP/VS

(Fig. 1). Direct P and PKP phases observed on the vertical component
are used for P-wave residuals. S-wave data are rotated to radial and
tangential components and residuals are measured for direct S
observed on the tangential component and SKS observed on the radial
component. Residual times aremeasured by cross-correlation of band-
pass-filtered waveforms in up to four Gaussian frequency bands with
center frequencies of 1, 0.5, 0.3, and0.1 Hz for P-waves and0.4, 0.1, and
0.05 Hz for S-waves. Data from short-period stations are only used for
1 Hz P residuals. In total, we use 248,000 P residuals (47% 1 Hz, 26%
0.5 Hz, 22% 0.3 Hz, and 5% 0.1 Hz) and 84,000 S residuals (6% 0.4 Hz,
52% 0.1 Hz, and 42% 0.05 Hz). We prefer to use more high-frequency
data in the inversions because these data sample the mantle over
smaller length-scales, there is dense station spacing in the region, and
residual time uncertainty increases with period. However, relatively
few high quality S arrivals are observed at 0.4 Hz. The root mean
square (RMS) values of the P and S residuals are 0.43 s and 1.18 s,
respectively. The mean of the travel-time residuals must be zero
because we use relative times; consequently, we cannot constrain the
mean 1-D velocity structure beneath the western U.S.

We use topography and crustal velocity and thickness models to
calculate ray theoretical travel-time corrections for crustal heteroge-
neity. We expect that frequency-dependence of crust correction times
(Ritsema et al., 2009) is small for the phases and frequencies in our
relative travel-time dataset. Recent results using TA data constrain
variations in crust thickness (Gilbert and Fouch, 2007) and velocity
(Yang et al., 2008; Lin et al., 2008) across the western U.S. These
results serve as a background model, which is replaced by higher-
resolution local models that cover most of California (Tape et al.,
2009; Thurber et al., 2009) and the Yellowstone region (Stachnik et
al., 2008). For most of the western U.S. only VS crustal models derived
from dispersion of diffusive Rayleigh waves are available (Yang et al.,
2008; Lin et al., 2008) and we assume a mean crustal VP/VS of 1.74
(Chulick and Mooney, 2002) to calculate correction times for P
arrivals. This simple scaling of VS to VP will introduce some error, but
these errors are small compared to the errors that would be
introduced by ignoring strong crustal structures such as basins and
crystalline mountain ranges. The respective P and S crust time
corrections have RMS values of 0.11 and 0.18 s, with ~65% of the RMS
resulting from crust thickness variations. After correction, the RMS of
the P and S residuals is 0.41 and 1.15, respectively. That the RMS of the
residual times is approximately the same after crust corrections
indicates that there is not a simple correlation between the crust
structure and integrated travel-time residuals. This observation
cautions against relying solely on inversion-based station terms to
correct for crust structure, because station terms effectively reduce
the magnitude of travel-time residuals and would therefore lead to
diminished recovery of mantle heterogeneity.

Linear regression of P and S residuals for common stations and events
provides an estimate of ray path integrated δlnVS/δlnVP in the region. The
linear fit with a slope of 2.84 minimizes a weighted sum of the squared
errors, which accounts for uncertainties in P and S residuals (Fig. 2)



Fig. 2. Linear regression of P and S residuals. We use 56,000 P (62% 0.3 Hz and 38%
0.5 Hz) and S (0.1 Hz) residuals from events with at least 40 common stations to
estimate the value of a. Typical uncertainties for residual times are ~1/20 of
the dominant period. The fit line has a slope of 2.84 with a bootstrap standard error
of 0.06.
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estimated following VanDecar and Crosson (1990). Using station terms
from fewer andmore irregularly distributed stations in thewestern U.S.,
Romanowicz and Cara (1980) found a slope of 2.54. Our best-fit slope,
2.84, corresponds to δlnVS/δlnVP of 1.57 assuming an average upper
mantle VP/VS of 1.81 as in AK135 (Kennett et al., 1995). Mantle
temperature variations are predicted to produce δlnVS/δlnVP of 1.2–2
(Anderson et al., 1992; Goes et al., 2000) depending primarily on the
assumed attenuation structure. To account for the anelastic contribution
of temperature variations we assumemean upper mantle QS of 100 and
negligible bulk attenuation to calculate mean QP of 225. The assumed Q
values are guided by the Rayleigh-wave attenuation study of Yang and
Forsyth (2008) who find mean QS of ~95 in the upper 200 km of the
southern California mantle, and a recent global study (Dalton et al.,
2008) that QS beneath the southwest U.S. at ~100 km depth to be lower
than the mean for the entire study area. Using these Q values with the
scalings of Karato (1993), δlnVS/δlnVP of ~1.6 is expected for thermal
variations. Thus, it appears the residual times are consistent with
temperature being the dominant cause of velocity variations. However,
slope analysis of residual times is expected to underestimate a, and
consequently δlnVS/δlnVP, because the residuals are an integrated
sampling of 3-D heterogeneity in the volume about the entire ray
path. Furthermore, themeanwavelength of themeasured S-waves is ~2
times the mean wavelength of the P-waves so the S residuals average
over larger mantle volumes and likely underestimate the magnitude of
VS variations and hence δlnVS/δlnVP. To better constrain δlnVS/δlnVP in
the presence of 3-D heterogeneity we perform a joint inversion of the P
and S datasets (see Section 3.2).
2.2. Tomographic method

Weuse frequency-dependent 3-D sensitivity kernels to relate travel-
time residuals to perturbations of model parameters. We only consider
sensitivity in the first Fresnel zone and we use an approximation of the
Born theoretical, “banana-doughnut” kernel (Dahlen et al., 2000)within
the first Fresnel zone. A detailed description of the method is given in
Schmandt and Humphreys (2010).

Nodes at the vertices of an irregular, rectangular 3-D mesh
parameterize the model space. The model domain extends from
35 km to 1015 km depth, and the vertical distance between nodes
increases gradually from 30 km (at 60–90 km depth) to 65 km
(N820 km depth) to address growing first Fresnel-zone width and
decreasing resolution. Horizontal node spacing is smallest beneath
the interior of the TA (40 km) and gradually increases moving
outwardwith the largest spacing (60 km) beyond the boundary of the
entire array, where there is a paucity of crossing rays. Resolution is
poor in the 35 km layer as a result of near vertical ray path orientation
and uncertainties in the a priori crustmodel. This layer tends to absorb
both errors in the crust model and crust and uppermost mantle
velocity variations that are not well constrained by our data. In areas
with only TA data, good crossing ray coverage is not achieved until
~80 km depth. However, because we use more than 1700 stations in
addition to the TA (N700 for S data) there is good crossing ray
coverage in the 60 km layer throughout much of the western U.S.

In addition to the VP and VS model parameters, we invert for
station and event parameters. Because we correct for crust thickness
and velocity variations, the station terms are only intended to address
local site effects and errors in the a priori crust model; consequently,
we apply strong station damping to keep the station terms from
absorbing mantle structure. The RMS of the station terms is 0.05 s and
0.08 s for P and S, respectively. Event terms represent adjustment of
the mean arrival time for the specific set of stations that record each
event. These terms are important because we solve for velocity
perturbations rather than absolute velocity, and the mean velocity
structure varies significantly for different arrays in the western U.S.

We follow the same procedure as Schmandt and Humphreys
(2010) for the construction and solution of the inverse problem. In
addition to separate VP and VS inversions we also jointly invert the P
and S datasets for VP/VS variations by simultaneously imposing a
smoothness constraint on δlnVS, δlnVP, and δlnVS/δlnVP fields (similar
to Hammond and Toomey, 2003). Thus, deviations from the reference
VP/VS values of AK135 are not penalized, but roughness is penalized.
The P and S datasets are equally weighted in the joint inversion
because themainmotivations for the joint inversion are to explore the
consistency of the two datasets and obtain better estimates of δlnVS/
δlnVP in the upper mantle.

2.3. Synthetic resolution tests

Synthetic tests demonstrate expected model resolution with the
assumptions of an isotropic elastic mantle, accurate ray locations, and
sensitivity limited to the first Fresnel zone. The synthetic structure
consists of three checkerboard layers embedded in a neutral
background (Fig. 3). In general, the recovery of the input structure
in the P and S velocity models is good, although we find some
streaking and amplitude loss owing to the sub-vertical orientation of
teleseismic rays and the preference for minimum energy structure in
the inversion algorithm. Peak P amplitude recovery generally is higher
than peak S amplitude recovery, 70–80% and 60–70%, respectively. It
also appears that the shorter wavelength P data more accurately
recover the input structure near the margins of anomalous volumes.
The synthetic test results for VP/VS perturbations show little
geometric distortion of the input structure, but lower peak amplitude
recovery, 50–60%, (Fig. 3), which indicates the inversion under-
estimates the magnitude of VP/VS heterogeneity more than P and S

image of Fig.�2


Fig. 3. Synthetic test results. The same cross-section, labeled on Fig. 1 as A–A′, is shown for the input structure (upper left), recovered VP (upper right), recovered VS (lower left), and
recovered VP/VS (lower right). Note that the sign of the input structure should be reversed for the VP/VS test, but the geometry of anomalous volumes is the same. Color scale limits
for the recovered structure are the respective peak perturbations in the input structure for VP (±3%), VS (±5.5%), and VP/VS (±2.3%). More images from the synthetic test results are
available in the online supplement.

Table 1
RMS misfit of P, S and joint P–S models, measured over the entire model and measured
over only the well-resolved portion of the model.

P model
Entire resolved

S model
Entire resolved

Joint model
Entire resolved

Individual 87.3% 75.5% 85.6% 72.4% – –

Joint 81.1% 71.2% 79.8% 64.9% 80.5% 67.7%
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velocity heterogeneity. In general, the P model is expected to have
better resolution than the S model as a result of ~1000 more stations,
shorter wavelengths of measured P-waves, and the relative abun-
dance of high quality teleseismic P arrivals from regions with lower
magnitude and less frequent seismicity (i.e., more useable P arrivals
from mid-ocean ridge and transform earthquakes improves ray path
distribution). Consequently, we prefer to give the structure resolved
by the P data more weight in our interpretations, and hence we
present more figures from the P model in the primary manuscript, but
a complete set of VP, VS, and VP/VS images from the separate and joint
models is available in the online supplement for comparison.

3. Results and discussion

3.1. Fit to the data

The quality of a least-squares optimal solution to an ill-posed
inverse problem is commonly evaluated by the data variance
reduction. Because resolution varies widely throughout the model
domain and we rely on assumptions known to be invalid (such as
isotropy), the overall variance reduction of a tomographymodel tends
to be a misleading and optimistic indicator of quality. The variance
reductions of the isolated P and S inversions are 87.3% and 85.6%,
respectively, indicating that velocity models produced under the
assumptions used can explain nearly all the observed variance in
travel-time residuals. A more realistic metric of model quality is
obtained by calculating the variance reduction only for portions of the
model domain where resolution is greater than some minimum
threshold. Each node is assigned a “hit-quality” index, ranging from 0
(for not sampled) to 1 when a node is sampled by at least 5 rays from
each back-azimuth quadrant and at least 5 rays from core phases. Our
chosen threshold is 0.4 (i.e., several rays from at least 2 back-azimuth
quadrants), and we exclude nodes in the top layer (35 km) and
bottom two layers (950 and 1015 km). Both the formulation for hit-
quality index and selection of the well-resolved threshold are
somewhat subjective, and are chosen based on recovery of synthetic
test structures (and the simple fact that rays intersecting at high
angles are necessary for good resolution). The variance reductions for
the overall model and well-sampled portion of the model are given in
Table 1 for the isolated P and S inversions and the joint inversion.

Comparing the overall and well-sampled variance reduction
provides an approximate metric of how much of the overall residual
reduction is accounted for by structure in volumes that are not well-
sampled. The decrease in variance reduction from the isolated P and S
inversions to the joint P and S inversion also serves to indicate the
validity of our modeling assumptions. Discrepancies between the P
and S datasets are likely to result from differences in station density,
anisotropy as sampled by the orthogonal polarization of P and S
teleseismic body-waves, and the difference in frequency bands used
to measure the P and S residuals. Differences between the separately
inverted P and S models are more prominent at depths greater than
~300 km. At these depths, the jointly inverted P and S models are
more similar to each other and to the separately inverted P model.
Because the two datasets are equally weighted in the joint inversion
this suggests the P data have at least slightly better resolution than the
S data. We consider the 66.7% variance reduction in the well-sampled
portion of the model from the joint P and S inversion to be the most
informative indication of how well the isotropic, elastic tomography
models can fit the data.

3.2. Seismic heterogeneity and physical state

The most striking aspect of the tomographic images is the strong
multi-scale heterogeneity in the upper 200 km (Fig. 4). The VP and VS

models are highly mutually consistent, and velocity and VP/VS

perturbations are generally negatively correlated. Excluding the
most anomalous 1% of model parameters, peak-to-peak amplitudes
at less than 200 km depth in the well-sampled model space are 7.8%
VP, 14.5% VS, and 7.2% VP/VS. This magnitude of heterogeneity is large
relative to other body-wave tomography studies, but is in close
agreement with surface-wave tomography studies using TA data
(Yang et al., 2008; Pollitz and Snoke, 2010). Physical origins of seismic
velocity variations are variations in temperature, partial melt,
anisotropy, bulk and volatile composition. Seismic structure of
magnitude as great that imaged must include an important contribu-
tion from temperature. It is informative to consider the magnitude of
temperature variations required if the entire peak-to-peak velocity
variations are attributed to temperature change. Using the temper-
ature derivatives of Karato (1993) and the Q values from Section 2.1

image of Fig.�3


Fig. 4. Shallow upper mantle map slices. Color represents velocity perturbations relative to the mean in each depth layer and that mean is not constrained by our relative travel-time
data. Hypothesized lithospheric instabilities are outlined (gray dashed) on the 195 km VP map in the left column, second row: (1) southern Great Valley (Zandt et al., 2004),
(2) Transverse Ranges (Humphreys and Hager, 1990), (3)WallowaMountains (Hales et al., 2005), (4) western Great Plains (Song and Helmberger, 2007), (5) Colorado Plateau (Sine
et al., 2008), and (6) central Nevada (West et al., 2009). Inferred partial melt regions (Section 3.2) are outlined (white dashed) on the VP/VS maps in the right column. The maximum
inferred depth of melt is ~195 km beneath (a) Yellowstone and the eastern SRP, and ~125 km for (b) the Salton Trough, (c) Clear Lake volcanic field, (d) northeastern Great Basin,
and (e) southern RGR. In the third row are 195 km map slices from the jointly inverted model (*VP,*VS) for comparison with the separately inverted and images in the second row.
See Supplemental figures for a complete set of images from the separate and joint inversions. The location of cross-section D–D′ from Fig. 8 is indicated in the top, center panel.
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the peak-to-peak VP and VS variations correspond to temperature
variations of 850 K and 960 K for VP and VS, respectively. These values
are very high, but perhaps possible given the potential range of
lithosphere and asthenosphere temperatures in a model that spans
Archean lithosphere, Cenozoic accreted terrains, the highly extended
Basin and Range, and the Yellowstone hotspot. Alternatively, a small
amount of partialmelt in the asthenospherewould reduce thepredicted
temperature variations to more reasonable values. For example, up to
0.5% partial melt in the asthenosphere would reduce the required
temperature variations by ~200 K (Hammond and Humphreys, 2000).
The existence of partialmelt in the lowest velocity volumes seems likely
considering the strong correlation with young volcanic fields and the
lowmean velocity of the western U.S. asthenosphere (Lebedev and van
der Hilst, 2008). Strengthening the idea that non-thermal effects
contribute significantly to velocity variations is an awareness that
regularized travel-time inversions underestimate the truemagnitude of
velocity variations leading to even greater estimated temperature
variations.

Aside from variations in temperature and partial melt, VP/VS anom-
alies can be causedby lateral variations in bulk and volatile composition.

image of Fig.�4


440 B. Schmandt, E. Humphreys / Earth and Planetary Science Letters 297 (2010) 435–445
Two potential compositional influences on mantle VP/VS are hydration,
whose effects on velocity are relatively modest in the shallow upper
mantle where water solubility is low, and melt depletion. Hydration of
the western U.S. lithosphere (Humphreys et al., 2003) and astheno-
sphere (Dixon et al., 2004; Yang and Forsyth, 2008) has been suggested,
but lateral variations in hydration are unlikely to account for the 5–6%
peak-to-peak VP/VS variations commonly imaged in the upper 200 km.
Jacobsen et al. (2008) find only 0.3% reduction in VP/VS for hydrous
forsteritewith0.9 wt.%H2Oat deepuppermantle pressure (12 GPa), and
water solubility is much lower at the depths where the greatest VP/VS

variations are imaged. There is no consensus as to how strongly melt
depletion affects VP/VS (Lee, 2003; Schutt and Lesher, 2006). Melt
depletion is generally thought to lower VP/VS at least slightly, but
variations in melt depletion alone cannot account for more than a small
fraction of themagnitude of VP/VS variations we find in thewestern U.S.
upper mantle. In general, we are lead to conclude that lateral variations
in temperature and partial melt are the dominant causes of the imaged
structure.

Theoretically, relative δlnVs and δlnVp variations can be diagnostic
of the presence of partial melt. As mentioned in Section 2.1, δlnVS/
δlnVP of 1.6 is predicted for thermal variations, whereas partial melt in
the upper mantle is predicted to cause δlnVS/δlnVP values of ~2.2–2.3
(Hammond and Humphreys, 2000). Linear regression of model
parameters from the well-sampled portion of the jointly inverted
model yields best-fit δlnVS/δlnVP value of 1.8 (Fig. 5). This estimate is
greater than that derived from the raw residuals, 1.57. We think the
difference is a result of integrated sampling of 3-D heterogeneity
where the greatest magnitude of δlnVS/δlnVP variations occurs over
Fig. 5. Upper mantle δlnVS/δlnVP from the joint inversion. Solid blue line indicates the
least-squares fit, 1.8±0.05 (bootstrap standard error). The red dashed line indicates
the “partial melt trend” (slope of 2.33). Note that many of the very low-velocity model
parameters closely follow the partial melt trend. The red rectangle encloses the model
nodes where we infer partial melt (nodes b0.3% from the blue fit line are excluded), see
Section 3.2 and Fig. 4.
only a small fraction of the total ray length. We suggest the δlnVS/
δlnVP estimate from the joint inversion is too high to be explained
solely by thermal variations and the presence of partial melt in the
lowest velocity volumes is more consistent with our results.

Inspection of the scatter plot of δlnVS versus δlnVP model
parameters shows that the very low-velocity parameters cluster
along two distinct trends rather than being normally distributed
about the fit line (Fig. 5). The lower trend is approximately the best-fit
value, 1.8. The steeper trend is ~2.33, which is approximately the
predicted slope for partial melt, and the lowest velocity points follow
this trend remarkably closely. We consider this strong evidence for
partial melt in the correspondingmantle volumes. The locations of the
model parameters with δlnVSb−4% that lie within 0.6% of the δlnVS/
δlnVP=2.33 “partial melt trend” (but not within 0.3% of the fit line)
are outlined on the VP/VS tomograms in Fig. 4.

The greatest concentration of model parameters that follow the
partial melt trend underlie Yellowstone and the eastern Snake River
Plain (SRP) where the inferred prevalence of partial melt decreases
rapidly beneath 160 km and disappears deeper than 195 km.We infer
decompression induced partial melting to a depth of 90–125 km
beneath the Salton Trough and the Clear Lake volcanic field located at
the southern edge of the Juan de Fuca-Gorda (JdF-G) slab. Rollback
and sinking of the JdF-G slab is thought to drive toroidal flow of
oceanic asthenosphere around the slab edge (Zandt and Humphreys,
2008) with an upward poloidal component to direct asthenosphere
into the wedge (Piromallo et al., 2006). Mantle ascent beneath the
Salton Trough is driven by oblique plate spreading at the northern-
most extension of the East Pacific Rise (Stock and Molnar, 1988).
Decompression melting beginning at 90–125 km depth is consistent
with hydrated peridotite (300–1000 ppm H2O) ascending along a
ridge adiabat (Hirschmann, 2006), and hydration of the western U.S.
mantle is likely after more than 100 My of subduction. A maximum
melting depth of 160–195 km beneath Yellowstone is consistent with
hydrated peridotite (300–1000 ppm H2O) ascending along a plume
adiabat with an excess temperature of 125–225 K (Hirschmann,
2006). Schutt and Dueker (2008), used modeling of Rayleigh-wave
velocities to estimate (at 68% confidence) an excess temperature of
≥120 K beneath Yellowstone, which would be approximately
consistent with initiation of melting at 195 km and 1000 ppm H2O.

More enigmatic are low-velocity model nodes located beneath the
northeastern Great Basin and southern New Mexico that also follow
the partial melt trend. In the northeastern Great Basin these nodes
correlate with a thin crust and seismic lid (Gilbert and Fouch, 2007; Li
et al., 2007); thus, decompression melting of a damp asthenosphere is
plausible, but difficult to reconcile with relatively sparse young volca-
nism compared to the previously mentioned locations. In southern
NewMexico there is young volcanic activity andmodestmantle ascent
is expected to accompany slow Rio Grande Rift (RGR) extension,
b0.2 mm/yr (Golombek et al., 1983). However, it is only beneath a
small segment of the southern RGR that the P and Smodel parameters
follow the partialmelt trendwhile low-velocity nodes beneath the rest
of the RGR do not.

Low-velocity, high VP/VS volumes are generally found beneath
young volcanic fields, but aside from the specific locations mentioned
above we think the depth extent and magnitude of melting are too
small to be clearly identified by our body-wave tomography. We
suggest the very low-velocity mantle volumes that follow the partial
melt trend require melting over a depth range of at least 1 vertical
model node distance (30 km) in the well-sampled volume in order to
be imaged. The fact that the δlnVS/δlnVP trend of 1.8 for the whole
model is steeper than the predicted temperature trend (1.6) suggests
that many arrivals to the western U.S. experience some partially
molten mantle, most likely over a depth range less than ~30 km thick
and shallower than ~60–80 km depth.

Our conclusions regarding upper mantle physical state are gen-
erally in agreement with Goes and Van der Lee (2002) who suggest

image of Fig.�5
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that large lateral temperature differences owing to variable litho-
spheric thickness can explainmost VP and VS variations with ~1%melt
locally in the most anomalous regions.

3.3. 3-D seismic structure
Seismic heterogeneity is strongly correlated with major tectonic

and magmatic features of the western U.S. Prominent long-wave-
length features include high-velocity mantle associated with subduc-
tion of the JdF-G slab and beneath the relatively undeformed Colorado
Plateau and Great Plains, and generally low-velocity mantle beneath
the transform margin, Basin and Range, SRP, and RGR (Fig. 4). Below
we discuss salient features of the 3-D VP, VS, and VP/VS models, and
we use knowledge of western U.S. tectonic and magmatic history to
make reasoned inferences regarding the geologic origins of anoma-
lous structures.

3.3.1. Evidence for complex subduction
We image a continuous north trending high-velocity slab in the

northwestern U.S. upper mantle that must be JdF-G plate subducting
beneath the Cascade Arc. The high-velocity slab becomes weak to
non-existent beneath northern Oregon at depths greater than
~160 km, whereas the northern and southern portions of the JdF-G
slab descend continuously from the trench to depths of ~350 km
(Figs. 4 and 6). This defines a slab hole (Roth et al., 2008; Burdick et al.,
2009; Tian et al., 2009), which is a robust feature of our P and S
tomographymodels. Assuming a convergence rate of ~4 cm/yr (Gripp
and Gordon, 2002), the northern Oregon slab accounts for subduction
since only 6–8 Ma, and the segments north and south of the hole
account for subduction since ~15 Ma. An abrupt change in subduction
geometry at ~15 Ma has also been suggested by geochemical
investigation of back-arc volcanism (Carlson and Hart, 1987). The
Fig. 6. Deep upper mantle map slices from the VP model. The slab curtain and thick high-ve
(black dashed) in the upper left panel. The locations of cross-sections A–A′, B–B′, and C–C′
presence of the hole and the separation of the clearly identified JdF-G
slab from deeper high-velocity anomalies indicate a complex
subduction history. The strongest case for near-continuous subduc-
tion is shown in Fig. 7 (A–A′ and B–B′), but north–south continuity of
this feature is variable and nowhere greater than ~500 km. Map-view
sections within and beneath the transition zone show a general lack of
continuity between slab fragments (Fig. 6). Some high-velocity
anomalies inferred to be slab fragments beneath the continental
interior can be related to western U.S. geologic history. However, a
complete accounting of how the large volume of fragmented high-
velocity structures relates to the ~5000 km of ocean lithosphere
subducted since the Laramide orogeny began (Engebretsen et al.,
1985) remains a challenge.

A high-velocity “curtain” extends vertically from near the base of
the lithosphere to depths of ~250 km beneath Washington and 500–
600 km beneath western Idaho (Figs. 6 and 7). Because the overlying
crust experienced considerable Eocene extension, including formation
of metamorphic core complexes, and voluminous ignimbritic mag-
matism (Christiansen and Yeats, 1992) it seems unlikely that this area
is underlain by thick, intact ancient lithosphere. We suggest a
subducted slab origin for the high-velocity curtain, which roughly
follows the inferred early Cenozoic Challis subduction zone on the
north and east side of the Columbia embayment (Humphreys, 2009).
We interpret the curtain to be Farallon slab that was attached to the
leading margin of Siletzia when it accreted ~50 Ma. In order for the
slab fragment to persist in this location for ~50 Ma it must be of
approximately neutral buoyancy. Plate–tectonic reconstructions have
young, 5–30 Ma, lithosphere subducting beneath the Pacific North-
west at this time (Madsen et al., 2006;Muller et al., 2008), hence initial
slab buoyancy would have been nearly neutral. Furthermore, portions
of the basaltic crust of this slabmay havemelted in the shallowmantle
locity lithosphere beneath the Rocky Mountains discussed in Section 3.3.1 are outlined
from Fig. 7 are indicated.
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Fig. 7. Cross-sections from the VP model. The locations of A–A′, B–B′, and C–C′ are
shown the map slices in Fig. 6. Section C–C′ crosses the slab hole and slab curtain
discussed in Section 3.3.1.
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potentially contributing to a ~52–45 Ma episode of voluminous
magmatism in Idaho and northern Washington (Gaschnig et al.,
2009; Madsen et al., 2006) and avoiding the negative buoyancy of an
eclogitic ocean crust.

Regardless of the specific origins of the high-velocity curtain and
the hole in the currently subducting JdF-G slab, these structures must
fundamentally alter subduction zone mantle flow. Resulting along-
strike variations in asthenospheric flow may contribute to dramatic
along-strike changes in Cascade Arc volcanism, with widespread and
voluminous volcanism in the Oregon Cascades trending to localized
and lower-volume volcanism in northernWashington (e.g., Reiners et
al., 2002).

Large high-velocity anomalies trending ~SW–NE are found beneath
much of Wyoming, northeast Utah, and northwest Colorado, down to
~250–300 kmdepth (Figs. 4 and 6). It is difficult to explain how~1.5 km
uplift of this area from near sea level at times prior to the Laramide
orogeny (inferred from uplift of Cretaceous marine sediments) can be
made consistent with a lithosphere thickness as great or greater than
that typically found beneath stable cratons (Lebedev and van der Hilst,
2008). An alternative explanation for this structure is that a buoyant
ocean plateau (the Shatsky Rise conjugate) inferred to have subducted
during the Laramide orogeny (Livicarri et al., 1981; Saleeby, 2003)
stalled beneath this region. Subduction of the plateau beneath North
America is thought to have caused slab flattening and erosion of basal
lithosphere (Spencer, 1996), which may be partly responsible for the
uplift of Wyoming. Transfer of the plateau lithosphere from the
subducted Farallon to basal North America lithosphere is compatible
with the bight in the Farallon slab imaged in the mid-mantle beneath
Hudson Bay (Bunge and Grand, 2000). Furthermore, the presence of
lateral buoyancy variations in the Farallon slab offers a mechanical
explanation for the dissected geometry of the inferred Laramide-age
subducted slab and the chaotic distribution of volcanism thought to
represent slab flattening (Coney and Reynolds, 1977) and subsequent
removal beneath the Rocky Mountains. In order for basal accretion of
oceanplateau lithosphere to cause a significantnet increase inbuoyancy
most of its basaltic crust must have been mechanically removed as it
traversed the base of the North America lithosphere. If the thick basaltic
crust remained entirely intact this explanation for the anomaly does not
seem viable because we expect the basalt to convert to dense eclogite.

A strongly anomalous high-velocity body so great in volume that it
must be subducted ocean lithosphere extends from ~300 km depth
beneath Nevada to ~800 km depth beneath Utah and Colorado (Figs. 6
and 7). Large high-velocity anomalies are also found at 600–900 km
depth beneath easternWyoming and the Great Plains and are inferred
to be subducted slab fragments (Fig. 6). The dismembered structure of
these high-velocity anomalies is intriguing considering the rather
simple coherent east-dipping structure of the older Farallon slab in
the mid-mantle beneath the eastern U.S. (Bunge and Grand, 2000).
Plate reconstruction models predict that the highly fragmented slab
lies beneath paleo-subduction zones as old as ~75 Ma (Lithgow-
Bertelloni and Richards, 1998), i.e., near the beginning of the Laramide
orogeny. From these results, we infer patchy and incomplete removal
of flat subducting Laramide slab accompanied by slab tearing
associated with Eocene accretion in the northwestern U.S., rather
than coherent post-Laramide rollback.
3.3.2. Lithospheric heterogeneity and instabilities
We find more complex structure within and near the base of the

lithosphere (60–160 km) than continental (Bedle and Van der Lee,
2009) or global (Lebedev and van der Hilst, 2008) scale studies find
using longer-period data from sparser networks that pre-date the TA.
The most prominent difference in regional lithospheric structure is a
southwest trending swath of high-velocity lithosphere extending
from the central Colorado Plateau to northeastern Wyoming, with
generally lower-velocity mantle beneath the adjacent SRP, Basin and
Range, Colorado Rockies, and RGR (Fig. 4). This arm of high-velocity
lithosphere crosses the continental divide in WY and underlies some
of the highest topography in thewestern U.S. A smaller region of high-
velocity lithosphere lies beneath western Idaho and easternmost
Oregon and Washington, straddling the boundary between Precam-
brian continental lithosphere and the accreted oceanic terranes
(Fig. 4). In the tectonically stable portion of the western U.S., high-
velocity mantle underlies northern Montana and the western Great
Plains south of Nebraska. Thus, strong mantle heterogeneity is being
revealed beneath both tectonically active and tectonically quiescent
domains of the western U.S.

Most of the Colorado Plateau is distinguished from the surround-
ing Basin and Range and RGR provinces by the presence of laterally
continuous high-velocity mantle from 60 to 125 km depth (Fig. 4),
and the Colorado Plateau–Great Basin transition is one of the
strongest upper mantle velocity gradients in the western U.S. (Sine
et al., 2008), we find up to 8% VP and 14.5% VS variations over
b150 km. At these depths, however, the transition from Colorado
Plateau to Basin and Range mantle often lies inboard of the Colorado
Plateau margin. This is especially true of the southwestern plateau
(including the Grand Canyon and San Francisco Peaks volcanic field).
In addition, isolated, high-velocity volumes beneath southern Utah
and northwestern New Mexico extend to depths of ~230 km and
~200 km, respectively (Fig. 4). Low seismic velocities beneath the
margins of the Colorado Plateau, in conjunction with the elevated
plateau rim and co-located geoid high (Karlstrom et al., 2008),
frequent seismicity, and late-Cenozoic migration of volcanism onto
the Colorado Plateau, suggest approximately concentric thermal
erosion of a lithospheric step originally located beneath the
topographic boundary of the Colorado Plateau (Karlstrom et al.,
2008; Roy et al., 2009). The presence of the two deeper, drip-like high-
velocity bodies and the absence of thick high-velocity mantle
lithosphere beneath much of the southwestern Colorado Plateau
indicate that more localized 3-D lithospheric downwelling also is
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Fig. 8. Cross-section through the eastern SRP and Yellowstone. The location of the cross-section D–D′ is labeled in Fig. 4. All panels show the same section. Isolated VP model (left),
isolated VS model (center), and VP/VS model from the joint inversion (right). Maximum perturbations are −4.75% VP, −11% VS, and +7% VP/VS at 60–90 km depth beneath
Yellowstone and the easternmost SRP.
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occurring, which may contribute importantly to the Cenozoic uplift of
the plateau.

In several other areas, small-scale (100–200 km) high-velocity
features extend to depths of 200–250 km, and often are surrounded
by low-velocity, high VP/VS mantle (Fig. 4). The large magnitude and
drip-like geometry of these anomalies lead us to infer that both 3-D
gravitational instabilities and edge-driven convection are actively
modifying the western U.S. lithosphere. Temperature contrast owing
to lithospheric downwelling probably is the dominant cause of these
anomalies. However, imaged large velocity reductions (with respect
to the already low-velocity mean of western U.S. asthenosphere) and
the expectation of ascending return flow suggest that partial melt may
be present within the very low-velocity volumes. Small-scale upper
mantle convection driven by the recent sinking of densemafic roots of
plutons has been proposed for the uplifted southern Sierra Nevada
(Ducea and Saleeby, 1998; Zandt et al., 2004) andWallowaMountains
(Hales et al., 2005), and oblique convergence at the “Big Bend” in the
San Andreas fault is thought to drive downwelling of mantle
lithosphere creating the high-velocity anomaly beneath the Trans-
verse Ranges (Bird and Rosenstock, 1984; Humphreys and Hager,
1990). Edge convection driven by abrupt changes in lithospheric
thickness has been proposed to explain mantle velocity contrasts at
the edge of the Colorado plateau (Sine et al., 2008) and beneath the
Rio Grande Rift–Great Plains transition (Gao et al., 2004; Song and
Helmberger, 2007).

3.3.3. Snake River Plain–Yellowstone hotspot
The most prominent low-velocity, high VP/VS anomaly occupies

the ~200 km beneath Yellowstone and the eastern SRP (Figs. 4 and 8).
A broader, lower magnitude low-velocity, high VP/VS anomaly
occupies the transition zone and extends to ~900 km beneath the
Yellowstone region. It appears separate from the shallow anomaly in
the VP model and weakly connected in the VS and VP/VS models
(Fig. 8). The deeper low-velocity volume extends just to the bottom of
what we consider the well-resolved model domain (885 km). It is
worth noting that the anomaly is not present in the bottom two layers
of the entire model. If a low-velocity conduit extended to greater
depth than the base of our model (1015 km), we would expect a large
velocity anomaly to accumulate in the deepest layers. In agreement
with other recent studies (Yuan and Dueker, 2005; Sigloch et al.,
2008; Burdick et al., 2009; Tian et al., 2009; Smith et al., 2009, Xue and
Allen, in press), we do not find a strong low-velocity conduit that
extends continuously into the lower mantle. The proximity of major
high-velocity bodies suggests mantle ascent beneath Yellowstone is
driven by sinking cool masses as well as its own positive buoyancy
(Fig. 6). The ~12 m geoid high centered on Yellowstone indicates that
the Yellowstone topographic swell is compensated at depths greater
than the rest of elevated western U.S. (Lowry et al., 2000), which is
attributed to buoyancy of the very low-velocity mantle imaged in the
upper 200 km.

4. Conclusions

We provide a new level of constraint on 3-D seismic heterogeneity
and the distribution of partial melt in the western U.S. upper mantle.
The seismic structure presented here and the spatial and temporal
distribution of volcanic and tectonic activity in the western U.S.
indicate a complex syn- and post-Laramide subduction history and
currently active widespread small-scale convection. It remains a
challenge to understand specifically all the events that lead to
segmentation subducted Farallon slab and how those events relate
to surface geologic activity. At present, a diverse range of small-scale
convective processes appear to be active beneath the western U.S.
including 3-D lithospheric drips, edge-driven convection, and an
uppermantle plume, but further constraints on uppermantle physical
state are necessary to determine the conditions that drive this
spectrum of activity. Additionally, it is unclear how the provincially
heterogeneous lithosphere we image supports the elevation of the
western U.S. plateau, and we place particular emphasis on a need to
understand the buoyancy structure of the high-velocity lithosphere
that apparently underlies much of the high topography of Wyoming
and the Colorado Plateau. Progress in these directions will require
knowledge of 3-D attenuation structure and careful integration of
body-waves, surface-waves, and receiver functions to achieve shorter
wavelength resolution of mantle structure.
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