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[1] The Paciﬁc Northwest (PNW) has experienced voluminous intraplate volcanism over the past
17 Ma, beginning with the Steens/Columbia River ﬂood basalts and continuing with the stillongoing volcanism in the High Lava Plains (HLP) and eastern Snake River Plain (SRP). Here we
present two complementary datasets (SKS splitting and Rayleigh wave phase velocity anisotropy)
that place constraints on the anisotropic structure of the upper mantle beneath the HLP and SRP
regions. Beneath the HLP, SKS phases reveal dominantly E-W fast splitting directions and large (up
to 2.7 s) delay times, with pronounced lateral variations in t. Lateral and depth variability in the
strength of anisotropy beneath the HLP is also evident from Rayleigh wave dispersion. Beneath the
SRP, SKS splitting delay times are much smaller (0.5 s), and surface wave observations suggest a
region of upper mantle anisotropy (50–150 km depth) with a geometry that deviates signiﬁcantly
from the generally plate motion parallel fast directions observed just outside of the SRP. Beneath
the HLP, the geometry of the anomalously strong anisotropy is similar to the anisotropy in the
deeper parts of the upper mantle, resulting in constructive interference and large SKS splitting delay
times. Beneath the SRP, the geometry of the anomalous anisotropic region in the shallow mantle is
different, resulting in destructive interference and reduced SKS splitting delay times. We discuss
several possible explanations for these observations, including variations in olivine lattice-preferred
orientation (LPO) strength, transitions in olivine fabric type, and a contribution from aligned partial
melt.
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1. Introduction
[2] The western United States has a rich and complicated recent tectonic history [e.g., Humphreys
and Coblentz, 2007], which over the past 20 Ma
has encompassed the rollback and steepening of
the Farallon slab, the northward migration of the
Mendocino Triple Junction, extension in the Basin
and Range, the outpourings of the Steens/Columbia River ﬂood basalts (S/CRB), and likely episodes of localized lithospheric delamination
[Zandt et al., 2004; West et al., 2009]. Even in this
complex tectonic setting, the High Lava Plains
(HLP) of Oregon and the eastern Snake River
Plain (SRP) of Idaho stand out as distinctive features. The HLP represents a bimodal volcanic
province that over the past 12 Ma has exhibited
both age-progressive rhyolitic volcanism [Jordan
et al., 2004, Ford et al., 2013] and widespread basaltic volcanism [Till et al., 2013] with no obvious
spatiotemporal pattern. The age-progressive trend
in the HLP rhyolites is oblique to the absolute
plate motion of the North American plate, in contrast to the Yellowstone/Snake River Plain (Y/
SRP) trend to the east. The spatiotemporal trend in
rhyolitic volcanism beneath the SRP is roughly
parallel to the absolute motion of the North American plate [Pierce and Morgan, 1992] and also corresponds to the preexisting lithospheric structure
of the western Idaho shear zone [Tikoff et al.,
2008]. Many different models have been proposed
to explain the origin and evolution of the S/CRB,
HLP, and SRP volcanic trends [e.g., Hooper et al.,
2007]. These models variously invoke a deep mantle plume [Armstrong et al., 1975; Richards et al.,
1989; Camp and Ross, 2004; Smith et al., 2009;
Obrebski et al., 2010; Kincaid et al., 2013], the
rollback, steepening, tearing, and/or fragmentation
of the Juan de Fuca slab at depth [Carlson and
Hart, 1987; James et al., 2011; Liu and Stegman,
2012; Long et al., 2012], lithospheric delamination [Hales et al., 2005; Camp and Hanan, 2008;
Darold and Humphreys, 2013], and/or preexisiting
lithospheric structures [eCross and Pilger, 1978;
Tikoff et al., 2008] as playing a role in generating
volcanism.
[3] The recent interdisciplinary High Lava Plains
Project (www.dtm.ciw.edu/research/HLP), along
with the EarthScope USArray Transportable Array
(TA), has provided a wealth of new geophysical
data in the region. In particular, recent studies
using body wave [Roth et al., 2008; Schmandt and
Humphreys, 2010; James et al., 2011; Obrebski
et al., 2011], surface wave [Warren et al., 2008;

10.1002/ggge.20275

Wagner et al., 2010, 2012a], and ambient noise
[Gao et al., 2011; Hanson-Hedgcock et al., 2012]
tomography, receiver function analysis [Eagar
et al., 2010, 2011; Schmandt et al., 2012], and
SKS splitting measurements [Long et al., 2009]
have yielded new insight into the structure of the
crust and upper mantle beneath the HLP and SRP.
One of the most striking geophysical characteristics of the HLP is the strong seismic anisotropy in
the upper mantle beneath it. SKS splitting measurements for the western United States [Zandt and
Humphreys, 2008; Liu, 2009; Eakin et al., 2010;
Long et al., 2012] reveal strong splitting with large
(>2 s) delay times beneath the HLP, and models
that incorporate surface wave data also generally
show strong upper mantle anisotropy in this region
[e.g., Yuan and Romanowicz, 2010; Lin et al.,
2011; Lin and Ritzwoller, 2011]. A study of SKS
splitting beneath eastern Oregon that incorporated
data from the ﬁrst phase of the HLP experiment
showed that stations in southeastern Oregon exhibit average delay times up to 2.7 s [Long et al.,
2009], much larger than the 1 s that is typical for
continental regions [Silver, 1996].
[4] One of the most striking geophysical characteristics of the SRP is the zone of very low upper
mantle velocities that is ubiquitous beneath the
SRP volcanic track. This low-velocity region takes
the form of a roughly linear (in map view) feature
that extends to depths of 150–200 km [e.g.,
Stachnik et al., 2008; Schmandt and Humphreys,
2010; James et al., 2011; Obrebski et al., 2011],
deepening slightly beneath Yellowstone [Wagner
et al., 2010]. The origin of this uppermost mantle
structure continues to be debated, but recent electromagnetic imaging has suggested that the zone
of particularly low wavespeeds coincides with relatively high conductivities [Kelbert et al., 2012],
consistent with the presence of partial melt. Interestingly, unlike the HLP, the SRP has not been
associated with particularly strong upper mantle
anisotropy in past studies. Speciﬁcally, Schutt
et al. [1998] measured SKS splitting for a linear
transect deployed perpendicular to the strike of the
SRP and found a pronounced decrease in splitting
delay times above the SRP proper. Later work by
Waite et al. [2005], which focused on a region to
the east of the Schutt et al. [1998] transect, did not
identify a decrease in t values beneath the SRP
and instead found delay times of  1 s, comparable to the surrounding region.
[5] Seismic anisotropy is an important observable
for understanding mantle processes because of the
link between mantle deformation and the resulting
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anisotropy [e.g., Long and Becker, 2010]. In the
upper mantle, seismic anisotropy is usually attributed to the lattice-preferred orientation (LPO) of
anisotropic minerals, primarily olivine [e.g., Karato et al., 2008]. If the geometrical relationship
between strain and the resulting anisotropy is
known or assumed, then measurements of seismic
anisotropy can be used to infer the pattern of mantle ﬂow and deformation, giving seismologists one
of the most powerful tools available to probe mantle dynamics with seismologic observations. While
the geometry of mantle anisotropy is very often
used to infer mantle ﬂow patterns, the strength of
anisotropy is more difﬁcult to constrain observationally and thus more difﬁcult to exploit to gain
insight into mantle deformation. In particular, the
poor depth resolution of SKS phases means that
estimates of anisotropy strength from splitting
measurements trade off directly with estimates of
the thickness of the anisotropic layer. While surface wave measurements can provide depth constraints, it is a challenge to properly constrain the
magnitudes of anisotropic anomalies in a regularized tomographic inversion of surface wave dispersion data. Although it is difﬁcult to constrain,
the strength of anisotropy is potentially important
as it is related to upper mantle conditions during
deformation, such as the amount of strain, olivine
fabric type, mineralogy, and/or partial melt fraction [Karato et al., 2008].
[6] Here we take advantage of the data sets provided by the HLP broadband seismic experiment
and the USArray Transportable Array (TA) and
apply SKS splitting analysis and surface wave
inversion to understand the lateral and depth variations in the strength of anisotropy beneath the Paciﬁc Northwest, with a particular focus on the
HLP and SRP. The very dense station spacing of
the HLP deployment [Carlson et al., 2005] allows
us to use SKS splitting to obtain robust constraints
on small-scale lateral variations in splitting delay
times, t, beneath the HLP proper. In combination
with surface wave inversions that yield information about the depth extent of the anisotropy, we
are able to obtain a robust picture of lateral and
depth variations in upper mantle anisotropy
beneath the PNW region. Beneath the HLP, we
ﬁnd evidence for pronounced lateral gradients in
anisotropic strength, with a region of particularly
strong uppermost mantle anisotropy that coincides
spatially with Holocene basalt volcanism. Given
the relatively simple ﬂow ﬁeld beneath the region
inferred from previous studies of anisotropy [Long
et al., 2012], these variations may indicate lateral
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variations in the strength and/or geometry of olivine fabric, or in the amount or alignment of partial melt. Beneath the SRP, we ﬁnd evidence for a
layer of weak to moderate anisotropy with a strikingly different geometry than the surrounding
regions of the upper mantle overlying a more
strongly anisotropic layer more closely oriented to
APM. This region coincides spatially with the
region of extremely low wavespeeds inferred from
seismic tomography [e.g., Wagner et al., 2010,
2012a; James et al., 2011] and high conductivity
inferred from magnetotelluric (MT) measurements
[Kelbert et al., 2012]. We discuss several plausible
scenarios to explain the distinctive anisotropy we
infer beneath both the HLP and SRP.

2. Data and Methods
2.1. SKS Splitting
[7] The SKS splitting data set presented here represents an update to the work of Long et al. [2009],
who analyzed data from TA stations in eastern Oregon and the surrounding region as well as data
from the ﬁrst year of the HLP seismic deployment
(through October 2008). Here we present the ﬁnal
version of the HLP experiment SKS splitting data
set, which also includes data recorded at HLP stations for the period October 2008–September 2009
(Figure 1). This yields an additional 20 stations
that were not included in our original analysis, and
the addition of the extra year of HLP data also
allows us to estimate more robustly the average
SKS delay times at each station. We followed the
data preprocessing and measurement procedures of
Long et al. [2009]; brieﬂy, we selected SKS phases
for events in the 88 –130 epicentral distance range
for processing. A bandpass ﬁlter with corner frequencies of 0.1 and 0.01 was applied; in a minority
of cases, we adjusted the ﬁlter parameters manually
to optimize waveform clarity for individual arrivals. We used the SplitLab software [W€ustefeld
et al., 2008] to estimate splitting parameters using
the rotation-correlation and transverse component
minimization methods simultaneously. All measurements were assigned a quality measurement of
‘‘good’’ or ‘‘fair,’’ according to the classiﬁcation
used by Long et al. [2009].
[8] A striking aspect of the HLP SKS splitting
data set is the strong splitting with relatively uniform fast directions and little variation with event
backazimuth that we observe at HLP stations, suggesting a relatively simple anisotropic geometry.
Backazimuthal coverage for SKS phases in the
4649
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Figure 1. Tectonic map of the Paciﬁc Northwest: Brown shaded region indicates the area covered by the
Columbia River and Steens ﬂood basalts (CRSB). Red triangles indicate Holocene volcanoes. Solid white
lines are state boundaries. Brown lines indicate boundaries for physiographic provinces from the USGS
(http://tapestry.usgs.gov/physiogr/physio.html), modiﬁed to include the boundary of the High Lava Plains
(light blue shaded area) from Meigs et al. [2009] and the Owyhee Plateau from Shoemaker [2004]. Other features noted: Idaho Batholith (IB; light shaded area); Snake River Plain (SRP); Western Snake River Plain
(WSRP); western Columbia Basin (wCB); Owyhee Plateau (OP); Great Salt Lake (GSL); Newberry Volcano
(NB); High Lava Plains (HLP), Diamond Craters (DC), Jordan Craters (JC).

western United States is heavily weighted toward
the western Paciﬁc subduction zones, precluding a
complete investigation of the backazimuthal variability, but for many stations, we were able to
achieve some coverage of two to three backazimuthal quadrants. In general, we do not observe
meaningful variations in measured splitting parameters with backazimuth beneath the HLP, and
the null SKS arrivals we observe at HLP stations
arrive from backazimuths that are consistent with
the observed fast directions for split SKS arrivals.
This is demonstrated by a representative sampling
of single-station SKS splitting patterns for stations
located within the HLP, as shown in Figure 2.
Here we show examples of typical splitting patterns as a function of event backazimuth for six
TA and HLP experiment stations; for each of the
patterns shown, the fast directions do not vary signiﬁcantly with backazimuth, and the non-split
SKS arrivals generally come from backazimuths
that are consistent with the observed . This simplicity in the observed splitting patterns suggests
that in general, anisotropy beneath the HLP can be
described with a single anisotropic layer with a
roughly horizontal axis of symmetry, as we do not
observe the complications that would be expected

for multiple anisotropic layers [Silver and Savage,
1994]. This is in contrast to some of the regions
surrounding the HLP, such as the Blue and Wallowa Mountains, which do exhibit signiﬁcant variability in splitting parameters with backazimuth.
This variability has been interpreted as being due
to multiple layers of anisotropy, likely corresponding to distinctive anisotropic geometries in the
mantle lithosphere and the underlying asthenosphere [Long et al., 2009].
[9] Given this apparent simplicity, it is appropriate
to represent SKS splitting beneath eastern Oregon
by taking single-station averages of the highestquality measured splitting parameters (, t) at
each station, as shown in Figure 3 and in supporting information,1 Table S1. Our single-station
averages were obtained by taking nonweighted,
simple averages of measured delay times and circular averages of fast directions for the set of highest quality measurements at each station. For the
vast majority of stations, this corresponds to all
‘‘good’’ quality measurements; for a few stations,
1
Additional supporting information may be found in the online
version of this article.
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Figure 2. Stereoplots of representative splitting patterns (measured splitting parameters as a function of
event backazimuth) for six stations located in the HLP region. Both ‘‘good’’ and ‘‘fair’’ quality measurements
are shown, plotted as sticks oriented in the fast direction and whose lengths are proportional to the delay
times. Null measurements are plotted with a circle at the event backazimuth. Map shows location of HLP
(stars) and TA (triangles) stations; locations of six selected stations are shown with large symbols and are labeled with station name.

Figure 3. SKS single-station average splitting map. Colors of diamonds and length of black bars indicate
splitting delay time (sec). Bars indicate anisotropic fast directions. Data from this study are obtained from
Schutt et al. [1998] and Fouch and West [2008]. Red lines locate cross sections shown in Figures 5–9. Green
boxes indicate the bounds of the anisotropic areas described in section 2.3.1 and Figure 5.
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this corresponds to all ‘‘fair’’ quality measurements. The backazimuthal distribution of null (i.e.,
nonsplit) SKS arrivals were not taken into account
in our averaging scheme; given the simplicity of
the splitting patterns documented in Figure 2, this
is appropriate. We also experimented with other
averaging schemes, including using all ‘‘good’’
and ‘‘fair’’ measurements for each station, but
found that the type of averaging scheme made
very little difference in the overall estimates.

2.2. Rayleigh Wave Phase Velocity
Inversions
[10] The data and methodology for this study build
on the phase velocity inversions of Wagner et al.
[2010]. The model results presented here are the
same as those in Wagner et al. [2013], but that paper focused exclusively on the interpretation of anisotropy beneath the Cascade arc. Here we expand
our interpretation of this model to include a
detailed analysis of areas east of the Cascade arc,
and we include a number of new resolution tests to
investigate the robustness of our surface wave
phase velocity anisotropy results. To summarize
our inversion methodology brieﬂy, the inversions
shown here analyze Rayleigh wave phase delays
and amplitudes to determine the spatial variability
of anisotropy directions and magnitudes in addition to velocity deviations for 12 periods between
33 and 143 s. We use data from 99 events of magnitude 6.3 or greater recorded at TA and HLP seismic stations (see Wagner et al. [2010] for data
details). As described in Wagner et al. [2013], we
use different grid node spacing for velocity and
anisotropy terms. For velocity gridnodes, we use a
spacing of 0.35 , and for anisotropy gridnodes, we
use a broader spacing of 0.66 . Outermost gridnodes are left underdamped in order to ‘‘absorb’’
travel-time variations from outside the array that
are not adequately modeled with our two-planewave approximation. We use the two-plane-wave
method of Forsyth and Li [2005]. This method
accounts for scattering by solving for the best ﬁtting two plane waves that constructively and
destructively interfere across the study area. For
each plane wave, we solve for amplitude, phase,
and back azimuth. Once the six plane wave parameters have been determined, we calculate the difference between predicted and observed amplitude
and phase at each station. When calculating our
predicted values, we incorporate the ﬁnite frequency kernels of Zhou et al. [2004] according to
the method of Yang and Forsyth [2006]. The same
sensitivity kernels are used for the newly added
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anisotropy terms. Phase velocities at any location
are approximated by
C ð!; Þ ¼ B0 ð!Þ þ B1 ð!Þcosð2Þ þ B2 ð!Þsinð2Þ

omitting the higher-order 4 terms [e.g., Smith and
Dahlen, 1973; Weeraratne et al., 2007]. The
peak-to-peak strength of anisotropy is calculated
as 2 (B12 þ B22)1/2 and the fast propagation direction is given by 0.5 arctan(B2/B1). Our preferred
model is shown in Figure 4, and in supporting information, Figures S1–S3.

2.3. Resolution Tests for Rayleigh Wave
Phase Velocity Anisotropy Results
[11] Here we assess our ability to resolve the anisotropy parameters in our inversion. To ﬁrst order,
it is possible to differentiate better-resolved areas
from less well-resolved areas by plotting the standard deviations determined in the inversion for B1
and B2. Errors are propagated to fast direction azimuth and anisotropic strength. The standard deviations in anisotropic strength are much smaller than
uncertainties derived from changes in regularization (see section 2.3.1), so we focus on errors in
fast direction azimuth here. These are plotted for
our preferred model in supporting information, Figure S1, for each period. Errors in fast direction are
largest at the margins of our study area and are also
large for measurements where the magnitude of anisotropy is very close to zero. We also plot the sum
of the diagonal values of the resolution (R) matrix
for each anisotropy grid node to indicate the degree
to which model parameters trade off with those at
adjacent grid nodes. Both the standard deviations
and the R-matrix diagonals indicate that the best
resolved areas are those in the center of our study
area, particularly near the HLP seismic deployment
where we have our greatest station density. Also
well resolved are areas along the Cascade arc, the
Owyhee Plateau, and along the Snake River Plain.
At the longest periods, uncertainties are larger, consistent with decreased R-matrix diagonal values.
This is due to the breadth of the ﬁnite frequency
sensitivity kernels at long periods, which tend to
blur any abrupt changes in velocity or anisotropy.
2.3.1. Regularization

[12] The results of any inversion are sensitive to
the regularization used. In our inversions, regularization is accomplished by applying an a priori
model covariance matrix to minimize the effects
of small eigenvalues on the stability of the inversion. Our preferred model uses an a priori model
4652

WAGNER AND LONG : ANISOTROPY IN THE PACIFIC NORTHWEST

10.1002/ggge.20275

Figure 4. Results of Rayleigh wave phase velocity inversions with anisotropy parameters. Background colors indicate deviations from starting phase velocities at (a) 33 s, (b) 50 s, (c) 66 s, (d) 77 s, (e) 91 s, and (f)
125 s. Fast directions are shown by the directions of the black bars. The magnitude of anisotropy is denoted
both by the color of the diamond at each node and by the length of the black bar. State boundaries are shown,
as are the tectonic provinces shown in Figure 1. Green boxes indicate the bounds of the anisotropic areas
described in section 2.3.1 and Figure 5.
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covariance of 0.2 km/s for velocity parameters
(consistent with Wagner et al. [2012a] and 0.04
for anisotropy parameters. We assess the effect of
different covariance values on our anisotropy parameters in supporting information, Figure S2.
Here we show the results of inversions that differ
only in the covariance values applied to anisotropy
parameters. Our results indicate that changes in
regularization have little effect on fast direction,
even in our less well-resolved areas. However,
decreased covariance values for anisotropy terms
result in strongly reduced peak-to-peak anisotropy
magnitudes. Broadly speaking, increased covariances increase the apparent strength of anisotropy, especially at the edges of our study area
where resolution is poor. However, in wellresolved areas, this increase in apparent anisotropy
degree is not without limit. For example, within
the bounds of the HLP seismic network where our
resolution is strongest, anisotropic strength
increases with increased covariance only up to our
preferred covariance of 0.04. Further increases of
covariance do not produce substantially increased
apparent anisotropic strength, suggesting that
some constraint on the maximum observed anisotropy is possible in well-resolved areas.
[13] To further test this hypothesis, we perform a
regionalized inversion where anisotropy terms are
assessed by region [Li et al., 2003]. This inversion
assigns anisotropy terms to each velocity grid
node and then combines the anisotropy sensitivities of all nodes within user-speciﬁed areas. This
results in a single pair of anisotropy model parameters per area. We deﬁne one area that comprises
much of the HLP where the largest shear wave
splits are located, one area along the Cascade Arc,
one area that encompasses the Snake River Plain,
and ﬁnally we combine all other areas into a single
pair of ‘‘Background’’ anisotropy terms. The three
distinct areas are shown in Figures 3 and 4 and
supporting information Figure S1. By reducing the
number of anisotropy terms in the inversion, we
are able to effectively remove the regularization
applied to these terms by increasing their respective covariances to 1000. The results of these
inversions are shown in Figure 5 and represent
effectively undamped anisotropy values for these
areas. These results are very consistent with the
results of our preferred inversions for both the
three deﬁned areas and the background anisotropy,
and are further discussed in section 3.
2.3.2. Starting model

[14] The robustness of our inversions can also be
assessed by investigating the sensitivity of our

Figure 5. Results of inversions for regional anisotropy values, for the High Lava Plains, Snake River Plain, Cascade
Arc, and ‘‘background’’ regions of the inversion. We plot the
amplitude (y axis) and direction (wedges, which show fast
direction of phase velocities in map view with 2 errors) of
anisotropy as a function of period (x axis). Vertical bars indicate error bars for magnitude (also 2).

results to the starting values assigned to anisotropy
terms. Our preferred model has no starting anisotropy value assigned. To this end, we performed
additional inversions in which we assigned starting
anisotropy parameters equivalent to strong (5%)
anisotropy with (1) E-W and (2) N-S fast directions. The results of these inversions were presented in Wagner et al. [2013] but were discussed
only in the context of the Cascade arc. Here, we
directly compare the results of these inversions
with our preferred model in all areas, focusing on
those areas east of the Cascade arc. In supporting
information Figure S3, we plot the results of our
preferred model compared to the results of the EW starting anisotropy model and the N-S starting
anisotropy model. Areas where our results are best
resolved are those where these differences in both
direction and magnitude are smallest. In general,
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as with all other resolution tests performed, the
edges of our study area are less robust than the central areas of our study area. In particular, the corners of the study area and areas in central Nevada,
northern Idaho, and southern Washington show
greater sensitivity to starting model. This is particularly true at longer periods. However, within the
HLP and SRP, our resolution is very robust. In particular, we note that in the HLP, when the starting
model included a 5% E-W trending anisotropy, the
azimuth was not changed, but the magnitude of the
anisotropy was reduced to the same value attained
in our preferred model. Overall, these tests suggest
that the direction of anisotropy in our preferred
model is relatively insensitive to the starting model,
at least for the well-resolved areas, and beneath the
HLP in particular, the anisotropy magnitude is also
not sensitive to the starting model.

tropic velocity deviations from these inversions
are almost identical to those from Wagner et al.
[2010], where we solved only for the best ﬁtting
anisotropic fast direction and amplitude for the
entire study area at a given period. Therefore, we
do not discuss the isotropic phase velocities any
further in this study; a complete discussion of
these results can be found in Wagner et al. [2010,
2012a]. We focus instead on the new 2-D anisotropy results at each period. Notable features in our
results include a sharp rotation from trench parallel to trench perpendicular fast directions for periods between 45 and 66 s beneath the Cascade arc,
as discussed in Wagner et al. [2013]. We also see
a broad-scale rotation at longer periods (>77 s)
centered about central Nevada, consistent with the
SKS splitting results of Zandt and Humphreys
[2008] and West et al. [2009].

3. Results

3.2. Anisotropy Beneath the HLP

3.1. Large-Scale Anisotropy in the PNW
[15] In order to visualize large-scale patterns of
SKS splitting beneath our PNW study area and
compare these patterns with the Rayleigh wave anisotropy, we combine our SKS splitting data set
with the measurements of Schutt et al. [1998] and
Fouch and West [2008]. Figure 3 shows singlestation average splitting parameters from these two
studies along with our own HLP measurements. In
the eastern part of our study area, fast splitting
directions trend roughly parallel to the absolute
motion of the North American plate (APM), while
in eastern Oregon, the fast directions are generally
E-W, with large splitting delay times (up to 2.7
s). The semicircular pattern of fast directions in
northern Nevada visible in the long-period surface
wave phase velocities is also evident from the SKS
splitting patterns [West et al., 2009]. We have previously interpreted the transition from E-W 
beneath eastern Oregon to APM-parallel  beneath
Idaho as being due to a transition from mantle ﬂow
controlled by slab rollback [Druken et al., 2011] to
APM-parallel shear in the asthenosphere to the
west [Long et al., 2012]. Superimposed on this general pattern, however, we see evidence from both
SKS splitting and surface wave dispersion for pronounced variations in anisotropic strength and geometry (both laterally and with depth) beneath the
HLP and SRP, as discussed below.
[16] Figure 4 presents our surface wave model
results for 33, 50, 66, 77, 91, and 125 s. The iso-

[17] SKS splitting beneath the HLP exhibits relatively uniform fast directions (generally nearly EW), but striking lateral variations in delay times.
The dense station spacing of the HLP broadband
experiment allows us to robustly characterize these
variations, which are visible in map view in Figure
3. We observe a region of southeastern Oregon that
is associated with large delay times (consistently > 2 s, with stations in the central part of the
region exhibiting t > 2.5 s), considerably larger
than the surrounding region. This region coincides
geographically with Holocene basalt ﬂows, particularly Diamond and Jordan Craters. To the east of
this region, stations located on the Owyhee Plateau
exhibit smaller (1.5–2 s) delay times. Delay times
also decrease to the northwest along the HLP volcanic track toward Newberry, with average delay
times less than 1.5 s. Similarly, delay times are
reduced to the north of the HLP, with measured t
as small as 1 s.
[18] Because of the dense station spacing of the
HLP experiment, we are able to detect subtle
changes in SKS fast direction and delay times
within the footprint of the array, in addition to the
broad-scale patterns. These changes are shown in
Figure 6, which shows the single-station average ’
and t values as a function of distance along the
NW-SE proﬁle shown in Figure 3. This ﬁgure was
constructed by ‘‘collapsing’’ all HLP stations
located within 60 km of the proﬁle (to the northeast) or 20 km of the proﬁle (to the southwest) onto
the proﬁle line, and it reveals some interesting features. Starting in the northwest, delay times to the
4655

WAGNER AND LONG : ANISOTROPY IN THE PACIFIC NORTHWEST

10.1002/ggge.20275

Figure 6. Variation of single-station average shear wave splitting delay times (top) and fast directions (bottom) along a NW-SE directed proﬁle along the strike of the HLP trend. The proﬁle is the same as that shown
in Figure 3, although the ends of the proﬁle have been truncated here to focus on the region with dense station
coverage. All stations (from the HLP and TA arrays) located within 60 km of the proﬁle (to the northeast) or
20 km of the proﬁle (to the southwest) are shown. Average single-station parameters are the same as shown in
Figure 3. Major geographic features are marked with a dashed line and initials: Newberry Volcano (NB), Diamond Craters (DC), Steens Mountain (SM), Jordan Craters (JC), and Owyhee Plateau (OP).

west of Newberry Volcano average nearly 2 s, but
there is a pronounced drop in t just to the southeast
of Newberry, to values less than 1.5 s. Continuing
along the transect, t values climb steadily and then
reach a plateau that has an average value greater
than 2 s; the plateau covers the region between the
Holocene basalt ﬂows at Jordan Craters and Diamond Craters. To the southeast of Jordan Craters,
delay times steadily decrease again to an average
value of 1.7 s beneath the Owyhee Plateau. Some
patterns in measured fast directions are also noticeable, although the vast majority of measured ’ values fall between 70 and 90 east of north. In the
vicinity of Newberry, fast directions average
approximately 80 ; there is a slight rotation to a
more nearly E-W direction in the vicinity of Diamond Craters, and then another slight rotation to ’
values near 70 –80 near Jordan Craters. To the
southeast of Jordan Craters, there is a progressive
clockwise rotation in fast directions to values just
above 100 beneath the Owyhee Plateau.
[19] Beneath the HLP and the surrounding region,
Rayleigh wave anisotropy also follows a relatively
simple pattern, with fast directions varying slightly
between E-W to ENE-WSW at all periods. The
one exception is at 77 s where the easternmost part
of Oregon shows a slight ESE-WNW fast direc-

tion. The magnitude of this anisotropy varies spatially and by period, but generally ranges from
nearly zero up to 3% in our preferred model.
While the magnitude of anisotropy is often very
sensitive to starting model and regularization, we
note that the magnitudes in southeastern Oregon
remain remarkably consistent regardless of starting model (supporting information, Figure S3).
Varying the regularization does affect magnitude,
but in a predictable fashion, and not without limit
(supporting information, Figure S2). In the very
overdamped case, we note that the pattern of E-W
fast directions is visible even though most of the
surrounding area shows no anisotropy. As the
initial covariance is increased, the magnitudes of
anisotropy in southeastern Oregon increase. However, once the covariance reaches 0.04 and
above, magnitudes cease to increase with
increasing covariance, attaining a maximum
value <¼ 3%. The magnitude and direction of
the anisotropy for covariance values of 0.04 and
larger are consistent with the results of the
undamped regionalized inversion for anisotropy
parameters (Figure 5). These indicate consistently E-W fast directions except for 100 s period Rayleigh waves, which show an ENE-WSW
fast direction. The anisotropy in these inversions
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Figure 7. Map of cross sections. Background colors indicate topography. Red diamonds show anisotropy
grid nodes displayed on cross sections in Figures 6–9. White circles show their projected location along the
transect. Small black stars show the station locations in Schutt et al. [1998]. Black diamonds show station
locations. Fan of black-white color scale in Oregon shows colors used to plot surface wave kernels in Figures
6 and 7 (degrees from north). Fan of rainbow color scale in Idaho shows colors used to plot surface wave kernels in Figures 8 and 9 (degrees from absolute plate motion).

is strongest (2%) at periods of between 33 and
66 s, decreasing to 0.5–1% for longer periods.
All of these tests combined strongly suggest that
the maximum value of Rayleigh wave anisotropy
observed at any one period across southeastern
Oregon does not exceed 3%, and is likely more
on the order of 1–2%.
[20] The lateral variability of anisotropy in and
near the HLP is particularly evident in cross section. Figure 7 shows the locations of cross sections, and Figure 8 shows fast directions and
magnitudes of anisotropy at grid nodes adjacent to
the transects represented by color and line weight,
respectively. Also plotted are SKS splitting delay
times and fast directions. Figure 8a is oriented
roughly parallel to the track of HLP post-Miocene
volcanism. Figure 8b shows a North-South transect close to the dense N-S seismic line of the
HLP broadband experiment. We observe very
strong E-W trending anisotropy, along with large
SKS splitting delay times, directly beneath the
High Lava Plains regions, particularly in areas
characterized by very low lower crustal/uppermost
mantle velocities. Closer to the subducting Juan de
Fuca slab (Figure 8a), we see the sharp rotation to
N-S fast directions associated with the presence of

hydrous phases [Wagner et al., 2013], and moderate E-W fast directions beneath the arc just west of
the HLP. Within the HLP, the E-W trending anisotropy is particularly strong at shorter periods
that are sensitive to shallower depths. At the southeastern end of the diagonal transect, we see much
weaker anisotropy and somewhat more variable
fast directions, especially at periods sampling the
higher velocity crust and mantle lithosphere associated with the Owyhee Plateau. In the NorthSouth transect (Figure 8b), we see anisotropy that
is notably weaker north and south of the low
velocities associated with the HLP, consistent with
decreases in observed SKS splitting times.

3.3. Anisotropy Beneath the SRP
[21] Rayleigh wave anisotropy results across central and northern Idaho indicate fast directions
approximately parallel to North American plate
motion north of the SRP (Figures 1 and 4). Within
the SRP, however, we observe very weak anisotropy oriented obliquely to APM at periods shorter
than 77 s. At longer periods, we observe stronger
anisotropy more closely aligned to APM. This is
consistent with our regionalized inversions (Figure
5) that show very weak N-S oriented fast
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Figure 8. Cross section of Rayleigh wave inversion results diagonally across (a) the HLP and (b) along a
north-south transect across the HLP. Background is from the shear wave velocity model of Wagner et al.
[2012a]. Black and gray lines are the sensitivity kernels for periods from 33 to 143 s. The line weight is scaled
according to the magnitude of anisotropy at that period at the grid node closest to that location on the cross
section (see Figure 7 for grid nodes and projection locations). The color of the kernel lines indicates degrees
from due North (white ¼ North-South; black ¼ East-West). Circles above the cross section show projected
SKS splits for stations within 30 km of the transect (Figure 3). The size of the circle represents delay time and
the grayscale indicates degrees from north. Black lines above the circles show the regional topography along
the proﬁle. Labeled features are as follows: SM ¼ Steens Mountain; TSV ¼ Three Sisters Volcanoes;
JdF ¼ Juan de Fuca Slab; HLP ¼ High Lava Plain; OP ¼ Owyhee Plateau.

directions for periods between 33 and 66 s, and
much stronger, more E-W oriented fast directions
at periods of 77 s and longer.
[22] To examine the spatial extent of this pattern,
we plot cross sections along and orthogonal to the
Snake River Plain and project our anisotropy
results onto these cross sections (Figure 9). Here,
the sensitivity kernels of each period for a given

anisotropy node are color coded according to the
degree different from APM, as opposed to the
color coding in Figure 8 which is relative to direction from north. We have used different color
scales to emphasize the difference. Both color
scales can be seen in Figure 7. The alongstrike
proﬁle (Figure 9a) shows a distinctly different pattern of anisotropy in the central portion of the SRP
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Figure 9. Cross section of Rayleigh wave inversion results along the strike of (a) the SRP and (b) perpendicular to strike. Lines are sensitivity kernels whose line weight is proportional to the magnitude of anisotropy,
as described for Figure 8. Color scale is degrees from absolute plate motion (see Figure 7 for color scale). The
color palette differs from that in Figure 8 to emphasize the difference in the reference azimuth (north-south in
Figure 8 versus APM in Figure 9). Grayscale background shows the shear wave velocity model from Wagner
et al. [2012a]. Circles above the cross section show projected SKS splits for stations within 30 km of the transect (Figure 3). The size of the circle represents delay time and the color indicates degrees from absolute plate
motion. Black lines above the circles show the regional topography along the proﬁle. Labeled features are as
follows: SRP ¼ Snake River Plain, BR ¼ Basin and Range; Y ¼ Yellowstone.

than beneath Yellowstone, where APM-parallel
fast directions are observed at all periods. The
cross section orthogonal to the trend of the SRP
shows that the pattern of small, APM-oblique fast
directions at short periods and stronger APMsubparallel fast directions at longer periods is
observed directly below the SRP but not in areas
further to the north and south. We compare our
results to the shear wave splitting results of Schutt
et al. [1998]. They ﬁnd very small SKS splitting
times within the SRP, but much stronger, APM

parallel shear wave splitting to the north and south.
This would be consistent with the presence of
deeper APM parallel ﬂow that is canceled out by
shallower, APM-oblique fast directions. Later
work by Waite et al. [2005] examined stations to
the north and east of the transect investigated by
Schutt et al. [1998], and found no evidence for
smaller SKS splitting values within the SRP. This
is consistent with our Rayleigh wave anisotropy
results that show this pattern constrained to the
central portion of the Snake River Plain.
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4. Discussion
4.1. Comparison Between SKS and
Surface Wave Models
[23] In general, the patterns of upper mantle anisotropy that we infer from our SKS splitting and surface wave models agree well (Figures 3 and 4).
However, there is a discrepancy in the magnitude of
the anisotropy beneath the HLP inferred from the
different types of observations. Our observation of
SKS splitting delay times that exceed 2 s in southeastern Oregon suggests strong anisotropy in the
asthenospheric upper mantle. If the anisotropy is
conﬁned to a layer of 150 km thick in the asthenosphere, then an anisotropic strength of 6–8% is
required, even if some of the delay time is
accounted for via anisotropy in the lithosphere [see
also Long et al., 2009]. While a large delay time
could be accrued if there is a substantial contribution from the deeper parts of the upper mantle [e.g.,
Yuan and Romanowicz, 2010], the observation of
variations in delay time of 1–1.5 s over relatively
short length scales (a few hundred kilometers; Figures 3 and 6) argues for the most substantial contribution coming from the shallow part of the upper
mantle.
[24] The high magnitude of upper mantle anisotropy suggested by the SKS splitting times is not
observed in the anisotropic model derived from
Rayleigh waves. We consistently ﬁnd a maximum
anisotropy of <4%, usually <2.5%. This encompasses all periods with maximum sensitivities
between 40 and 150 km depth, and with longer
periods still sensitive to depths of up to 250 km. It
is highly unlikely that structures shallower than 40
km, to which our surface wave data are less sensitive, can explain the discrepancy. Long et al.
[2009] suggested that the high delay times beneath
the HLP would require 20% anisotropy over a 60
km thick layer of the lithosphere, assuming no
asthenospheric contribution. Such strong anisotropy, especially in the lower crust, would have
strongly affected the 33 and 40 s Rayleigh waves,
which we do not observe. It is possible that a substantial portion of the observed anisotropy is
sourced at depths below the sensitivity of our surface waves. Again, however, the SKS delay time
observations vary over short spatial scales, suggesting a relatively shallow source.
[25] The amplitude discrepancy between observed
SKS splitting times and anisotropy inferred from
anisotropic surface wave tomography has been
noted before [e.g., Becker et al., 2012]. The differ-
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ence could be artifacts of tomographic smoothing
or overestimation of delay times from noisy SKS
phases [e.g., Monteiller and Chevrot, 2009], but
all of these issues are much mitigated with a small
study area and a dense and high-quality SKS data
set, such as the one presented here. We have investigated the effects of regularization in the surface
wave inversion, and see no evidence for much anisotropy greater than 3% across central and southeastern Oregon. While the resolution of this
discrepancy is beyond the scope of this paper, we
suggest that southeastern Oregon may be an ideal
locale to further study this phenomenon, given the
simplicity of the anisotropy, the magnitude of the
SKS delay times, and the extremely dense but laterally broad seismic data coverage afforded by the
combination of the High Lava Plains deployment
and the EarthScope Transportable Array.

4.2. Comparison With Previous Work
[26] It is also instructive to compare our inferences
on upper mantle anisotropy beneath the PNW to
previous studies. Our SKS splitting data set
beneath the HLP is very consistent with previous
work [Xue and Allen, 2006], although the very
dense station spacing provided by the HLP broadband experiment allows us to constrain lateral variations in delay time in greater detail.
Complementary constraints on the geometry and
strength of uppermost mantle anisotropy can be
obtained from anisotropic Pn analysis, either
through tomography or localized imaging techniques. Buehler and Shearer [2012] identify patterns
of Pn anisotropy that are generally consistent with
what we infer, including a region of generally
trench-parallel fast anisotropic directions beneath
the Cascades [Wagner et al., 2013] and generally
E-W fast directions beneath the HLP with an anisotropy strength up to 8%. We can also compare
our results with other models for azimuthal anisotropy beneath the PNW that use both SKS splitting
and surface wave observations, notably those of
Yuan and Romanowicz [2010] and Lin et al.
[2011]. To ﬁrst order, our inferences agree with
the features observed in these models, sometimes
in relatively ﬁne detail. For example, there are
strong similarities between the well-resolved portions of our anisotropic phase velocity map at 33 s
and that of Lin et al. [2011] at 38 s. However, we
also observe some differences in ﬁne-scale details
with previous models. For example, the model of
Yuan and Romanowicz [2010] resolves several
layers of anisotropy beneath the HLP, with NESW fast directions at shallower depths (70–100
4660

WAGNER AND LONG : ANISOTROPY IN THE PACIFIC NORTHWEST

km) and a transition to NW-SE fast directions in
the deeper upper mantle (200–300 km). This is
in contrast to the relatively uniform E-W fast
directions throughout the upper mantle beneath
the HLP that we infer from surface waves (Figure
8a) and from the lack of backazimuthal variation
in apparent SKS splitting parameters (Figure 2).

4.3. Possible Mechanisms for the
Anomalous Anisotropy
[27] Our inference of anomalous anisotropy
beneath both the HLP and SRP suggests that there
is a modiﬁcation to the mechanism of anisotropy
beneath both of these active volcanic tracks, compared to the surrounding regions. However, the distinctive anisotropy takes different forms: beneath
the HLP, we observe a region of particularly strong
anisotropy beneath southeastern Oregon, while the
magnitude lessens to the northwest as the HLP
rhyolites get younger (Figure 8a). Beneath the
SRP, in contrast, there is an anomaly in the geometry, rather than the magnitude, of anisotropy, and
there is an excellent spatial correlation between the
anomalous anisotropy and particularly low isotropic wavespeeds along much of the SRP. Interestingly, for both the SRP and the HLP, we do not
observe anomalous anisotropy beneath the youngest part of the (rhyolitic) volcanic tracks. Beneath
the northwestern end of the HLP track in the vicinity of Newberry volcano, the SKS splitting delay
times are modest and the Rayleigh wave anisotropy
is not particularly strong (Figure 8a). Similarly,
beneath the eastern end of the SRP track near Yellowstone, we do not observe a striking change in
the anisotropic geometry with depth (Figure 9).
[28] We have considered a number of models to
explain the lateral variations in upper mantle anisotropy beneath the HLP and SRP. To consider the
HLP case ﬁrst, we seek a model that can explain a
large variability in SKS delay times and Rayleigh
anisotropy strength in the context of the very simple E-W asthenospheric ﬂow ﬁeld beneath the
HLP that has been inferred from geodynamical
experiments [Druken et al., 2011; Long et al.,
2012]. There are a few scenarios that can be ruled
out relatively easily. Speciﬁcally, variations in
crustal anisotropy or anisotropy in the shallow
mantle lithosphere are unlikely, as the strength of
crustal anisotropy would have to be unreasonably
large (up to 30%) to explain the delay time
observations. Additionally, receiver function studies of crustal structure beneath the HLP do not
ﬁnd evidence for strong crustal anisotropy [Eagar
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et al., 2011]. We also do not expect dramatic
small-scale lateral variations in the thickness of
the anisotropic asthenospheric layer or in the
amount of strain accumulated in the upper mantle,
based mainly on geodynamical modeling constraints [Druken et al., 2011]. However, we have
identiﬁed three plausible models for the lateral
variations in anisotropy strength we observe
beneath the HLP: (1) variations in olivine LPO
strength as a consequence of changing deformation conditions (temperature, stress, water), (2)
variations in olivine fabric type as a consequence
of changing deformation conditions, and (3) variations in the amount and/or alignment of partial
melt in the upper mantle beneath the HLP.
[29] There is a large amount of variability in the
strength of olivine LPO (and thus shear wave anisotropy) in natural peridotite rocks, from nearly
isotropic up to 15% [Ben Ismail and Mainprice,
1998; Mainprice, 2007]. The strength of olivine
LPO can be measured quantitatively through a
measure such as the M-index [Skemer et al., 2005]
and may be inﬂuenced by many factors, such as
the history [e.g., Skemer et al., 2012] and conditions of deformation, perhaps including the temperature, water content, strain rate, grain size,
mineralogy, and presence or absence of partial
melt [e.g., Kaminski et al., 2004; Skemer et al.,
2010; Falus et al., 2011]. Fabric strength does not
appear to be strongly inﬂuenced by the amount of
strain in natural rocks [e.g., Warren et al., 2008].
Unfortunately, many of the variables that may
affect the strength of olivine LPO are poorly constrained for the upper mantle beneath the HLP.
Inferences on the temperature conditions may be
gleaned from the interpretation of tomography
models and from the petrological characteristics of
volcanic rocks. Till et al. [2013] inferred uppermost mantle temperatures of 1185–1383 C
beneath the HLP from basalt thermometry, with
generally hotter temperatures beneath southeastern
Oregon (Diamond and Jordan Craters) and generally cooler temperatures beneath Newberry volcano, suggesting lateral some variations in
temperature. Lateral temperature variations in the
upper mantle are also suggested by isotropic surface wave tomography [Wagner et al., 2010,
2012a], although a straightforward thermal interpretation of the models would suggest particularly
high temperatures in the vicinity of Newberry. In
any case, the effects of the many factors that may
inﬂuence the strength of LPO (such as temperature) remain poorly constrained from a mineral
physics point of view. Therefore, while lateral
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variations in the strength of olivine LPO (due to
temperature variations or other factors) remains a
plausible mechanism to explain the variability in
anisotropy strength beneath the HLP, this remains
a difﬁcult hypothesis to evaluate quantitatively.
[30] Another related hypothesis is that there is a
transition in olivine fabric type beneath the HLP.
It is likely that A-, C,- or E-type olivine fabric
dominates in the relatively low-stress, high-temperature asthenospheric mantle, while D-type fabric may dominate in the lithospheric mantle and
B-type fabric may be present in the high-stress,
low-temperature corner of the subduction zone
mantle wedge [e.g., Karato et al., 2008]. Fabric
transitions in the upper mantle have been inferred
from seismologic observations (for example, the
transition to B-type fabric inferred by Nakajima
and Hasegawa [2004] and Kneller et al. [2008]),
from laboratory experiments [Jung and Karato,
2001; Katayama et al., 2004; Jung et al., 2006],
and from natural rocks [Wang et al., 2013; Precigout and Hirth, 2011]. An intriguing possibility is
that the particularly strong anisotropy we infer
beneath southeastern Oregon represents a transition from A-type to E-type olivine fabric. While
both of these fabric types is associated with a fast
direction of anisotropy aligned in the direction of
maximum ﬁnite strain, E-type fabric is associated
with stronger azimuthal anisotropy than A-type
fabric [Karato, 2008]. A transition from A-type to
E-type fabric at high temperatures and modest
stresses is associated with an increase in water
content above 200 ppm [Karato et al., 2008]; it
is not well known how temperature affects this
transition. It is possible that lateral variations in
water content or, perhaps, temperature beneath the
HLP may induce a transition in olivine fabric type
that leads to stronger anisotropy beneath southeastern Oregon even if the strain geometry is uniform. Further investigations of the effect of
temperature on olivine fabric transitions and on
the possibility of variations in upper mantle water
content beneath the HLP may allow further quantitative testing of this hypothesis.
[31] A third plausible mechanism to explain the
lateral variations in anisotropy beneath the HLP is
a possible contribution from partial melt. Partial
melt may modify the anisotropic structure of mantle rocks, either by modifying olivine LPO in the
surrounding matrix [Holtzman et al., 2003; Higgie
and Tommasi, 2012] or via a shape-preferred orientation effect [Holtzman and Kendall, 2010;
Tommasi et al., 2006], although this effect can be
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difﬁcult to assess quantitatively for the upper mantle because the melt fraction and topology are typically not well known [e.g., Vauchez and Garrido,
2001]. Previous seismologic studies have inferred
a contribution to seismic anisotropy observations
from partial melt in the context of mid-ocean ridge
spreading or continental rifting [e.g., Kendall,
1994; Bastow et al., 2010; Hammond et al.,
2010]. It is possible that the particularly high delay
times we observe beneath southeastern Oregon are
due to a melt shape preferred orientation (SPO)
effect that constructively interferes with the background signal from olivine LPO, as the recent basaltic volcanism suggests that some degree of
partial melt should be present beneath this region
[Till et al., 2013]. However, it is not immediately
obvious why such a mechanism would not also be
operative beneath the northwestern part of the
HLP, which has also experienced Holocene volcanism (Figure 1) but which exhibits smaller SKS
delay times. As with the olivine LPO mechanisms,
the large uncertainties about the partial melt fraction and alignment in the upper mantle, along with
uncertainties about the effect of partial melt on anisotropy under different conditions of deformation,
hamper our ability to quantitatively test the melt
SPO hypothesis.
[32] There are several possible models that might
explain the lateral variations in anisotropic
strength beneath the HLP, but since the anomalous
anisotropy beneath the SRP involves a change in
geometry rather than strength, the mechanism
must be different. The abrupt deviation from
APM-parallel fast directions beneath the SRP is
puzzling, as elsewhere in Idaho fast directions
generally trend NE-SW and have been interpreted
as being due to simple shear in the asthenosphere
induced by North American plate motion [e.g.,
Waite et al., 2005; Long et al., 2012]. It is difﬁcult
to envision a mantle dynamics regime that would
give rise to dominantly NE-SW ﬁnite strain directions throughout Idaho but would allow for ﬁnite
strain directions roughly perpendicular to this
directly beneath the SRP. Given the extremely low
upper mantle wavespeeds beneath the SRP [e.g.,
Wagner et al., 2010, 2012a] and the high conductivity channel inferred from the inversion of magnetotelluric measurements [Kelbert et al., 2012], it
is highly likely that partial melt is present beneath
the SRP, likely with melt fractions up to 3% [Kelbert et al., 2012]. An intriguing possibility is that
the deformation of the partially molten upper mantle beneath the SRP, either via APM-induced shear
or from mantle ﬂow along the Yellowstone hotspot
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track driven by a mantle plume [e.g., Camp and
Ross, 2004], is inducing a distinctive anisotropy
with fast directions oriented at high angles
(approaching 90 ) to the ﬂow direction within the
partially molten, low-velocity, high-conductivity
channel beneath much of the SRP. This anisotropy
may take the form of melt SPO, if melt is aligned
in sheets or tubules perpendicular to the strike of
the SRP trend, or it may represent a modiﬁcation
of olivine fabric due to deformation in the presence of melt [Holtzman et al., 2003; Higgie and
Tommasi, 2012]. Further work is needed to determine whether the conditions of deformation
beneath the SRP, particularly the 3% melt fraction inferred from electromagnetic data, are indeed
consistent with a scenario in which the fast directions of anisotropy are aligned at high angles to
the prevailing mantle ﬂow direction.

5. Summary
[33] We have investigated the anisotropic structure
of the upper mantle beneath the Paciﬁc Northwest,
and beneath the High Lava Plains and Eastern
Snake River Plain in particular, using a combination of SKS splitting analysis and Rayleigh wave
dispersion analysis. Similar patterns of anisotropic
fast directions are suggested by both types of
observations, although the magnitude of anisotropy suggested by the SKS delay times is generally higher (by a factor of 2) than that inferred
from the surface waves. Beneath the HLP, we
infer generally E-W fast directions with striking
spatial variations in anisotropic strength. A region
of particularly strong anisotropy beneath southeastern Oregon coincides spatially with the geographic location of Holocene volcanism. Possible
mechanisms for the observed variations in anisotropic strength include variations in olivine fabric
type, olivine LPO strength, or the amount or alignment of partial melt. Beneath most of the SRP,
Rayleigh wave observations at periods suggest a
rotation in the fast direction of anisotropy with
depth compared to the surrounding mantle,
although such a dramatic rotation is not observed
directly beneath Yellowstone. We infer that there
is a region of anisotropy beneath the SRP with dramatically different geometry than that of the surrounding mantle that appears to coincide with the
channel of extremely low isotropic wavespeeds (at
depths between 50–120 km). A likely mechanism for this change in geometry is the effect of
partial melt on the effective anisotropy. Both the
HLP and SRP exhibit distinctive upper mantle ani-
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sotropy compared to the surrounding regions,
although anomalous structure takes different forms
(particularly strong anisotropy beneath the HLP
and a rotation in fast direction beneath the SRP).
Given the volcanic history of both the HLP and the
SRP over the past 12 Ma, it is likely that partial
melt in the upper mantle plays a role in controlling
the anisotropic structure, particularly beneath the
SRP. Large uncertainties remain in our understanding of how the conditions of deformation and
the amount of partial melt affect the strength and
geometry of upper mantle anisotropy. We suggest,
however, that the combined SKS and Rayleigh
wave data set presented here, which documents
distinctive and well-constrained variations (both
laterally and with depth) in anisotropy beneath the
HLP and SRP, could serve as a useful test for the
ongoing development of quantitative models of olivine fabric transitions, LPO strength, and the
effect of partial melt on anisotropic structure.
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