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The tectonic and geologic setting of eastern Oregon includes the volcanically active High Lava Plains (HLP)
province and the accreted terrains of the Blue and Wallowa Mountains and is bounded by the Columbia River
flood basalts to the north, Basin and Range extension to the south, the Cascade arc to the west, and stable
North America to the east. Several models have been proposed to explain the tectonic evolution of eastern
Oregon and, in particular, the voluminous volcanic activity in the HLP, but a consensus on which model fully
describes the complex range of processes remains elusive. Measurements of the seismic anisotropy that
results from active mantle flow beneath the region can provide a crucial test of such models. To constrain this
anisotropy, here we present new SKS splitting results obtained at approximately 200 broadband seismic
stations in eastern Oregon and the surrounding region. Data come from the USArray Transportable Array
(TA) and two temporary experiments carried out in the HLP and in the Wallowa Mountains. Our splitting
data set includes ~2900 individual splitting measurements from SKS phases recorded between 2006 and
2008. Stations in eastern Oregon exhibit significant shear wave splitting, with average delay times at
individual stations between ~0.8s and ~2.7s. In the HLP, nearly all observed fast directions are
approximately E-W, while to the north in the Blue and Wallowa Mountains there is more variability in
the splitting patterns. The average delay time observed at stations located in the heart of the HLP province
is ~2 s, well above the global average of ~1 s for continental regions. We infer from the large split times and
homogeneous fast directions that there must be significant active flow in a roughly E-W direction in the
asthenosphere beneath the HLP; this inferred flow field places a strong constraint on models that seek to
explain the young tectonomagmatic activity in the region. In the Wallowa region, the anisotropic signature is
more complicated and there may be a significant contribution from fossil fabrics in the crust or mantle
lithosphere.
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magmatism, with the appearance of the Columbia River and Steens
flood basalts along the western margin of the North American craton

1. Introduction

Varied tectonic and geological terranes comprise the Cascadian
backarc of eastern Oregon, including the volcanically active High Lava
Plains (HLP) and the older Mesozoic accreted terranes of the Blue and
Wallowa Mountains. The region is bounded by the Columbia River
Basalt group to the north, the arc volcanoes of the Cascades to the
west, and Precambrian North America to the east, and it transitions
into extensional Basin and Range to the south (Fig. 1). The region's
recent geological history is dominated by voluminous intraplate
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at ~17-15 Ma followed by a still ongoing period of bimodal (basaltic
and silicic) volcanism in both the High Lava Plains and Snake River
Plain to the east. The causes of this ongoing tectonomagmatic activity
and its relationship to other tectonic processes, such as the uplift of
the Wallowa Mountains in northeastern Oregon, are not well
understood. A variety of models for the widespread volcanism has
been proposed, which variously invoke the inferred Yellowstone
plume (e.g., Camp and Ross, 2004), rollback and steepening of the
Cascadia slab (e.g., Carlson and Hart, 1987), lithospheric extension
related to the Basin and Range to the south (e.g., Cross and Pilger,
1978), localized lithospheric delamination (Hales et al., 2005), or a
combination of these processes. A consensus on which model best
explains the current range of geological, geochemical, petrological,
and geophysical data, however, has not been forthcoming.
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Fig. 1. Geologic map of eastern Oregon and the surrounding region. Black contours indicate the age progression (in Ma) of silicic volcanism along both the High Lava Plains (Jordan
etal., 2004), shown in yellow, and the Snake River Plain (Christiansen et al., 2002), shown in pink. The black dashed line shows the location of the Sr®7/5r8¢ = 0.706 line (after Jordan
etal,, 2004, using data from Leeman et al., 1992), commonly interpreted to mark the boundary between cratonic North America to the east and the accreted arc terranes to the west.
The blue dashed line shows the northern limits of Basin and Range extension (e.g., Wernicke et al., 1988). The brown highlighted area indicates the region covered by Miocene flood
basalts (Camp and Ross, 2004), including the Columbia River basalts (CRB) to the north and the Steens basalts (SB) farther to the south. Red triangles indicate locations of Holocene
volcanism. The geographical locations of the Owyhee Plateau (OP) and the Blue and Wallowa mountains (BWM) are also shown, along with Newberry Volcano (orange triangle) and
Yellowstone Caldera (blue triangle). The arrow at the Cascadia trench indicates its direction of motion; the trench is retreating at a rate of ~30 mm/yr in a Pacific hotspot reference

frame (Schellart et al., 2008).

One important discriminant among the many models that have
been proposed for the tectonic evolution of eastern Oregon is the
geometry of upper mantle flow. Constraints on this mantle flow can
be inferred from measurements of elastic anisotropy, which manifests
itself in the seismic wavefield in several different ways. In the upper
mantle, seismic anisotropy is generally ascribed to the crystallo-
graphic or lattice preferred orientation (LPO) of individual mineral
crystals (primarily olivine) that are themselves anisotropic (e.g.,
Karato et al., 2008). When a volume of mantle rock is subjected to
strain under dislocation creep conditions, it develops an LPO, and the
resulting anisotropy can be measured using seismological techniques.
Anisotropy resulting from shape preferred orientation of partial melt
lenses (e.g., Zimmerman et al., 1999) may also be important beneath
the HLP, particularly given the evidence of high uppermost mantle
temperatures in that region (e.g., Warren et al., 2008). The
measurement of the splitting or birefringence of seismic shear
waves (particularly core-refracted phases such as SKS) represents
one of the most direct ways to probe anisotropy in the upper mantle
(for overviews, see Silver, 1996; Savage, 1999; Fouch and Rondenay,
2006; Long and Silver, 2009). However, because splitting is a path-
integrated measurement, anisotropy anywhere along the receiver
side of the SKS raypath will contribute to the observed splitting and in
practice this means that the depth resolution of splitting measure-
ments is poor. In particular, in continental settings it can be difficult to
distinguish between lithospheric anisotropy that developed as a
consequence of past deformational processes and anisotropy in the
asthenosphere that is associated with active mantle flow. Despite
these difficulties, however, splitting measurements when properly
interpreted can yield tight constraints on the geometry of mantle flow
beneath a seismic station, and can help to distinguish among different
models for past and ongoing tectonic processes.

In this study we present measurements of SKS splitting at 200
broadband stations in eastern Oregon and the surrounding regions
(central Oregon, western Idaho, northern Nevada, and southeastern
Washington). The goal of this effort is not only to characterize SKS
splitting using an extremely dense broadband array, but also to use

these measurements and other geophysical observations to distin-
guish between lithospheric and asthenospheric contributions to
anisotropy and to characterize the pattern of active mantle flow
beneath eastern Oregon. These inferences can then be placed in the
context of the shear wave splitting pattern observed in the western
United States (e.g., Zandt and Humphreys, 2008; Fouch and West, in
preparation) and used to discriminate among the many models for
the recent tectonic evolution of the region. In this paper, we focus on
the presentation of the highest-quality measurements from the
splitting data set in order to present a first-order picture of shear
wave splitting, upper mantle anisotropy, and mantle flow beneath the
region.

2. Tectonic, geologic, and geophysical setting

The western United States in general and the region surrounding
Eastern Oregon in particular has a rich and complicated tectonic
history (for a recent overview, see Humphreys and Coblentz, 2007).
Extensive magmatic activity in eastern Oregon has been documented
beginning in the Cenozoic, when the so-called “ignimbrite sweep”
(e.g., Lipman et al., 1972) resulted in large-volume silicic magmatism
over much of western North America between 50 and 20 Ma. Between
17 and 15 Ma, volcanic activity in the region was dominated by the
massive flood basalt eruptions that began in the McDermitt area near
the Oregon/Idaho/Nevada border with the Steens basaltic volcanism.
Following the Steens event, flood volcanism propagated northward
along the western edge of Precambrian North America, culminating in
the voluminous outpourings of Columbia River basalts. Since approx-
imately 14-12 Ma, volcanic activity in eastern Oregon has been
dominated by major eruptions along the temporally migrating
volcanic track of the High Lava Plains that extends from southeastern
Oregon northwest to Newberry volcano in the Cascades (Fig. 1). In an
almost mirror image, the considerably more voluminous Yellowstone-
Snake River Plain (YSRP) volcanism followed a contemporaneous
migration northeastward from the McDermitt caldera area in northern
Nevada to Yellowstone in Montana, producing a prominent volcanic
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lineament that has been widely interpreted as corresponding to the
trace of the Yellowstone hot spot track (e.g., Pierce and Morgan, 1992).
For both HLP and YSRP, the volcanism is characterized by bimodal
silicic and basaltic eruptions. In the HLP, the silicic volcanism exhibits
an age progression from southeast to northwest that has been
documented using “°Ar/>°Ar dating (Jordan et al., 2004), but basaltic
volcanic activity has been widespread and there are Holocene basalt
flows in disparate locations (Fig. 1). To the north of the HLP, the Blue
and Wallowa mountains are composed of older Mesozoic accreted
terranes; the Wallowas in particular underwent significant uplift
during and after the Columbia River basalt eruptions (Hales et al.,
2005).

A variety of models has been proposed to explain the formation of
the High Lava Plains and the tectonic evolution of eastern Oregon. A
primary question is whether or not it is necessary to invoke a mantle
plume to explain HLP volcanism. Models that invoke a plume as the
origin for both the Columbia River/Steens flood basalts and the HLP/
YSRP volcanic trend have been proposed (e.g., Camp and Ross, 2004),
but the role of a mantle plume in northwestern US volcanism
continues to be hotly debated (e.g., Humphreys et al., 2000; Jordan,
2005; Hooper et al., 2007). Alternative models invoke asthenospheric
inflow due to the rollback and steepening of the Cascadia slab (Carlson
and Hart, 1987), significant lithospheric extension associated with the
extensional Basin and Range to the south (Cross and Pilger, 1978), or
backarc spreading processes (e.g., Christiansen and McKee, 1978;
Smith, 1992). It remains unclear what role “topography” at the base of
the lithosphere may have played in shaping the evolution of the HLP:
for example, Jordan et al. (2004) suggested that buoyant plume
material may have been guided along the thinning lithosphere to the
northwest beneath the HLP, although lithospheric basal topography
may play an equally important role in non-plume models as well. It
has also been suggested that lithospheric delamination processes may
have played a role in the tectonic evolution of eastern Oregon: Hales
et al. (2005) proposed a delamination model to explain the location
and timing of both the Columbia River basalt eruptions and the
significant uplift (~2 km) of the Wallowa mountains. A consensus
about which process (or combination of processes) is responsible for
the volcanic and tectonic evolution of eastern Oregon has not yet been
reached, but a detailed examination of shear wave splitting patterns
in the region provides a promising way to discriminate among the
many models because these models make substantially different
predictions about contemporary flow processes in the upper mantle.
For example, a plume model (e.g., Camp and Ross, 2004) would
predict mantle flow radiating out from the presumed plume head
location in southeastern Oregon, with flow along the strike of the HLP
trend, while a model that invokes slab rollback and steepening (e.g.,
Carlson and Hart, 1987) would predict mantle flow in the direction of
trench migration.

In addition to shear wave splitting, other geophysical observations
can be brought to bear in order to discriminate among the different
models. For example, new tomographic images of isotropic wave-
speed velocities are yielding insight into mantle structure beneath the
region. Several tomographic models for the western US have recently
been published (e.g., Burdick et al., 2008; Roth et al., 2008; Sigloch et
al., 2008) that provide an unprecedented level of detail. In particular,
Roth et al. (2008) imaged several striking structural features in the
upper mantle beneath the region, including an increased-velocity
anomaly that is interpreted to be the Juan de Fuca slab, pronounced
reduced-velocity anomalies beneath Newberry volcano, north-central
Oregon, and (especially) the YSRP, reduced velocities in the
uppermost mantle (~50-125km depth) beneath the HLP, and
increased velocities extending deep into the upper mantle beneath
the Blue Mountains. The present-day crustal deformation field can
also be used to discriminate among models for the tectonic evolution
of eastern Oregon; crustal deformation has been studied in this region
using GPS (e.g., McCaffrey et al., 2000, 2007). Block models that have

been produced to match the GPS observations indicate that eastern
Oregon is currently undergoing rigid rotation about a pole located in
northeastern Oregon or Idaho, with very little present-day crustal
strain (McCaffrey et al., 2007).

3. Data and methods

Data from three different broadband seismic experiments are used
in this study; a station map is shown in Fig. 2. First, we utilize data
from the Transportable Array (TA) seismic component of USArray,
which will eventually cover the entire continental United States with
an average station spacing of ~70 km. We present measurements for
TA rows E (which covers southern Washington state and northern
Idaho) through M (which covers northern California and northern
Nevada), and TA columns 05-11 (that is, E0O5-E11, FO5-F11, etc,,
through M05-M11), for a total of 62 stations. TA stations in this region
were generally installed between late 2005 and mid-2006 and
demobilized in mid- to late 2008. Second, the High Lava Plains
(HLP) seismic experiment consists of an array of 118 broadband
instruments, with a maximum of 104 currently operating (as of late
2008). The first stations in the HLP array were installed in early 2006;
the bulk of the array was installed in mid-2007. The HLP station
configuration consists of two dense lines, one of which stretches from
the eastern Owyhee Plateau in southwest Idaho to Bend, Oregon
(Fig. 2) and follows the spatiotemporal trend in the silicic volcanism
(Jordan et al., 2004). The second line is aligned N-S and is designed to
probe the transition from (south to north) Basin and Range extension
to High Lava Plains volcanism to the accreted terranes of the Blue
Mountains. The average station spacing along the dense lines is ~15-
20 km and they are surrounded by “clouds” of stations with sparser
spatial coverage. The third source of data is the Wallowa Mountains
experiment, which began in Fall 2006. This experiment consists of an
initial deployment of 20 stations around the Wallowa Mountains; in
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Fig. 2. Map of stations used in this study, including those from the Transportable Array
(TA) (squares), the Wallowa Array (circles), and the High Lava Plains (HLP) array
(stars). State names are shown and geographical features are marked for reference: the
Basin and Range (BR), the Owyhee Plateau (OP), and the Wallowa Mountains (WM).
Newberry Volcano (NB), Diamond Craters (DC), Jordan Craters (JC), Steens Mountain
(SM), are all marked with red triangles. Four stations (GO5A, JO6A, OR058, and OR080)
that are referred to by name in the paper are labeled.
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May 2008 10 instruments were moved to create a 30-station array.
The stations extend across the Precambrian continental margin to the
east and north of the Wallowa Mountains and also sample the
transition across the old oceanic embayment to the northwest.
Together, these three deployments provide extremely dense spatial
sampling of eastern Oregon and the surrounding regions.

The measurements presented here resulted from a data processing
effort involving the visual inspection of approximately 35,000 wave-
forms for data covering the period between January 2006 and October
2008. The splitting measurements were carried out using the SplitLab
software package (Wiistefeld et al., 2007). We selected events of
magnitude Mw > 5.8 located at epicentral distances between 88° and
130° for processing. An event map is shown in Fig. 3, along with a
circular histogram showing the backazimuthal coverage in the

Fig. 3. a. Map of large-magnitude seismicity (M>5.8) in the 88°-130° epicentral
distance range around a representative station (OR058; see Fig. 2) for the period 2006-
2008. b. Circular histogram of event backazimuths for all “good” and “fair” quality
measurements (null and non-null) in the data set; the backazimuthal coverage is
heavily weighted towards events to the west.

dataset. We note that the backazimuthal coverage for SKS phases in
eastern Oregon is not ideal and is heavily weighted towards events in
the western Pacific Ocean, which precludes a complete analysis of
backazimuthal dependence of splitting parameters. We initially
applied a bandpass filter to retain energy at periods between 10 and
100s and the horizontal components of the SKS waveform were
examined for high signal-to-noise ratio and good waveform clarity. In
approximately 20% of cases, the corner periods on the filter were
adjusted slightly to optimize signal-to-noise ratio, such that energy at
periods between 8 and 12s and 50 and 100s was retained. We then
manually windowed around the SKS phase, selecting a window length
that covers at least one full period of the signal. For several HLP
stations, we experimented with different window lengths and found
that varying the window length had a negligible effect on the
measurements, particularly for the highest-quality measurements in
the dataset.

We used both the cross-correlation and the transverse component
minimization methods to identify the best-fitting splitting parameters
(fast polarization direction ¢ and delay time 6t) and only retained
those measurements for which the 95% confidence regions using the
two methods overlap. It has been shown that the two measurement
methods can disagree for noisy data, complex anisotropic structure, or
when the incoming polarization azimuth is close to the null direction
(e.g., Long and van der Hilst, 2005; Wiistefeld and Bokelmann, 2007).
Those few measurements which yielded well-constrained but
discrepant splitting parameters from high-quality non-null wave-
forms using the different methods are not presented here, as the goal
of this study is to identify the highest-quality splitting measurements
at each station. We are mindful, however, that discrepancies among
measurement methods may be due to complex anisotropy beneath
the station, discussed further in Section 5. These measurements likely
warrant further investigation in a future study. For the vast majority of
the measurements in the dataset, however, potential biases intro-
duced by the choice of measurement methods should be minimal, as
previous studies have shown that different measurement methods
yield similar results when applied to high-quality data in the presence
of a single layer of horizontal anisotropy (Long and van der Hilst,
2005).

We identified as “good” those splitting measurements for which
the signal-to-noise ratio and waveform clarity were high, the initial
particle motion was elliptical, the corrected particle motion was linear
or very nearly linear, the cross-correlation and transverse component
minimization methods yielded splitting parameter estimates that
were consistent within the errors, and the 20 error spaces for each
measurement were nearly elliptically shaped and small, with errors
less than +15° in fast direction and 40.3s in delay time. Measure-
ments with larger error bars (up to £30° in ¢ and 415 in 6t) and
lower signal-to-noise ratios (down to ~2-3) were marked as “fair” but
were retained as long as the measurement methods agreed. Null
measurements were identified by the initial linear particle motion and
were also classified as “good” or “fair,” with noisier measurements
classified as “fair.” An example of a high-quality splitting measure-
ment is shown in Fig. 4.

4. Results

The splitting measurement procedure described above yielded a
total of ~1950 well-constrained measurements of (¢, 6t) at eastern
Oregon stations. Of these, ~680 were classified as “good” and ~1270 as
“fair.” In addition to these, ~950 high-quality (“good” + “fair”) null
measurements were identified. Some individual stations had as many
as 10-15 “good” quality measurements, while others had only a few
and at several stations the measurement procedure only yielded “fair”
quality measurements. In this paper, we focus on presenting the
highest-quality measurements at each station; that is, either all
“good” measurements or, at stations which have none, all “fair”



M.D. Long et al. / Earth and Planetary Science Letters 288 (2009) 359-369 363

Event: 20-Aug-2007 (232) 13:46
Station: OR080 Baz: 292.0° Distance: 103.5°

Rotation-correlation: 54° < 64° < 77° 2.2 <2.4 sec < 2.7
Minimum energy: 64° < 64° <68° 2.4 <24 sec<2.5
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Fig. 4. An example of a high-quality (“good”) measurement at HLP station OR080 (see Fig. 2) obtained using SplitLab (Wiistefeld et al., 2007). Top left panel shows the uncorrected
radial (blue dashed) and transverse (solid red) components; the time window used in the analysis is shown in gray. The middle and bottom rows of panels show the diagnostic plots
for the rotation-correlation method and the transverse component minimization method, respectively: from left to right, the corrected fast and slow components, the corrected
radial and transverse components, the uncorrected (blue dashed) and corrected (solid red) particle motion diagrams, and the error space maps. The gray region in the error
space maps represents the 95% confidence ellipse. For the transverse component minimization method, this is calculated by assuming that the transverse component energy is
y*-distributed and estimating the number of degrees of freedom from the seismogram; for further details, see Silver and Chan (1991). For the rotation-correlation method, it is
calculated using a Fisher transform approach; for further details, see Wiistefeld et al. (2007). Both methods yield well-constrained splitting parameters of ¢ =64°, t=2.4s, as

shown in the plot at the top right.

measurements. A map showing the highest-quality individual
splitting measurements at each station is shown in Fig. 5a, and a
similar plot of all the well-constrained (“good” + “fair”) null mea-
surements is shown in Fig. 5b.

Overall, splitting patterns beneath the region are fairly simple, with
a few areas of localized complexity. At most stations, particularly the
stations located in the southern part of the study area, the measured
fast directions and delay times cluster closely around average values of
~N8O°E for ¢ and ~1.8s for 6t. There is somewhat more variation in the
measured splitting parameters at individual stations located farther to
the north in the Blue and Wallowa Mountain regions. At many of these
stations, there is considerable scatter in the measured ¢ values, the
delay times tend to be smaller than at stations to the south, and the
backazimuthal spread in null measurements tends to be larger
(Fig. 5b). Additionally, the waveforms themselves tend to be more
complex at stations located in the northern part of the study region. In
order to demonstrate this regional difference in splitting pattern
complexity, we show in Fig. 6 the backazimuthal distribution of
measured splitting parameters for a station located in the northern

part of the study area (GO5A) and a station located in the HLP (JO6A).
The northern station exhibits significant variations in (¢, 6t) with
backazimuth and well-constrained nulls were identified over a large
swath of backazimuths; such a pattern is consistent with complex
anisotropic structure beneath the station (e.g., Silver and Savage,
1994), and the delay times indicate that the anisotropy is weaker than
elsewhere in the study area. In contrast, the southern station exhibits
very similar splitting over a wide range of backazimuths, and the
measured null directions are consistent with the measured fast
directions beneath the station. This behavior is characteristic of
stations located in the southern part of the study area, where the
splitting tends to be large (6t = 1.5-2.5s) and the splitting patterns are
simple and exhibit little spatial variation.

Fig. 7b shows a circular histogram of all fast direction measure-
ments shown in Fig. 5a along with a histogram of the corresponding
delay times. The circular histogram is overwhelmingly dominated by
nearly E-W fast directions and the delay time measurements yield an
average ot of ~1.8 s, with well-constrained 6t values of up to ~3s and a
standard deviation of 0.49s. This average delay time is considerably
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Fig. 5. a. Map of individual splitting measurements in the data set, plotted at the station
location. The orientation and length of the bar correspond to the fast direction and delay
time, respectively. For clarity, we have shown only the highest-quality measurements
at each station; either all “good” measurements or, at stations where no “good”
measurements were found, all “fair” measurements. b. Map of all “good” and “fair”
quality null measurements, plotted at the station location as crosses whose bars
correspond to the backazimuth of the event and the corresponding potential null
direction. Many stations in the northern part of the study area exhibit null directions
over a large range of backazimuths, indicating weak and/or complex anisotropy
beneath the station.

higher than the global average of ~1s for continental regions (e.g.,
Silver, 1996), which indicates that the anisotropy beneath eastern
Oregon is unusually strong and/or that the anisotropic layer in the
upper mantle is unusually thick.

In order to present a clear first-order picture of SKS splitting and
mantle flow patterns beneath eastern Oregon, we calculate average
splitting parameters (¢, 6t) for each station in the data set (splitting
parameter values can be found in the supplementary data). These
single-station average splitting parameter estimates are, in general,
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Fig. 6. Examples of detailed splitting patterns at two stations (JO6A and GO5A; station
locations are shown in Fig. 2). Bars representing splitting parameters are plotted as a
function of backazimuth and incidence angle (hatched line indicates an incidence angle
of 8°). All “good” and “fair” measurements are shown (note that this is a larger subset of
the measurements than shown in Fig. 5a, where only the “good” quality measurements
are shown). Null measurements are plotted as circles. a. Splitting pattern observed at
station JO6A, located in the HLP. The splitting measurements exhibit very little variation
with backazimuth. b. Splitting pattern observed at station GO5A, located in the northern
part of the study area. At this station the splitting pattern is markedly more complicated
and the measured splitting parameters exhibit significant variation with backazimuth.

more reliable in the southern part of the study region where the
splitting patterns are simpler. The map of average splitting para-
meters for each station is shown in Fig. 8, and there are a few regional
trends that are evident from this map. First, there are clear trends in
the distribution of average delay times, with the smallest average 6t
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Fig. 7. a. Histogram of measured delay times shown in Fig. 5a. b. Circular histogram of
measured fast directions shown in Fig. 5a.

values in the Wallowa Mountain region, and slightly larger 6t at
stations to the north of the Wallowas. Further to the south, delay
times tend to be larger (6t>1.2s) and there is a concentration of still
larger delay times (6t>1.7s) in the southeastern part of Oregon.
The largest delay times (6t>2.2s) delineate a region in the heart of
the HLP province (Fig. 8). There is also a small group of stations to the
north of Newberry volcano that exhibit somewhat larger delay times
than the surrounding stations. Spatial variations in the fast directions
are more subtle, but there are a few well-defined patterns. In the HLP,
most fast directions strike approximately N80°E, and although there
are a few isolated regions that exhibit some complexity in ¢, the
overall pattern is remarkably uniform. In a few regions, including
the Owyhee Plateau and stations located in the southwestern part of
the study area, there is a slight rotation of the ¢ values; in the
Owyhees, the average fast directions strike approximately N100°E,
while stations in south-central Oregon and northern California tend to
exhibit fast directions closer to ~N60°E. In northeastern Oregon
and southeastern Washington, there is a slight rotation to more
northeasterly fast directions, although the more complex splitting
patterns observed in this region means that the single-station average
splitting parameters may be less reliable than in the HLP.

The splitting pattern shown in Fig. 8 is consistent with results from
previous studies of eastern Oregon splitting (e.g., Xue and Allen,
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Fig. 8. Map of average splitting parameters in Eastern Oregon and surrounding regions.
Estimates were obtained by a simple average of the highest-quality measurements at
each station; nulls were not taken into account in the averaging process. The symbols
are color-coded by the magnitude of the delay time, as indicated by the legend at
bottom left, but the length of the bar is uniform at all stations.

2006), although the data set described here has much better spatial
resolution than previous studies. The pattern in fast directions found
in our study region is also generally consistent with the larger-scale
splitting pattern observed in the western US (e.g., Zandt and
Humphreys, 2008; Fouch and West, in preparation). We emphasize,
however, that the High Lava Plains region of Oregon represents the
broadest region of particularly high delay times in the western US
(which is itself a region of relatively high 6t compared to most
continental regions). The high 6t observed in the HLP contrast with
those observed in the eastern Snake River Plain, which average ~1.0-
1.5s. This contrast is notable, as the eastern SRP is also associated with
temporally migrating tectonomagmatic activity (with volcanic pro-
duction that is an order of magnitude more voluminous than in the
HLP).

5. Interpretation
5.1. Distinguishing between lithospheric and asthenospheric anisotropy

A first key question is whether the splitting observed in eastern
Oregon reflects anisotropy in the crust, in the mantle lithosphere
(reflecting past deformational episodes), in the asthenosphere
(related to present-day mantle flow), or a combination of these
factors. Because SKS paths through the upper mantle are nearly
vertical, and because shear wave splitting is a path-integrated
measurement, the depth resolution of the measurements is poor.
However, an argument about the relative contribution from different
parts of the crust/mantle system can be made based on the large delay
times observed in this study and the likely thickness of the lithosphere
in the region. In the HLP, the unusually large delay times argue for a
primary contribution from the asthenospheric mantle. The litho-
sphere beneath the HLP is likely thin; S wave velocities in the
uppermost mantle to depths of 50 km or even less are low (~4.2 km/s;
Li et al., 2007; Warren et al., 2008) and the mantle lithosphere is
considerably thinner here (~50-60 km thick) than in the cratonic
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region to the east (e.g., Lowry and Smith, 1995). Because the observed
delay times are so large, a model in which all of the anisotropy is in the
crust and mantle lithosphere would imply an unreasonably large
magnitude of anisotropy (roughly 20% anisotropy for a ~60 km thick
lithosphere) and we can confidently infer that the large delay times
and uniform fast directions reflect contemporary flow in the
asthenospheric mantle. While a small contribution to the observed
splitting from crustal anisotropy is likely, average values for crustal
splitting are on the order of perhaps ~0.1-0.3s (e.g., Savage, 1999)
and thus the large delay times observed here cannot be attributed
mainly to crustal anisotropy. Even if we attribute 1s of delay time to
anisotropy in the crust and mantle lithosphere, the asthenosphere
would have to contribute 1.5-2s of splitting beneath the central HLP,
which corresponds to ~6-8% anisotropy for a 150-km thick astheno-
sphere. This is within the observed range for mantle-derived xenoliths
(e.g., Mainprice and Silver, 1993; Ben Ismail and Mainprice, 1998).
At stations located in the northern part of our study area, most
notably in the Blue and Wallowa Mountains, the relative contribu-
tions to the observed splitting from the crust, lithosphere, and
asthenosphere are less clear-cut. The splitting in this region is often
weaker than in the HLP and the lithosphere is likely to be thicker (e.g.,
Lowry and Smith, 1995; Roth et al., 2008). Splitting patterns at
individual stations in this region are often complicated, which implies
that the anisotropic structure beneath this region is complex. In
particular, the observation of well-constrained null measurements
over a wide range of backazimuths (Fig. 5b) indicates that the
anisotropy in this region is weaker and more complex than beneath
the HLP. This, in turn, indicates a likely contribution from several
different regions of the crust and/or upper mantle; the complicated
SKS waveforms and splitting patterns observed in the Wallowas are
plausibly due to multiple layers of anisotropy, considerable lateral
heterogeneity, vertical mantle flow (i.e., West et al., 2009), or a
combination of these factors. Without more detailed modeling, it is
difficult to characterize the relative contributions to the observed
splitting from the lithospheric vs. asthenospheric upper mantle, but
we can say with confidence that the lithosphere and/or crust likely
makes a significant contribution to the splitting signal in this region,
in marked contrast to the HLP. Despite the indications of complexity,
however, the average fast directions for stations in the Wallowa array
tend to be roughly E-W, as in the southern part of the study area.

5.2. Implications for mantle flow

In order to infer the flow direction beneath a seismic station from
an observed fast splitting direction, knowledge of the relationship
between strain and anisotropy is required. Our understanding of this
relationship comes from mineral physics experiments and petro-
graphic analysis of mantle-derived rocks (for recent overviews, see
Karato et al. (2008) and Mainprice (2007)). The usual relationship
used to interpret shear wave splitting beneath continents is that the
fast splitting direction tends to align with the mantle flow direction
beneath the station, based on experimental results from olivine
aggregates deformed in simple shear that produce so-called A-type
olivine fabric. Mineral physics studies have shown that this relation-
ship can be affected by the physical conditions associated with
deformation, including temperature, stress, water content, and
pressure (e.g., Karato et al., 2008). It is generally thought that the
conditions needed to produce B-type olivine fabric - a fabric which is
rotated by 90° from the customary expected relationship between
strain and anisotropy - are not present in the subcontinental
asthenosphere (Karato et al., 2008). While some recent experiments
have suggested that B-type fabric can be produced in the laboratory at
pressures greater than ~3 GPa (corresponding to a mantle depth of
~100 km; Jung et al., 2009), the applicability of these experiments to
mantle conditions remains uncertain (e.g., Long and Silver, 2009), and
geodynamical modeling studies that utilize the A-type (or similar)

fabric paradigm to explain splitting patterns in the western United
States have been quite successful (e.g., Silver and Holt, 2002; Becker
et al., 2006). Therefore, we rely on the usual relationship used to
interpret anisotropy beneath continents (see also Fouch and Ronde-
nay, 2006) and infer that the fast splitting direction indicates the
direction of (horizontal) mantle flow beneath the station.

The strong, consistent splitting with an E-W fast direction
observed at stations in southeastern Oregon, western Idaho, and
northern Nevada suggests the presence of a well-organized mantle
flow field beneath the region. Because the splitting patterns observed
in the HLP are generally simple and exhibit little backazimuthal
variation that might indicate multiple anisotropic layers, and because
the large delay times argue for a primary contribution from the
asthenospheric mantle, their interpretation is much less ambiguous
than is typical for shear wave splitting measurements in a continental
setting. We argue that the strong E-W splitting observed beneath the
HLP can be unambiguously attributed to consistent and well-
organized flow in the asthenospheric upper mantle in a roughly
E-W direction. This E-W direction does not align with either the strike
of the HLP volcanic trend or with the direction of absolute plate
motion (Fig. 1). In the northern part of our study area, it is more
difficult to make a blanket statement about the direction of mantle
flow, because the relative contributions to the splitting signal from
frozen lithospheric anisotropy and active flow in the asthenosphere
are more difficult to assess. One possibility is that the mantle flow
direction beneath the Blue and Wallowa Mountains is similar to that
beneath the HLP, but an additional contribution to splitting from the
lithosphere and/or crust results in a complex splitting signal and
reduced delay times. Without more detailed multiple-layer modeling
of the splitting patterns observed in this region, however, it is not
possible to characterize fully the active mantle flow regime.

5.3. The source of the large delay times

As the histogram in Fig. 7 demonstrates, the average delay times
observed in eastern Oregon are considerably higher than the global
average for continental regions, and in the heart of the HLP they range
up to ~3s, on the high end of the range of delay times observed
globally for SKS-type phases (e.g., Fouch and Rondenay, 2006; Long
and Silver, 2009). Understanding the source of these unusually large
delay times is an important piece in sorting out the puzzle of the
origin and evolution of the HLP. Strikingly, the magnitude of the delay
times in eastern Oregon and the surrounding regions seem to
correlate spatially with isotropic uppermost mantle wavespeeds
inferred from body wave tomography (e.g., Roth et al., 2008; West
et al.,, 2009). Specifically, relatively low wavespeeds and relatively
high 6t values are found beneath the HLP and in the vicinity of
Newberry volcano, while relatively high wavespeeds and relatively
low 6t are found beneath the northern part of the study area,
particularly the Blue and Wallowa Mountains (Fig. 9).

There are three possible scenarios that would result in unusually
high delay times. First, the thickness of the anisotropic layer beneath
the HLP might be greater than is usual for continental regions. Because
the splitting is inferred to be due to the LPO of olivine in the
asthenospheric mantle, it is plausible that the thin lithosphere
beneath the HLP is associated with a correspondingly thick astheno-
sphere. It seems unlikely, however, that any difference in astheno-
spheric thickness could explain delay times of ~2.5-3.0s instead of the
typical ~1s. A second possibility is that olivine LPO is particularly
strong in the anisotropic layer beneath the HLP, possibly due to
differences in upper mantle temperatures or due to local differences
in water content. There is, however, little experimental data on the
effect of temperature or other factors such as water content on the
strength of LPO. The overall strength of LPO beneath the region may
also be stronger than surrounding areas due simply to particularly
well-organized and coherent mantle flow.
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Fig. 9. A horizontal slice through the three-dimensional P velocity model of West et al.
(2009) at a depth of 100 km. The single-station average delay times (see Fig. 8) are
plotted at the station locations; the size of the circle corresponds to the size of the delay
time, with the smallest circles corresponding to delay times <0.6s and the largest
corresponding to delay times >2.2s. To first order, relatively fast uppermost mantle
wavespeeds correlate spatially with relatively low splitting delay times and vice versa.
This correlation is not perfect, however, particularly in the central part of the HLP,
where splitting delay times are large but P wave velocities are not particularly low.

A third possibility is that there is an additional contribution to the
observed splitting from the shape preferred orientation of partial melt
in the uppermost mantle, which can result in strong anisotropy (e.g.,
Zimmerman et al., 1999). There is some indication that the largest
delay times in the eastern Oregon data set are spatially correlated
with Holocene volcanism; both Jordan Craters and Diamond Craters
are located within the swath of particularly high delay times, and 6t
values at stations just to the north of Newberry are also higher than at
surrounding stations (Figs. 2 and 8). Enhanced delay times due to a
contribution from the shape preferred orientation of partial melt
might plausibly explain the difference between the HLP and the
Wallowa Mountains, as one major difference between these regions is
the probable presence or absence of partial melt. It has been shown
that a small amount of partial melt (a few percent) can result in
significant anisotropy if the melt is aligned in lenses or similar shapes
(Vauchez et al., 2000), and a preexisting LPO may also play a role in
aligning melt structures (Waff and Faul, 1992); the presence of partial
melt may also, in turn, affect the development of olivine LPO
(Holtzman et al., 2003). Partial melt has been invoked to explain
large delay times observed in New Zealand (Greve et al., 2008; Greve
and Savage, 2009), but because the relationships between mantle
flow, the alignment of partial melt, and the resulting anisotropy
remain poorly understood, it is difficult to quantitatively test the
ability of partial melt to explain the eastern Oregon splitting patterns.

The shape preferred orientation of partial melt may play a role in
generating the high delay times observed in this study, but there is no
compelling evidence as yet that partial melt is ubiquitous in the upper
mantle beneath the HLP, which would seem to be required to explain
the widespread high &t values with a shape preferred orientation
mechanism. A combination of the three mechanisms discussed here
may be required to explain the large delay times observed in the HLP,
but given the first-order spatial correlation between relatively slow
upper mantle wavespeeds and high delay times, we cannot at present
rule out any of the three mechanisms discussed here.

5.4. Explaining lateral variations in delay times in the HLP

The observation of splitting delay times within the HLP province
that are both unusually large and that vary spatially over small length
scales is one of the most intriguing findings of this study. Because the
SKS waves under study have characteristic periods of ~10s, their
associated regions of sensitivity (which can be approximated by the
first Fresnel zone) will be relatively large at depth (e.g., Long et al.,
2008). The observation of small-scale variations in 6t therefore
suggests that the responsible spatial variations in anisotropy are
likely to be relatively shallow, most likely in the uppermost mantle.
The combination of unusually large 6t and small-scale variations in 6t
values argues for an anisotropic model in which the geometry of the
anisotropy varies little but the strength of the anisotropy exhibits
strong lateral variations. In contrast, a model in which the geometry of
anisotropy varied dramatically over small length scales would result
inrelatively small average delay times, as finite-frequency shear wave
spitting measurements would tend to average over regions of
incoherent anisotropic structure. While the dataset presented here
does not uniquely constrain a mechanism for the lateral variations in
delay times observed in the HLP, the enhanced delay times in the
central HLP must be consistent with a mechanism (perhaps stronger
LPO or partial melt) that is capable of producing lateral variations in
the strength of anisotropy without corresponding variations in its
geometry.

5.5. Implications for the tectonic evolution of eastern Oregon

As discussed in Section 5.2, the combination of large delay times
and uniformly E-W fast directions beneath the HLP places a very
strong constraint on the geometry of mantle flow in this region. In
turn, this knowledge of the mantle flow patterns in the region places a
strong constraint on models for the tectonic evolution of eastern
Oregon. By itself, our inference of strong, coherent E-W mantle flow
does not uniquely constrain such a model. However, any model
proposed for the formation of the HLP and, more generally, for the
volcanic history and tectonic evolution of eastern Oregon and the
surrounding region must be consistent with the constraints on
present-day mantle flow provided by the splitting observations. One
possible mechanism for consistent E-W mantle flow beneath the HLP
is that it is a consequence of the rollback of the Cascadia slab; the E-W
direction is roughly parallel to the direction of present-day trench
migration. Further to the north, the complexity in the splitting
patterns may indicate a local disturbance to the large-scale E-W flow
field near the edge of the North American craton.

We emphasize that models invoking a mantle plume to drive
mantle flow in a pattern radiating out from the presumed plume
impact location in southeastern Oregon (e.g., Camp and Ross, 2004)
do not appear to be consistent with the upper mantle flow field
inferred here. The splitting observations are not consistent with any
model that requires mantle flow in a northwestern direction along the
strike of the spatiotemporal trend in silicic volcanic activity in the HLP.
This interpretation is consistent with the inferences from the
tomographic wavespeed models of Roth et al. (2008) and the Rayleigh
wave dispersion analysis of Warren et al. (2008) that the presence of a
plume beneath the HLP volcanic province is not required by seismic
data.

6. Outlook and summary

The splitting data set presented here provides a first-order picture
of anisotropy and deformation in the upper mantle beneath eastern
Oregon and yields strong constraints on the contemporary flow
geometry in the asthenosphere. Work on characterizing the detailed
anisotropic structure (and the tectonic processes that generate it) of
the crust/mantle lithosphere/asthenosphere system beneath eastern
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Oregon continues. In particular, an additional year of data from the HLP
experiment (Fall 2008-Fall 2009) will shortly be available. This will
allow us to characterize splitting patterns at individual stations in
greater detail with regard to potential backazimuthal complexity that
might indicate complex anisotropy, particularly if splitting measure-
ments from direct teleseismic S phases are included. For stations
located farther to the north in the Blue and Wallowa regions, where
the splitting patterns are consistent with complex anisotropy beneath
the stations and may reflect contributions from both lithospheric and
asthenospheric structure, a forward modeling approach that takes into
account multiple layers of anisotropy should further constrain
anisotropic structure at depth. The measurement of splitting para-
meters over a range of frequency bands may also shed additional light
on complex anisotropy, as splitting has been shown to be frequency
dependent in the presence of complex structure (e.g., Marson-Pidgeon
and Savage, 1997; Fouch and Fischer, 1998) and high-frequency
measurements may be biased towards near-surface anisotropy (e.g.,
Saltzer et al., 2000).

The data set presented here, with its excellent spatial resolution, is
also a very promising candidate for the application of new methods
for shear wave splitting tomography to image anisotropic structure at
depth (e.g., Chevrot, 2006; Long et al, 2008). The tomographic
inversion of measurements of the splitting intensity, a quantity that is
closely related to the splitting parameters (¢, 6t) measured in this
study, can resolve the 2-D or 3-D distribution of anisotropy at depth
and, in particular, can place constraints on the depth distribution of
anisotropy. Another promising line of inquiry is the integration of the
shear wave splitting measurements presented here with a geodyna-
mical modeling framework to help to narrow the class of plausible
models for mantle dynamics beneath eastern Oregon. Laboratory
models that take into account the kinematics and temporal evolution
of the Juan de Fuca slab, the possible effects of a plume, and the effects
of lithospheric topography on the resulting mantle flow field have
been carried out (e.g., Kincaid et al., 2008) and we are currently
comparing splitting predictions from these models to the dataset
presented in this paper. Such detailed comparisons will provide
strong constraints on the type of models that are consistent with the
splitting observations. Finally, we expect to integrate the SKS splitting
measurements with other constraints on anisotropy, including
measurements of direction-dependent Pn (and possibly Sn) velocities
from the active source component of the HLP project and constraints
on azimuthal anisotropy from surface wave inversions. In particular,
constraints on the magnitude of anisotropy in the uppermost mantle
from Pn measurements may in turn constrain a possible contribution
to splitting from the shape preferred orientation of partial melt in the
shallowest mantle.

To summarize, the shear wave splitting trends in eastern Oregon
are fairly simple and tend to be dominated by approximately E-W fast
directions and delay times that range from ~0.8s to ~2.7s. We observe
a difference in splitting patterns between stations located in
southeastern Oregon and stations located further to the north in
northeastern Oregon and southern Washington. At stations located in
the Blue and Wallowa Mountain regions, the splitting patterns tend to
be complex at individual stations, exhibiting well-constrained null
measurements over a wide range of backazimuths and smaller delay
times than the rest of the study region. We interpret this as evidence
for weaker and/or more complex azimuthal anisotropy, suggesting
that SKS splitting in this region reflects contributions from both active
mantle flow in the asthenosphere and frozen lithospheric anisotropy.
In the HLP, the splitting patterns are simpler than those observed
farther to the north; fast directions are predominantly E-W, ranging
from ~N80°E to ~N100°W. Delay times in the HLP are large, with an
average value of ~1.8s and maximum values of ~2.7s at individual
stations. The observed splitting cannot be primarily due to relict
anisotropy in the lithosphere and likely reflects contemporary mantle
flow beneath the HLP in a generally E-W direction. The largest delay

times observed in the HLP correlate spatially with regions of slow
isotropic mantle wavespeeds and with the occurrence of Holocene
volcanism. The large HLP delay times could be a consequence of a
thicker-than-average anisotropic layer beneath the region, particu-
larly strong LPO, a contribution to anisotropy from the shape
preferred orientation of melt, or a combination of these processes.
The splitting measurements presented here place a very strong
constraint on present-day mantle flow beneath eastern Oregon,
particularly beneath the HLP, and any model for the recent tectonic
evolution and volcanic activity of this region must be consistent with
the generally E-W mantle flow that is inferred from the SKS splitting
measurements.
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