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The volcanically active High Lava Plains (HLP) region is a striking tectonomagmatic feature of eastern
Oregon, in the backarc of the Cascadia subduction zone. It features young (<12 Ma), bimodal volcanic
activity; the rhyolitic volcanism has a spatiotemporal trend that is oblique to that expected from the
absolute motion of the North American plate. Several models have been proposed to explain the tectonic
evolution of Cascadia backarc and the relationships between upper mantle processes and volcanic
activity; however, consensus remains elusive. Because seismic anisotropy in the upper mantle reflects
processes such as mantle flow and partial melting, constraints on anisotropic structure can shed light
on the connections between mantle dynamics and tectonomagmatic activity in the Cascadia backarc.
Anisotropy is often constrained via SKS splitting measurements; however, their interpretation is typically
ambiguous because they lack depth resolution. Here we present new constraints on upper mantle
anisotropy beneath the HLP region from probabilistic finite-frequency SKS splitting intensity tomography,
which provides both lateral and depth constraints on anisotropic structure. Our technique is based
on a Markov chain Monte Carlo approach to searching parameter space, and we use finite-frequency
sensitivity kernels to relate model perturbations to splitting intensity observations. We use data from
broadband stations of the dense High Lava Plains experiment, which provide good resolution of upper
mantle anisotropic structure, as demonstrated via resolution tests. We find evidence for particularly
strong seismic anisotropy in the deep upper mantle (200-400 km depth) beneath the Cascadia backarc,
suggesting that flow in the deep upper mantle, rather than alignment of partial melt in the shallow
mantle, provides the first-order control on shear wave splitting delay times. Our model provides
additional support for the idea that mantle flow beneath the Cascadia backarc is controlled by rollback
subduction. Our results suggest that anisotropy in the deep upper mantle may be more important to
the interpretation of SKS splitting measurements in some settings than commonly appreciated, and
provides an avenue for reconciling apparently contradictory constraints on anisotropic structure from
surface waves and SKS splitting.
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1. Introduction

Located in the tectonically active western United States (e.g.,
Humphreys and Coblentz, 2007), the High Lava Plains (HLP) of Ore-
gon stands out as a distinctive feature of the Cascadia subduction
zone backarc (Fig. 1). Notable characteristics of the HLP include
bimodal volcanism over the past ~12 Ma, encompassing both
age-progressive rhyolitic volcanism and basaltic volcanism that is
widespread in space and time (e.g., Jordan et al., 2004; Till et al,,
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2013; Ford et al., 2013). Notably, the spatiotemporal progression of
the rhyolites is oblique to plate motion, and volcanism in the HLP
is contemporaneous with, but in a different geometry than, the
Yellowstone/Snake River Plain trend to the west (e.g., Jordan et al.,
2004; Ford et al,, 2013). Several hypotheses have been proposed
to explain the origin and evolution of volcanic trends in the Cas-
cadia backarc (e.g., Long et al., 2012; Camp, 2019). These include
models that emphasize the effect of a deep mantle plume that im-
pinged on the western North American lithosphere around 17 Ma
(e.g., Smith et al., 2009; Camp and Ross, 2004; Camp, 2019), those
that invoke the rollback, steepening, tearing, and/or fragmentation
of the Juan de Fuca slab at depth (e.g., James et al.,, 2011; Long
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Fig. 1. General tectonic setting and geographic features of the Cascadia subduction zone. Background colors show topography (onshore) and bathymetry (offshore); Holocene
volcanoes are marked with red triangles (Smithsonian Global Volcanism Program; volcano.si.edu). Thin black lines show the outlines of US states (Washington, Oregon,
California, Idaho, and Nevada are marked with two-letter abbreviations). The North American (NA) and Juan de Fuca Plates are marked. Thick black arrows show absolute
motion of the major plates in a hotspot reference frame, and thick blue arrow shows the relative motion (convergence direction) between the Juan de Fuca and North
American plates. The vertical contours represent the depths of the Juan de Fuca plate varying between 20 and 410 km with an interval of 15 km (Slab 2.0 model, Hayes et
al. (2018)). Dashed boxes represent the regions under study, with black lines representing the location of the dense lines of the HLP seismic experiment. The box oriented
NW-SE roughly corresponds to the location of the High Lava Plains province. Plate motion directions and rates (shown) were calculated using the UNAVCO plate motion
calculator (https://www.unavco.org/dxdt/model). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

et al., 2012; Leonard and Liu, 2016), those that appeal to litho-
spheric delamination as a main driver for volcanism (e.g., Hales et
al.,, 2005; Camp and Hanan, 2008), and those that foreground the
effect of preexisting lithospheric structures (e.g., Tikoff et al., 2008).
In order to discriminate among these different hypotheses, a thor-
ough understanding of the present-day mantle flow field, and the
driving forces for that flow, is necessary (e.g., Long, 2016).

Over the past decade, a wealth of geophysical observations has
become available for the Cascadia backarc region, including those
collected as part of the EarthScope USArray effort (including the
Transportable Array, or TA) and those that resulted from the in-
terdisciplinary High Lava Plains Project. Taken together, these data
sets have yielded new insights into the structure and dynamics of
the crust and upper mantle beneath the HLP, and include analy-
ses based on SKS splitting (e.g., Xue and Allen, 2006; Long et al.,
2009; Wagner and Long, 2013; Liu et al., 2014), body wave tomog-
raphy (e.g., Schmandt and Humphreys, 2010; Hawley and Allen,
2019), surface wave tomography (e.g., Wagner et al., 2012, 2013;
Wagner and Long, 2013), ambient noise tomography (e.g., Wagner
et al, 2012), receiver function analysis (e.g., Eagar et al., 2011),
and scattered wave imaging (Chen et al., 2013). One of the most
striking geophysical characteristics of the HLP is the strong seismic
anisotropy in the upper mantle beneath the region. Specifically,
SKS splitting with delay times of up to ~2.5 s has been docu-
mented beneath the region (Xue and Allen, 2006; Long et al., 2009;
Wagner and Long, 2013); these delay times are among the high-
est documented in western North America (e.g., Liu et al.,, 2014) or
in any continental region worldwide. Evidence for relatively strong
anisotropy in the upper mantle also comes from surface wave anal-
ysis (e.g., Yuan and Romanowicz, 2010; Wagner and Long, 2013).

While the particularly strong upper mantle anisotropy beneath
the HLP is notable, its interpretation remains ambiguous, largely
due to the path-integrated nature of SKS splitting measurements
and the challenges inherent in reconciling SKS splitting and sur-
face wave-based measures of anisotropy (e.g., Wagner and Long,
2013). Nearly vertically propagating SKS waves, when interpreted
in a ray theoretical framework, have little or no depth resolu-
tion, leading to ambiguity in their physical interpretation (e.g.,
Long and Silver, 2009). (In some cases indirect inferences can be
made based on a spatial coherency argument; e.g., Liu and Gao
(2011)). Large splitting delay times, for example, may yield sev-
eral different interpretations in terms of the strength and mech-
anism for anisotropy (i.e., a thin highly anisotropic layer vs. a
thicker layer with weaker anisotropy). Similarly, in the presence
of multiple layers of anisotropy with varying geometries, individ-
ual apparent fast direction measurements reflect a complicated
(and non-commutative) combination of layer parameters (e.g., Sil-
ver and Savage, 1994), and isolating the depth extent of different
anisotropic layers is a major challenge. In the context of the scien-
tific questions underpinning the study of the origin and evolution
of the HLP, the depth distribution of upper mantle anisotropy is
a crucial question. Long et al. (2009) proposed several different
scenarios that could explain the spatial variability in delay times
observed beneath the HLP, variously invoking strong anisotropy in
the uppermost mantle due to aligned partial melt, variations in the
thickness of the anisotropic layer, or locally enhanced strength of
lattice preferred orientation (LPO) in olivine. Discriminating among
these scenarios is vital for our understanding of present-day man-
tle flow beneath the HLP region; furthermore, given that isotropic
tomography models are biased in the presence of strong anisotropy
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(e.g., Bezada et al.,, 2016), detailed knowledge of the depth dis-
tribution of anisotropy is necessary to obtain accurate images of
upper mantle structure.

Substantial effort has been devoted to developing theoretical
frameworks and practical strategies for inverting SKS splitting ob-
servations for anisotropic structure, much of it in the context of
finite-frequency sensitivity kernels that relate model perturbations
to splitting observations (e.g., Favier and Chevrot, 2003; Chevrot,
2006; Long et al, 2008; Sieminski et al, 2008; Monteiller and
Chevrot, 2011; Lin et al, 2014). While these tomographic ap-
proaches have enabled progress in understanding the 3D distri-
bution of seismic anisotropy in a few well-sampled regions, they
all share a significant limitation in that the inversion strategy is
based on linearization around a starting model, which may bias
the model estimation. Furthermore, shear wave splitting tomogra-
phy has only been applied to actual data sets in a very few regions,
including subduction zones that have abundant seismicity that can
be sampled with local S waves (e.g., Abt and Fischer, 2008) and
regions with exceptionally dense station coverage that can be sam-
pled with SKS waves in a finite-frequency framework (Monteiller
and Chevrot, 2011; Lin et al., 2014).

Here we present an application of a model space search ap-
proach to finite frequency SKS splitting tomography, developed by
Mondal and Long (2019), to the densely sampled HLP region of the
Cascadia backarc. The station spacing of the broadband HLP array,
which included over 100 stations, is approximately 10-15 km in its
densest portions, allowing us to produce a robust model for upper
mantle anisotropy beneath the HLP that is well resolved both later-
ally and with depth. We reprocessed data from the HLP array and
USArray TA stations to obtain high-quality measurements of split-
ting intensity (Chevrot, 2000), which were used as input into our
probabilistic inversion. The resulting models allow us to distinguish
among the different scenarios proposed by Long et al. (2009).

2. Probabilistic finite frequency SKS splitting intensity
tomography: methodology

We implement the model space search technique for SKS split-
ting intensity tomography in a finite frequency framework devel-
oped by Mondal and Long (2019). Here we briefly describe our
methodology; a more detailed description of the underlying the-
ory is contained in the online Supplementary Information, and a
full explanation of the method is contained in Mondal and Long
(2019). Due to the nearly vertical propagation of SKS phases, the
application of finite frequency theory is necessary in SKS splitting
tomography (Chevrot, 2006). In this framework, the superposition
of multiple finite-frequency sensitivity kernels of adjacent stations
provides a means of localizing structure. We rely on observations
of the splitting intensity (Chevrot, 2000), a measure of the amount
of energy on the transverse component waveform; in the absence
of shear wave splitting, the SKS phase will be radially polarized.
Following Chevrot (2000), shear wave splitting intensity (S) is de-
fined as

Re [1wsuT (r, w)uik (r, w)dw

Sn)=2
® [ @?udr; w)Pdo

: (1)

where su”, ug, w, and r are the transverse and radial component
of the displacement, angular frequency, and station locations, re-
spectively.

Our parameterization of anisotropy uses insights from experi-
mental and observational constraints on lattice preferred orienta-
tion (LPO) in olivine aggregates, thought to be primarily respon-
sible for seismic anisotropy in the upper mantle (Karato et al,
2008). We assume that olivine aggregates can be represented as

a linear mixture of two endmembers: an isotropic equivalent, in
which the individual grains are randomly oriented, and a perfectly
aligned aggregate, in which the elasticity is equivalent to a single
crystal of olivine. In this scheme, the strength of anisotropy can
be represented with a parameter () that varies from O (random
alignment) to 1 (complete alignment). We further assume that the
elasticity of the perfectly aligned olivine endmember can be well
described by a hexagonal approximation.

Using this parameterization, we established the following rela-
tion between the splitting intensity and the anisotropy parameters
(Mondal and Long, 2019):

S(r) =/Kx (r,0,¢; 1) x ()&, (2)
Q

where K, is the corresponding sensitivity kernel, which is itself
a non-linear function of the orientation parameters (6, ¢). Here, 6
and ¢ represent the dip and the azimuth of the symmetry axis of
the anisotropy. We do not require sensitivity kernels for the ori-
entation parameters 6 and ¢ as we do not perform a linearized
inversion. Instead, the sensitivity kernel for the strength parameter
depends on 6 and ¢ and therefore, with each iteration the sensi-
tivity kernel is updated as one moves through parameter space.
Examples of sensitivity kernels are shown in Fig. 2. There is a
strong non-linear relationship between the splitting intensity and
the anisotropy parameters (6, ¢). Rather than constructing a lin-
earized inversion, then, our inversion strategy invokes a Markov
chain Monte Carlo search technique based on the adaptive Gibbs
sampling algorithm. Such a technique satisfies the requirement
that the outcome does not depend on the starting model, as the
model space is sampled randomly following the particular proba-
bility distribution. In order to represent the most likely model from
our probability distributions, we rely on an ensemble average (Ru-
elle, 1999) which is suitable for multimodal distributions.

3. Data and measurements

The High Lava Plains project and the EarthScope USArray Trans-
portable Array (TA) provide a wealth of broadband seismic data in
and around the HLP region. Between the HLP and TA deployments,
there are 137 densely distributed broadband stations in the region,
operated between 2006 and 2009. The HLP station configuration
consists of two dense lines surrounded by a “cloud” of stations
(Fig. 3). The first line spans from southwest Idaho to northwest
Oregon, ending just to the west of the Cascades Range. This line
follows the time-progressive track in rhyolitic volcanism (e.g. Ford
et al, 2013). The second dense line is aligned almost N-S from
Basin and Range extension (south) through HLP volcanism to the
accreted terranes of Oregon’s Blue Mountains (Fig. 3a). The average
spacing between each station along the dense lines is approxi-
mately 10 — 15 km, appropriate for our analysis.

Shear wave splitting measurements are a routine procedure in
the study of seismic anisotropy. SKS splitting parameters (fast di-
rections and delay times) for stations of the HLP experiment and
nearby TA stations have been measured previously by Long et al.
(2009) and Wagner and Long (2013). In our analysis we require
measurements of splitting intensity, a scalar entity obtained by
computing zero-lag cross-correlation between the transverse com-
ponent and the time differentiated radial component of the seis-
mogram. Therefore, we reprocessed the HLP and TA datasets using
the Split-Racer software, recently developed by Reiss and Riimpker
(2017). Split-Racer estimates splitting intensity and associated er-
rors and allows rapid processing of a large number of waveforms.

We processed and measured approximately 2000 waveforms
with high quality SKS phases. We selected events of magnitude
M,, > 6 located at epicentral distances between 90° and 130°. An
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Fig. 2. Sensitivity kernel examples showing a 2-D slice along the plane of wave propagation. Plots show the behavior of the sensitivity kernels for the anisotropy strength
at different values of the azimuth of the symmetry axis (¢) while the dip of the symmetry axis (6 = 0°), and the incoming polarization direction (o = 0°) remain fixed.
(A) Symmetry axis is parallel to the polarization direction (¢ = 0°): the kernel is perfectly antisymmetric, leading to a zero splitting intensity for a homogeneous anisotropic
model. (B) ¢ =30°, (C) ¢ =60°. For these examples the kernels are symmetric. (D) Symmetry axis is perpendicular to the polarization direction (¢ = 90°): the sensitivity

kernel is trivially zero, yielding zero splitting intensity for arbitrary spatial distribution of anisotropic strength. Unit of the sensitivity is m~2s. The frequency range associated
with the computation of these kernels is 0.04-0.125 Hz.
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Fig. 3. (A) The station distribution used in this study, shown by the red dots. The two dense arrays are marked as AB and CD. The star indicates the location of station ID005,
shown in panel D. (B) Map of events used. (C) An example of the SKS split phase (in the red time window) observed at the station ID005. The blue trace in the top panel
represents the radial component of the SKS waveform while the blue trace in the bottom panel shows the transverse component. The red dotted line is the time derivative
of the radial component. The red lines indicate a selection of the multiple time windows automatically chosen by the splitting algorithm, as described by Reiss and Riimpker
(2017). (D) The splitting intensity data plotted as a function of the backazimuth of the events observed at station ID005. The red bars denote the observed measurements
while the blue line is the best fit of a sin(26) curve to this observed data. Black star on (A) indicates the position of the station ID005.
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Fig. 4. Most likely model for the NW-SE line (labeled AB on Fig. 2). The spatial domain vertical section is discretized by 50 km x 50 km grids. The image is obtained after
smoothing the original 50 x 50 km? discretized model for visual presentation. (A) Spatial distribution of the anisotropy strength, showing strong anisotropy in the deep
upper mantle. Considerable spatial variation is observed, with anisotropy values ranging from 1% to 7%. (B) The spatial distribution of the fast axis azimuth, which shows
only limited variation. The vertical dashed line shows the intersection of the arrays AB and CD (see Fig. 2). The inclined dashed line shows the intersection of the subducting
Juan de Fuca slab with the vertical section passing through NW-SE line, from the Slab 2 model of Hayes et al. (2018). (C) Histogram showing the posterior distribution
of anisotropy strength, corresponding to a well-resolved grid node marked by the dot on (A). (D) Histogram showing the posterior distribution of fast axis orientation

corresponding to well-resolved grid node marked by the dot on (B).

event map is shown in Fig. 3. Each station has recorded approxi-
mately 20 high quality events on average during the specified time
interval. We applied a bandpass filter to retain energy at periods
between 8 and 25 s, and visually examined the horizontal compo-
nents of the SKS waveform to retain waveforms with a high signal
to noise ratio (SNR > 2.5) and with a transverse component that
takes the shape of the time derivative of the vertical component.
After the quality checks, we obtained 1292 robust SKS splitting in-
tensity measurements which were found to be exceptionally high
quality. Examples of an SKS splitting intensity measurement and
the splitting intensity curve for station ID005 are presented in
Fig. 3. Additional examples of splitting intensity curves for HLP sta-
tions are shown in Supplementary Fig. S1.

4. Results

Here we present the results from our two 2-D inversions along
the dense lines of the HLP experiment (Fig. 3). These two inver-
sions were carried out separately; given the computational limita-
tions of a model space search approach, a 2-D inversion approach
is tractable (Mondal and Long, 2019). A check of the consistency
between the two models at the intersection point is discussed in
section 4.3, which also presents a pseudo-3D model for the region
based on the 2-D inversions. We restrict our attention to the inver-
sion of the strength parameter (x ) and the azimuth of the fast axis
(¢); we assume that the symmetry axis is horizontal. Providing a
reasonable constraint on the dip (6) of the fast axis is unlikely
due to the fact that the SKS wave propagation direction is nearly
vertical, as discussed in Mondal and Long (2019). In addition, we
restrict the anisotropy strength to be less than 10%, a reasonable
upper limit for most of the upper mantle.

4.1. Anisotropy model of the NW-SE array

Striking lateral variations in SKS splitting delay times were
measured along the NW-SE trending dense line of the HLP ex-
periment, along with more modest variations in measured fast
directions. The highest delay times (up to ~2.5 s) are roughly in
the central portion of the transect (Wagner and Long, 2013; see
their Fig. 6). This variability suggests variation in the strength of

anisotropy beneath the HLP, laterally and/or with depth, but pre-
vious investigations have left the depth range of this variability
ambiguous.

Our preferred inversion was carried out with a cell size of
50 km x 50 km, based on previous work (Mondal and Long,
2019) and on resolution considerations that are discussed in Sec-
tion 5. A total of 822 splitting measurements from 63 stations were
used as the input for our inversion and convergence was attained
after approximately 140,000 iterations (a total of 256,000 itera-
tions were performed). While we solve for anisotropy parameters
throughout the model domain, down to a depth of 400 km, our fo-
cus is on the depth range between 50-400 km, as resolution tests
show that the shallow portion of our model is not well resolved.
Because our tomographic approach is probabilistic, we obtain pos-
terior probability distributions for each parameter for each grid
point, rather than a single estimate. We present our models by
plotting the most likely parameter values (that is, the values that
were most heavily sampled by the Markov chain, as expressed by
the value of the ensemble average), along with histograms show-
ing the probability distributions for selected portions of the model.
A full set of histograms for regions throughout the model space
are shown in Supplementary Figs. S2-S3; similar figures for the
N-S model (discussed in section 4.2) are shown in Supplementary
Figs. S4-S5.

Our model for the NW-SE dense line, shown in Fig. 4, reveals
intriguing variations in both the strength of anisotropy (plotted
as % anisotropy in Fig. 4a) and, to a lesser extent, the fast direc-
tion orientation (plotted as azimuth from N in Fig. 4b). Anisotropy
strength ranges from relatively weak values (~1-2%) up to a max-
imum of ~8%, while fast directions exhibit comparatively weak
variability (values ranging from ~60° to 105° east of north). The
model features include anisotropy that is relatively uniform (with
a strength of ~4-5% and a fast direction that is close to E-W) in
the uppermost mantle (depths between 50-100 km). Between 100-
200 km depth, anisotropy is surprisingly weak, with values of ~2%,
and fast orientations that range from ~70° in the NW to ~95° in
the SE. Below 200 km, there is considerably stronger anisotropy,
with values of ~6-8% in the 300-400 km depth range. For the
most part, the region of strong anisotropy in the deep upper man-
tle lies above the slab surface (Fig. 4a). In the 200-300 km depth
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the model (<50 km) is poorly constrained, whereas the deeper parts, with considerable overlapping of the sensitivity kernels, yield a fairly good resolution.

range, there is notable variation in both fast directions and delay
times, with a region in the central portion of the array that ex-
hibits stronger anisotropy, and a counterclockwise rotation in fast
axis orientation, compared to the adjacent regions.

While Fig. 4 shows the most likely model for anisotropy be-
neath the NW-SE line, it is crucial to understand the character
of the probability distributions for anisotropy parameters in or-
der to appreciate how well constrained different portions of the
model are. We have examined these distributions for our entire
model space (Supplementary Figs. S2-S3), and illustrate selected
histograms for the anisotropy strength parameter in Fig. 5. As ex-
pected, our model is poorly resolved in the shallowest part (above
50 km); in this depth range we do not achieve overlapping sen-
sitivity kernels with the station density available, and we there-
fore do not interpret this portion of the model. Elsewhere, the
histograms reveal that the distributions are much tighter, and pa-
rameters are much better constrained. In particular, both in the
depth range associated with weak anisotropy (100-200 km) and
in the deeper portions with strikingly strong anisotropy (300-400
km), the histograms of model parameters show that they are gen-
erally tightly constrained by the observations.

4.2. Anisotropy model of the N-S array

A total of 470 splitting measurements from 47 stations were
used as the input for our inversion beneath the N-S line (corre-
sponding to the line CD in Fig. 3a) and convergence is attained
after approximately 140,000 iterations (a total of 256,000 iterations
were performed). As with the NW-SE line, we used a grid spacing
of 50 km x 50 km. Again as with the NW-SE line, this line cuts
across the region of particularly large splitting delay times iden-
tified by Long et al. (2009) and Wagner and Long (2013), so we
expect to see lateral and/or depth variations in anisotropy strength
in our model. This expectation is borne out by the model in Fig. 6,
which exhibits strong anisotropy in the deep upper mantle (200-
400 km depth range) in the central portion of the model, with
weaker anisotropy in this depth range at the edges. Furthermore,

in the asthenospheric upper mantle (depth range 100-200 km),
there are dramatic lateral variations in anisotropy strength. We
document a region of strong anisotropy located just to the south
of the crossing point between the NW-SE and N-S dense lines.
Interestingly, this region of locally strong anisotropy (~7%) is jux-
taposed with a region of much weaker anisotropy (~2%) in the
same depth range just to the north. The strong anisotropy in the
100-200 km depth range coincides geographically with a region of
particularly high delay times documented by Long et al. (2009),
suggesting that constructive interference between anisotropy lay-
ers at different depths may contribute to the particularly large &t
observed in the central portion of the HLP.

Our model for the spatial variability in fast axis orientations
shows more consistent layering than the corresponding model for
the NW-SE line (Fig. 4b), but as with the NW-SE model, the actual
variability in orientations is relatively minor. We see fast directions
that are nearly E-W in the shallower portions of the model (depths
shallower than 200 km). In the deeper portions of the model, the
most likely fast axis orientations are rotated slightly counterclock-
wise from the shallower portions (~70°-80° east of north); how-
ever, the difference is slight, and is likely not dramatic enough to
cause strong variability in apparent splitting parameters with back-
azimuth at most azimuthal ranges (Silver and Savage, 1994). This
is consistent with the observation that apparent splitting param-
eters generally do not vary with backaziuth at HLP stations (e.g.,
Wagner and Long, 2013; see their Fig. 2).

4.3. Consistency checks and a pseudo-3D model

Because we have carried out two separate 2D inversions, a nat-
ural check on our results is to compare the variation in anisotropy
parameters with depth at the point at which the two models cross.
Of course, the two models are not completely independent, in the
sense that a portion of the splitting intensity observations were
included in both inversions; specifically, data from 13 stations,
representing a total of 119 measurements, were used in both in-
versions. Still, a consistency check between the two independent
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inversions is useful; while we do not expect the most likely mod-
els at the crossing point to be identical, we do expect them to be
generally consistent. As Fig. 7 shows, this expectation is borne out,
particularly for the anisotropy strength parameter, which shows
an excellent match for both models. The models for fast axis ori-
entation are not quite as consistent, but they do show generally
similar behavior, with orientations near 80°-90° in the shallow
upper mantle and a slight counterclockwise rotation in the deep
upper mantle. At depths below 200 km, the two models diverge
somewhat, with differences in the most likely fast axis orientation
of up to 20°.

Another way to visualize our tomography results is through the
construction of a pseudo-3D model, which merges the two 2D
models in the appropriate geographic reference frame (Fig. 7). This
view of our most likely models again demonstrates the major fea-
tures of our images, particularly the pervasive strong anisotropy in
the deep upper mantle and the relatively weak anisotropy at shal-
lower depths (100-200 km), with the exception of a region in the

southern portion of the N-S line. This view also illustrates the gen-
erally good match between the models at their intersection point.

Finally, we visualize our most likely models in map view us-
ing a series of stick diagrams (Fig. 8), which employ a common
convention for representing anisotropy, with bars whose orienta-
tions correspond to the fast axis orientation and whose lengths
correspond to the strength of anisotropy. We show the variation
in anisotropy parameters for depth slices at 100 km, 200 km, 300
km, and 400 km. These maps again demonstrate the significant
variation in strength of anisotropy with depth, with the deep up-
per mantle (300 km and 400 km depth slices) generally exhibiting
considerably stronger anisotropy than the shallower upper mantle.
The region of strong anisotropy in the central and southern por-
tion of the study area at relatively shallow depths (100 km and
200 km depth slices) is particularly prominent. The fast axis ori-
entations, in contrast, do not vary dramatically across our study
region, either laterally or with depth. This is consistent with pre-
vious suggestions that the mantle flow field beneath the Cascadia
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the Juan de Fuca and North American plates.

backarc is generally simple, and may be controlled by the rollback
of the Cascadia slab (e.g., Druken et al.,, 2011; Long et al., 2012;
Long, 2016).

5. Resolution tests

As with any tomographic inversion, the question of resolution is
paramount in the interpretation of the results. Given the challenges
inherent in resolving anisotropy in tomographic inversions, partic-
ularly for nearly vertically propagating SKS phases (e.g., Chevrot,
2006; Long et al., 2008), it is important to evaluate how well our
anisotropy models are resolved, and to restrict our interpretations
to robust features that are well-resolved and required by the ob-
servations. A series of resolution tests for synthetic data sets was
presented in Mondal and Long (2019); many of these tests were
aimed at highly simplified scenarios, but a subset of them used
the actual HLP experiment station configuration as an example of
a plausible real-world data set. These previous tests demonstrated
that the HLP station configuration should allow for the resolu-
tion of anisotropic structure on length scales of ~50 km in most
portions of the model, although there is little or no resolution of
structure shallower than ~50 km depth. Here we build on the tests
presented in Mondal and Long (2019), using the actual distribu-
tion of stations and events represented in our splitting intensity
data set (rather than a synthetic, random distribution of earth-
quakes over all azimuths). We use our input model to create a
synthetic data set of splitting intensity “observations” by comput-
ing sensitivity kernels for each event-station pair in our real data
set, as described in section 2, and integrating those kernels over
the model volume, according to equation (2).

We first perform a checkerboard test, shown in Fig. 9, with
input anomalies that are 100 km square. Additional histograms
showing probability distributions throughout the model space for
this test are shown in Fig. S6. Because our preferred models them-
selves tend to exhibit variations on a spatial length scale of about

100 km (Figs. 4 and 6), this is a reasonable choice for an input
pattern. Because most of the variability in our recovered models is
in anisotropy strength, with little variability in the fast axis orien-
tation, in this test we hold ¢ fixed at a reasonable average value
of 80°. We calculate synthetic splitting intensity values for the in-
put pattern and then use these values in the inversion scheme.
The results of this test reveal several interesting properties of our
inversion scheme. First, as expected, we observe significant smear-
ing in the shallowest part of the model (depth < 50 km), and
the posterior distributions for these grid nodes are spread widely
throughout parameter space. This is due to the lack of substan-
tial overlap among the sensitivity kernels at shallow depths, and is
limited by the station spacing in the experiment. At depths greater
than 50 km, however, the resolution test successfully recovers each
of the grids of the input pattern with sufficient accuracy. As in any
tomographic inversion, there is some smearing of structure, and
the posterior distributions do show some spread in their values.
Nevertheless, this test demonstrates that our inversion scheme is
capable of resolving anisotropic structure at depth, even using only
(nearly) vertically propagating SKS waves.

In the second test, shown in Fig. 10, we carry out a recov-
ery test, in which we use the most likely model from our actual
inversion (in this case, beneath the NW-SE line) as an input pat-
tern. We calculate synthetic splitting intensity values for this most
likely model, and invert those synthetic data using the same grid
parameterization (50 x 50 km) as in the actual inversion. The re-
sults of this test show that the output model strongly resembles
the input model in its first-order characteristics, although there
are some differences in the detail. The synthetic inversion success-
fully reproduces the major features, including the relatively weak
anisotropy in the 100-200 km depth range, and the particularly
strong anisotropy in the deep upper mantle (particularly in the SE
portion of the model). Moreover, histograms that show the poste-
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rior probability distributions for selected grid points (Fig. 10) show
that these major features are generally well resolved.

Because SKS kernels have their maximum sensitivity in the
depth range extending down to roughly 300 km (Fig. 2), the ques-
tion of how well our observations constrain structure in the deep-

est portions of the model is particularly crucial. As shown by the
resolution tests in Figs. 9 and 10 and Supplementary Fig. S6, the
inversion does retrieve structure in the 300-400 km depth range,
although the amplitude is imperfectly estimated. We note that
there are some tradeoffs in our inversion between anisotropy in
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the shallowest part of the model (shallower than 50 km, where
we effectively have no resolution) and anisotropy in the deep-
est part of the model. One question, then, is whether the strong
anisotropy that we image in the deepest parts of the model might
actually reside in the shallowest part of the model, where we
have poor resolution. We argue that this scenario is highly un-
likely, because surface wave phase velocity maps at the periods
that have maximum sensitivity in this shallow depth range do
not show strong azimuthal anisotropy (Wagner and Long, 2013).
This argument, together with the resolution tests presented here,
give us confidence that the first-order features of our most likely
models for anisotropy strength beneath the HLP - namely, the
strong anisotropy in the deep upper mantle, the relatively weak
anisotropy between 100-200 km depth beneath the NW-SE line,
and the locally strong anisotropy anomaly between 100-200 km
depth beneath the southern portion of the N-S line - are in fact
required by the data and well-resolved by the inversion, and can
be interpreted in terms of physical processes.

6. Discussion

6.1. Probabilistic finite-frequency SKS splitting intensity tomography:
proof of concept

We have presented a first practical application of probabilis-
tic finite-frequency splitting intensity tomography to the Cascadia
backarc region. This densely distributed seismic network yields a
generally robust model for upper mantle anisotropy at depths be-
tween 50-400 km. The resolution tests (Figs. 9 and 10) show that
SKS splitting intensity data collected during a temporary broad-
band deployment are capable of constraining depth-dependent
anisotropy in the upper mantle. This provides an exciting new av-
enue for the interpretation of SKS splitting datasets, and builds on
the few previous studies that have applied finite-frequency SKS
splitting tomography approaches to actual data (Monteiller and
Chevrot, 2011; Lin et al., 2014)

One caveat to the successful application of probabilistic finite-
frequency SKS splitting intensity tomography presented here is
that the HLP splitting data set is one that displays significant vari-
ability in observed splitting delay times, but much less in observed
fast splitting directions (Long et al., 2009; Wagner and Long, 2013).
This makes this set of observations an easier target for our to-
mographic approach, since the tomography problem for anisotropy
strength (for the case in which the anisotropy geometry varies lit-
tle) is more nearly linear than the corresponding problem in which
both the strength and geometry of anisotropy varies widely. Work
to apply our analysis approach to datasets for which we expect
both the geometry and strength of anisotropy to vary substantially
is ongoing.

6.2. Tectonic implications

A key finding from this work is that SKS splitting intensity
observations beneath the HLP prefer models that include strong
anisotropy (up to ~6-8%) in the deep upper mantle (200-400 km
depth range) beneath much of the Cascadia backarc. This find-
ing contradicts the simplest expectations that might be formed
from visual inspection of the traditionally measured SKS split-
ting parameters, as discussed in Long et al. (2009). Variations in
shear wave splitting behavior over short length scales are often
interpreted to require variations in anisotropy at shallow depths,
based on an argument that invokes overlapping Fresnel zones (e.g.,
Liu and Gao, 2011). However, our work shows that the generally
smooth variations in measured S8t across the HLP stations (e.g.,
Fig. 6 in Wagner and Long, 2013) can result from the integrated
effects of anisotropic layers with different strengths, including (in

this case) a layer of strong anisotropy in the deep upper mantle.
Specifically, the particularly large delay times beneath the cen-
tral part of the HLP study area result from the combined effect
of strong anisotropy in the deep upper mantle and a localized re-
gion of strong anisotropy in the 100-200 km depth range evident
in the N-S model (Fig. 6).

This finding has implications for discriminating among the dif-
ferent scenarios proposed as possible explanations for the large
SKS splitting delay times beneath the HLP. Long et al. (2009) dis-
cussed three possible explanations for the §t values (and their
spatial variability): a particularly thick anisotropic layer(s) beneath
the region, particularly strong olivine LPO (perhaps due to specific
deformation conditions in terms of temperature or water content),
or a contribution from shape preferred orientation of partial melt
in the uppermost mantle. Based on the models presented in this
paper, the last of these three possibilities can be effectively ruled
out: there is no evidence in our models for strong anisotropy in the
shallow depth ranges at which partial melt may be present, and in-
stead our inversions prefer models that include strong anisotropy
in the deep upper mantle. While the large delay times beneath the
HLP do likely reflect the constructive interference of multiple lay-
ers of anisotropy over several depth ranges, our finding that strong
(~ 6 — 8% anisotropy) is required in much of the deep upper man-
tle, and in a localized region of the asthenospheric upper mantle
along the N-S line, is consistent with the earlier suggestion by Long
et al. (2009) that particularly strong olivine LPO may be present.
What is surprising, however, is the extent to which this strong LPO
is forming in the deep upper mantle.

What do our models imply for our understanding of the tec-
tonic evolution of the HLP and the Cascadia backarc more gen-
erally? First, our finding of generally E-W fast axis orientations,
with little variability in the geometry of anisotropy, is consistent
with previous suggestions that the flow field beneath the Cascadia
backarc is generally simple, and likely controlled by rollback sub-
duction of the Juan de Fuca slab (e.g., Druken et al.,, 2011; Long
et al, 2012; Long, 2016), perhaps in combination with other fac-
tors (e.g., Zhou et al., 2018). A comparison between our anisotropy
models and isotropic velocity models for the same region de-
rived from tomography (Schmandt and Humphreys, 2010) does not
demonstrate any striking correlations between anisotropy strength
and shear wave velocity (Supplementary Fig. S7), as might be ex-
pected if the strength of olivine LPO was controlled by a factor
such as temperature. The region of strong anisotropy in the as-
thenospheric upper mantle evident along the N-S line (Fig. 6) cor-
responds roughly to the location of the Steens Mountain basalts
(which are contemporaneous with the ~16 Myr old Columbia
River basalts; see Long et al., 2009, and references therein) and
the Holocene volcanic activity of Diamond Craters (Fig. 1). This
possible spatial relationship is suggestive, but its nature remains
obscure, given that our model has ruled out the possibility that
anisotropy strength is controlled by variations in aligned partial
melt in the shallowest upper mantle.

6.3. Pervasive anisotropy in the deep upper mantle beneath the
Cascadia backarc

Our finding of strong anisotropy, and by inference strong olivine
LPO, in the deep upper mantle (200-400 km depth) beneath the
Cascadia backarc region has potentially important implications. Nu-
merous studies on the rheology and deformation of the upper
mantle (e.g., Karato and Wu, 1993; Karato et al., 2008) have sug-
gested that olivine LPO is the primary mechanism for generating
seismic anisotropy. However, there are indirect arguments, mainly
based on previous observations of generally weaker anisotropy at
depths greater than 200 km, that deformation in this depth range
may be dominated by diffusion creep, rather than the dislocation
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glide that is necessary to form LPO (e.g. Karato and Wu, 1993).
Our finding of strong anisotropy in the deep upper mantle implies
that there is, in fact, strong olivine LPO in this depth range, at least
locally. This in turn suggests that the deep upper mantle is deform-
ing in the dislocation glide regime, or, alternatively, that olivine
LPO is being generated via a different mechanism at these depths.
Miyazaki et al. (2013) recently proposed that diffusion creep may
produce LPO in the upper mantle, although this idea remains con-
troversial.

Recent results on deformation of olivine at relatively high pres-
sure conditions may shed additional light on possible mechanisms
for strong anisotropy in the deep upper mantle. Couvy et al. (2004)
and Ohuchi and Irifune (2013) presented experimental evidence
for the formation of olivine LPO at the pressures associated with
the deep upper mantle; in particular, Ohuchi and Irifune (2013) ar-
gued for the development of A-type olivine fabric under water-rich
conditions. More recently, Masuti et al. (2019) carried out defor-
mation experiments on olivine single crystals and found evidence
for the development of C-type olivine fabric under water-rich con-
ditions, although their experiments were carried out at lower pres-
sures than those of Ohuchi and Irifune (Ohuchi and Irifune (2013)).
Given the geodynamic setting of our model in a subduction zone
backarc, it is plausible that deformation is taking place under
water-rich conditions, and we can envision a few possible sce-
narios that are consistent with our model. For the most part, the
strong anisotropy in the deep upper mantle in our model is located
above the slab surface (Fig. 4). If A-type olivine LPO dominates,
as suggested by Ohuchi and Irifune (2013), then strong azimuthal
anisotropy would suggest dominantly horizontal shearing (with a
generally E-W shear direction). On the other hand, if C-type olivine
LPO dominates, as suggested by Masuti et al. (2019), then a com-
ponent of upwelling flow may align olivine C axes nearly vertically,
producing strong azimuthal anisotropy. Geodynamic modeling re-
sults for the HLP region (Druken et al., 2011; Long et al, 2012)
do suggest a component of upwelling associated with the rollback
and steepening of the Cascadia slab, although significant horizontal
flow is present as well.

6.4. Implications for reconciling surface wave and SKS constraints on
anisotropy

An interesting aspect of our model is that it can be compared
with models based on independent constraints, namely surface
wave dispersion measurements. We are particularly interested in
comparisons with the models of Yuan and Romanowicz (2010) and
Lin et al. (2011) for the western U.S., because these models are
based on joint inversion and/or interpretation of surface wave data
and station-averaged SKS splitting measurements, and the surface
wave model of Wagner and Long (2013), because that model was
based on measurements made at HLP stations.

The model of Yuan and Romanowicz (2010) covers the entire
western U.S. and has relatively coarse (~250 km) lateral resolu-
tion; we focus our comparison on the region beneath the HLP
itself. This model features multiple layers of anisotropy beneath
this region, with fast directions that vary from NE-SW fast direc-
tions in the shallow upper mantle (~70-100 km depth) to more
nearly NW-SE fast directions in the mid-upper mantle (~200-250
km) to nearly E-W fast directions in the deepest upper mantle
(~350-400 km). This model features relatively strong anisotropy in
the deepest upper mantle, in that the anisotropy strength here is
comparable to the anisotropy strength at shallower depths, but it
is considerably weaker than in our preferred model (~2-3% vs. up
to ~6-8%). This difference may reflect the fact that the model of
Yuan and Romanowicz (2010) is based on a regularized inversion
that may underestimate amplitudes, or it may be a consequence of
their coarser lateral resolution. Interestingly, a comparison of mod-

els obtained by Yuan and Romanowicz (2010) (see their Fig. 7) that
include only surface waveform constraints vs. those that include
both surface waveforms and SKS splitting shows that when the SKS
measurements are included, anisotropy in the deeper portions of
the model (150 to 500 km depth) beneath the HLP is stronger and
has a more nearly E-W fast direction. Furthermore, when a model
is produced based only on surface waveforms, it strongly underpre-
dicts the SKS splitting delay times. This is generally consistent with
the inference from our study that the SKS observations themselves
require a major contribution from anisotropy in the deep upper
mantle. The agreement between our model and that of Yuan and
Romanowicz (2010) is only partial, however, as our model does not
include the considerable variability in fast axis orientations that is
exhibited in the Yuan and Romanowicz (2010) model beneath the
HLP.

The model of Lin et al. (2011), based on a combination of am-
bient noise and event-based surface waves, does not extend into
the deep upper mantle, but at asthenospheric depths the model
shows generally E-W fast directions, consistent with our model. At
crustal depths (at which our model does not have resolution), the
Lin et al. (2011) model shows relatively weak (~ 2%) and variable
anisotropy. Lin et al. (2011) predicted SKS splitting fast directions
and delay times based on their model; their predictions for the
HLP region match the fast direction observations, but substantially
underpredict the delay times (predicted times of up to ~ 1.2 s vs.
observed times of up to ~ 2.5 s). Our finding of a substantial con-
tribution to SKS splitting from anisotropy in the deep upper mantle
is therefore consistent with the predictions of the Lin et al. (2011)
model.

Our model provides an avenue for reconciling what had been
thought of apparently contradictory constraints on upper mantle
anisotropy provided by surface wave and SKS splitting observations
made at stations of the HLP experiment. Wagner and Long (2013)
presented azimuthally anisotropic phase velocity maps based on
surface wave dispersion measurements and a major focus of this
paper was the apparently contradictory views of upper mantle
anisotropy provided by the different types of data. The surface
wave phase velocities, which have little or no sensitivity at depths
greater than ~250 km, showed generally uniform fast orientations
beneath the HLP with modest anisotropy strengths (values of up
to ~2.5%). Wagner and Long (2013) found that the anisotropy
strengths suggested by the phase velocity maps were much smaller
than needed to explain the SKS splitting delay times if all the
anisotropy was distributed in the upper ~200 km of the mantle;
furthermore, they argued that a strong contribution from crustal
anisotropy (shallower than ~50 km) would have strongly affected
the phase velocities at 33 and 40 s period, which was not ob-
served. Wagner and Long (2013) left the resolution of this discrep-
ancy to future work, and the model presented here now resolves
the apparent paradox. Our preferred model for anisotropy beneath
the HLP invokes strong anisotropy in the deep upper mantle, at a
depth range that is beyond the sensitivity of the observations (at
periods up to 143 s) used in the Wagner and Long (2013) surface
wave model. The presence of deep upper mantle anisotropy can
explain the apparent discrepancy between surface wave and SKS
splitting constraints documented by Wagner and Long (2013).

7. Summary

We have presented a pseudo-3D model for the distribution of
seismic anisotropy beneath the High Lava Plains of Oregon and
its surrounding region in the backarc of the Cascadia subduction
zone. This model was obtained in the framework of a probabilis-
tic, finite-frequency SKS splitting intensity tomography approach
applied to a data set of newly processed SKS splitting intensity
measurements for stations of the HLP broadband array. The dense
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station spacing of this array allowed us to resolve anisotropic
structure, at length scales of ~50 km, in the depth range between
50-400 km. We found evidence for strong seismic anisotropy in
the deep upper mantle beneath the Cascadia backarc, with gener-
ally weaker anisotropy in the 100-200 km depth range (with some
local exceptions). There is little variability in the fast axis orien-
tations, consistent with previous suggestions of a relatively simple
mantle flow field. This finding is consistent with the idea of man-
tle flow beneath the Cascadia backarc that is driven by rollback
subduction, as suggested by previous workers, and with the pres-
ence of lateral variations in olivine LPO strength within that simple
flow field. Resolution tests demonstrate that our method is capable
of resolving anisotropic structure throughout the model domain,
and posterior probability distributions provide a sense for uncer-
tainties in the model parameter estimations. Our finding of strong
anisotropy in the deep upper mantle beneath the HLP helps to
reconcile previously conflicting views of upper mantle anisotropy
from surface wave constraints and SKS splitting data, and may
suggest that deep upper mantle anisotropy is more important to
the interpretation of shear wave splitting data sets than is often
thought.
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