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Abstract Observations of seismic anisotropy can provide direct constraints on the character of mantle
flow in subduction zones, critical for our broader understanding of subduction dynamics. Here we
present over 750 new SKS splitting measurements in the vicinity of Mount St. Helens in the Cascadia
subduction zone using a combination of stations from the iMUSH broadband array and Cascades Volcano
Observatory network. This provides the highest density of splitting measurements yet available in
Cascadia, acting as a focused “telescope” for seismic anisotropy in the subduction zone. We retrieve spatially
consistent splitting parameters (mean fast direction Φ: 74°, mean delay time ∂t: 1.0 s) with the azimuthal
occurrence of nulls in agreement with the fast direction of splitting. When averaged across the array, a
90° periodicity in splitting parameters as a function of back azimuth is revealed, which has not been
recovered previously with single‐station observations. The periodicity is characterized by a sawtooth pattern
in Φ with a clearly defined 45° trend. We present new equations that reproduce this behavior based upon
known systematic errors when calculating shear wave splitting from data with realistic seismic noise.
The corrected results suggest a single layer of anisotropy with an ENE‐WSW fast axis parallel to the motion
of the subducting Juan de Fuca plate; in agreement with predictions for entrained subslab mantle flow. The
splitting pattern is consistent with that seen throughout Cascadia, suggesting that entrainment of the
underlying asthenosphere with the subducting slab is coherent and widespread.

1. Introduction

The Cascadia subduction zone, where the Juan de Fuca plate subducts beneath western North America, is
one of the most intriguing subduction zones in the world (Figure 1a). An ominous seismic quiescence, yet
known potential for a greatM9 earthquake (Atwater et al., 2005; Goldfinger et al., 2012), has led to our reli-
ance on geophysical instrumentation and numerical modeling techniques to better understand the
dynamics and unique character of this subduction zone (e.g., Frankel et al., 2018; Wirth et al., 2018). In addi-
tion, it has recently been suggested that the subslab mantle buoyancy and flow field are important controls
on the degree of plate locking and associated seismic hazard in Cascadia (Bodmer et al., 2018). Beneath the
Pacific Northwest there has been a long history of subduction since about 150 Ma (Severinghaus & Atwater,
1990), with various fragmented remnants of the ancient Farallon plate imaged in the deep mantle beneath
North America (Pavlis et al., 2012). At present, a very young (<10 Ma), and thus relatively thin (<50 km),
Juan de Fuca plate is subducting and undergoing significant slab rollback with trench retreat rates of 3.6
cm/year (Hayes et al., 2018; Müller et al., 2008; Schellart et al., 2008).

Another intriguing feature of the Cascadia subduction zone is the puzzling nature of the surroundingmantle
flow field, particularly the extent of toroidal versus entrained mantle flow in response to slab rollback (for a
recent review on the topic of the “Cascadia Paradox,” see Long, 2016). In subduction dynamics, mantle flow
is considered to follow an entrained flow pattern when it is coupled with andmoving in the same direction as
the downgoing slab. Conversely, toroidal flow generally refers to mantle flow that escapes from the subslab
to the mantle wedge in a circular pattern around the slab edge. In this scenario there is a component of sub-
slab mantle flow that is trench parallel, as opposed to purely trench normal in the entrained case. (We refer
the reader to Figure 3 of Long (2016) if further explanation is required). One of the most direct methods by
which to map the mantle flow patterns is by studying seismic anisotropy (i.e., the directional dependence of
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Figure 1. Regional tectonic setting of the Pacific Northwest showing location of the iMUSH broadband seismic array. (a)
Outline of the Cascadia subduction zone where the Juan de Fuca plate subducts beneath North America as delineated by
the blue contours (20‐km increments) based on the Slab2 model (Hayes et al., 2018). Absolute plate motion vectors in
black are from HS3‐NUVEL1A (Gripp & Gordon, 2002). Volcanoes in the Cascade arc are shown by red triangles, with
Mount St. Helens in solid red (Siebert & Simkin, 2002). (b) Map of the 78 broadband seismic stations used in this
study. The regional location is given by the green box in (a). The distribution of 70 iMUSH (Imaging Magma under
St. Helens) temporary stations are shown by the black dots. Station names can be found in Figure S1 in the supporting
information. Solid white circles with attached names (black text) highlight eight permanent stations belonging to the
Cascades Volcano Observatory (CVO). The three major active volcanoes in the area, Mount Rainier, Mount Adams, and
Mount St. Helens (MSH) are shown by the solid red triangles.
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seismic wave speed). Under typical uppermantle conditions (A‐, C‐, or E‐type olivine fabrics), the fast axes of
the constituent olivine crystals are thought to develop a lattice‐preferred orientation (LPO) aligned with the
mantle flow direction (Karato et al., 2008; Zhang & Karato, 1995). However, the dominant olivine fabric type
will depend on the temperature, stress and hydration conditions in each individual subduction zone, and
thus the exact relationship between deformation geometry and the fast axis orientation can be ambiguous.
The study of seismic anisotropy can therefore provide insight into not only the dynamics of subduction in
the deep Earth but also the physical and chemical conditions of the mantle.

Beneath the Cascadia forearc and trench, as well as offshore beneath the incoming Juan de Fuca plate, seis-
mically observed fast axes are consistently found to align with the plate motion direction of the subducting
Juan de Fuca slab (Bodmer et al., 2015; Currie et al., 2004; Eakin et al., 2010; Martin‐Short et al., 2015; Rieger
& Park, 2010). While this is in general agreement with entrained mantle flow, such a scenario is surprising
given the complexity of seismic anisotropy patterns inferred in other subduction zones worldwide. In addi-
tion, one might expect the significant rollback of the Juan de Fuca slab to promote trench‐parallel subslab
mantle flow (Long & Silver, 2008). Widespread entrainment is also somewhat contradictory with the
large‐scale toroidal mantle flow that has been proposed for Cascadia (Zandt & Humphreys, 2008) to explain
patterns of volcanism and anisotropy in the Cascadia backarc (Long et al., 2009, 2012).

The iMUSH (Imaging Magma under St. Helens; https://imush.pnsn.org/) seismic array, centered upon
Mount St. Helens (MSH) in Washington State (Figure 1b), offers a unique opportunity to study seismic ani-
sotropy and mantle flow directly beneath the Cascades volcanic arc where competing hypotheses for
entrained (forearc) versus toroidal (backarc) mantle flow collide. The station spacing of this array
(~10 km) is much denser than that of the EarthScope Transportable Array (~70 km; http://usarray.org),
allowing for iMUSH stations to collectively act as a focused telescope into the Cascadia subduction zone
beneath MSH (Creager et al., 2017; Ulberg et al., 2017). By combining seismic observations across the 70 sta-
tions that make up the array, a level of detail can be achieved that is not possible with a single station, par-
ticularly in terms of the azimuthal coverage of events. This allows for the careful analysis of possible back
azimuthal patterns present in the splitting parameters, typically associated with the ability to identify more
complex anisotropic structures such as multiple and/or dipping layers of anisotropy. This has been deemed
critical to resolving the Cascadia Paradox (Long, 2016) but until nowwas not easily achievable with previous
temporary arrays with larger station spacing (e.g., Eakin et al., 2010).

Here we present a new dense data set of SKS splitting measurements from the iMUSH broadband array and
nearby permanent seismic networks. We retrieve consistent shear wave splitting parameters that match the
broader pattern seen across the Cascadia subduction zone. Analysis of the back azimuth dependence of our
results verifies the presence of a substantial mantle layer entrained beneath the subducting Juan de Fuca
plate as has been previously suggested (Currie et al., 2004; Eakin et al., 2010; Long & Silver, 2009; Martin‐
Short et al., 2015). Additional thinner and shallower layers of anisotropy (e.g., in the wedge and overriding
crust) are also compatible with our results but are unconstrained by the present SKS data set. Integration of
these results with future iMUSH studies, such as local S splitting, will help to complete our picture of the
anisotropic structure and upper mantle dynamics beneath MSH.

2. Shear Wave Splitting: Methodology and Data

We compute shear wave splitting measurements of distant teleseismic SKS phases. When a shear wave, such
as an SKS phase, enters an anisotropic medium it becomes polarized into two quasi shear waves, a fast and a
slow direction, in a process akin to optical birefringence. In shear wave splitting analyses, we typically mea-
sure the orientation of the fast direction (Φ) and magnitude of the delay time (∂t) between the fast and slow
arrivals. The delay time is proportional to both the strength and spatial extent of anisotropy. Outer core
refracted phases, such as SKS, are particularly useful as they isolate the anisotropic signature of the mantle
beneath the receiver (i.e., directly beneath the seismic station). Any anisotropy that may be present on the
downward leg, between the seismic source and core, is removed when the S wave converts to a P wave at
the core‐mantle boundary.

For SKS phases, the primary source region of seismic anisotropy that generates the observed splitting is
thought to lie in the upper mantle due to the lattice preferred orientation of olivine (Nicolas &
Christensen, 1987). When the upper mantle undergoes deformation (i.e., flow) in the dislocation creep
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regime, anisotropic minerals such as olivine undergo a rotation relative to the strain geometry (e.g., Karato
et al., 2008). The nonrandom distribution of crystallographic axes results in an effective bulk anisotropy that
is ultimately detectable by seismic waves. Other potential source regions of anisotropy include the
lowermost mantle in the D″ layer (Kendall & Silver, 1996), fossilized frozen‐in anisotropy in the
lithosphere (Silver & Chan, 1991), and crustal anisotropy due to the shape‐preferred orientation (SPO) of
fluid‐filled cracks (e.g., Crampin, 1994). These various anisotropic contributions are usually minor in
comparison to asthenospheric LPO due to their relatively limited spatial extent (Long & Becker, 2010). In
a subduction zone like Cascadia, anisotropic hydrous phases, such as serpentine, may also contribute to
the anisotropic signature (Mainprice & Ildefonse, 2009; McCormack et al., 2013).

This study uses data from a combination of temporary and permanent seismic networks in the vicinity of
MSH (Figure 1). The iMUSH broadband array was comprised of 70 broadband seismic stations that operated
from 2014–2016 (network code: XD; https://doi.org/10.7914/SN/XD_2014). Station spacing on average was
less than 10 km (Figure 1b). In addition, we included data from eight long‐running permanent seismic sta-
tions in the region. Four of these were situated near MSH (JRO, STD, SWF2, and VALT), the other four near
Mount Rainier (LON, OBSR, PANH, and PR05). All of these stations belong to the Cascades Volcano
Observatory (CVO; network code: CC; https://doi.org/10.7914/SN/CC) with the exception of station LON,
which is operated by the Pacific Northwest Seismic Network at the University of Washington (network code:
UW; https://doi.org/10.7914/SN/UW). The longest running of these stations is LON, fromwhich we utilized
data since 2002.

We analyze all teleseismic events in the epicentral distance range 90–130° of magnitude 6.0 and above for the
presence of SKS splitting. At this distance SKS arrivals have almost vertical incidence (i.e., <10°). We iden-
tified 131 such events that occurred during the timespan of the iMUSH array, and 923 events that were
recorded by one of our permanent stations. The distribution of events is more plentiful in the western quad-
rants but a wide range of azimuths is available (Figure 2). In total, 8,631 waveforms were available for shear
wave splitting analysis.

Shear wave splitting analyses were performed using the SplitLab software package of Wüstefeld et al. (2008).
Within this application, predictions of shear wave splitting parameters (fast direction Φ, delay time ∂t) are
compared from two independent measurement methods: the transverse component minimum energy
(SC) method of Silver and Chan (1991), and rotation correlation (RC) method (Bowman & Ando, 1987).
SplitLab also calculates splitting parameters for the eigenvalue (EV) method, but this is broadly equivalent
to the SCmethod for SKS phases (Silver & Chan, 1991). We therefore focused our attention on comparison of

Figure 2. Distribution of the 937 events used in this study. Those that yielded a split or null result are indicated on the left by red open circles (a), and on the right
those that did not return any result in black (b). The location of Mount St. Helens and the iMUSH array is represented by the inverted cyan triangle. iMUSH =
Imaging Magma under St. Helens.
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the independent RC and SCmeasurement methods, and only retainedmeasurements that yielded consistent
estimates between both. An example is provided in the supporting information (Figure S2). Henceforth, we
choose to discuss the results from the RC method, unless otherwise stated, as it is independent of the initial
polarization (i.e., the back azimuth for SKS phases). Any misalignment in the station orientation, or devia-
tion of the incoming SKS polarization, will impact the quality and accuracy of splitting measurements made
via the SC method (Eakin et al., 2018; Liu & Gao, 2013), leading to greater variability. It is worth noting that
the RC method is known to produce a systematic 45° deviation at near‐null back azimuths (Wüstefeld &
Bokelmann, 2007). This is a well‐defined and predictable outcome, which we will utilize in section 4.

A band‐pass filter was applied to all waveforms with corner frequencies of 0.02 and 0.125 Hz to reduce noise.
For permanent stations, the lower corner frequency was raised to 0.04 Hz. This is in accordance with the
optimal filter determined through spectral analysis and filtering tests of Restivo and Helffrich (1999), along
with previous SKS studies in Cascadia (e.g., M. D. Long et al., 2009) and other subduction zones (Eakin et al.,
2015; Eakin & Long, 2013; Wirth & Long, 2010). In Figures S3–S5 it is shown that increasing the upper cor-
ner to include higher frequencies (up to 0.2 Hz) does not change the general character of our splitting data
set, but it does result in noisier seismograms and degrades the signal‐to‐noise ratio (SNR; Figure S5).
Increased noise on the transverse component increases the likelihood that spuriously correlated noise
may be mistaken for shear wave splitting, while at the same time increases the minimum delay time thresh-
old at which SKS splitting can be observed, as smaller delay times with smaller amplitudes on the transverse
component will be obscured. We find that a band‐pass filter with an upper corner frequency of 0.125 Hz pro-
duces the best SNR for SKS phases and the most well constrained results (Figure S3).

Following our previous work (Eakin et al., 2015; Wirth & Long, 2010), all splitting measurements were
visually inspected and subject to strict quality control, with both quantitative and qualitative conditions
applied. Quantitative conditions included a SNR cutoff greater than 5, and errors less than 1 s in ∂t and less
than 22.5° in Φ at the 95% confidence level. Additionally, we required agreement between the RC and SC
methods to be within|Φ|< 22.5°, and ∂tRC/∂tSC > 0.7 following (Wüstefeld & Bokelmann, 2007).
Qualitative measures included the observation of similarly shaped shear wave pulses on the estimated fast
and slow directions, minimal energy on the corrected transverse component, and linearization of the particle
motion following the correction for splitting. An example of a well‐constrained splitting measurement is
shown in Figure S2a.

Observations of null SKS arrivals were also recorded in this study. For a null measurement, we require a
clearly visible shear wave pulse on the radial component with little energy on the uncorrected transverse
component (i.e., linear uncorrected particle motion). Again, we applied a SNR cutoff greater than 5. For
an example of a null measurement, see Figure S2b. In general, null arrivals suggest that the SKS phase
has not undergone any splitting. When coupled with non‐null measurements, a null measurement can indi-
cate that the incoming SKS polarization (i.e., the back azimuth) is aligned with either a fast or slow axis
of anisotropy.

3. SKS Splitting Results

Overall our SKS splitting analysis yielded 757 measurements across all 78 stations (Figures 3–6). A full list is
provided in Table S1 in the supporting information. Themajority of the measurements were recorded as null
(77%; 584 out of 757). The remaining 173 non‐null (i.e., split) measurements returned consistent ENE‐WSW
splitting (mean Φ: 74°, mean ∂t: 1.04 s) across the entire array, and similar to those measured by previous
studies in the region (Figure 3). However, as seen in Figure 3b, most iMUSH stations generated only a single
split. Only 89 split measurements were retrieved for 70 iMUSH stations compared to 410 nulls, representing
an average of one split and six nulls per station. For the eight CVO stations the percentage of splits was
higher with an average of 11 splits and 29 nulls per station (84 splits and 174 nulls in total). However, over
the same 2014–2016 recording period with the same availability of events, CVO stations record two splits and
six nulls per station, very similar to the numbers retrieved at iMUSH stations.

Despite the large number of nulls retrieved by this study, they appear consistent with an ENE‐WSW fast
direction of anisotropy (Figures 4 and 5). The majority of null measurements are found on events with back
azimuths in the range 60–90°. This agrees exceptionally well with the fast directions found from the more
limited splitting measurements (blue bars in Figure 4). In addition, splits and nulls tend to be recorded at
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different back azimuths, yet their distribution and relative abundance do not appear to be controlled by the
availability of events (Figure 5). All together this indicates that the nulls are most likely to be generated when

the event back azimuth, and therefore the initial polarization of the SKS
wave, is already aligned with a fast (~75°) or slow (~165°) orientation.
We note that some nulls, albeit fewer in number, are still present across
all back azimuths (Figures 4 and 5). This is likely due to noise on the
seismogram which can obscure the splitting signal on the transverse
component, particularly if it is weak, resulting in a null observation (Liu
& Gao, 2013). Overall, it is insightful that the back azimuths at which
splits and nulls are most (or least) likely to occur are anticorrelated
(Figure 5), suggesting that their distribution is reflective of the
anisotropy. Detailed recording of nulls, as we have performed here, can
therefore be valuable and informative in helping to characterize the
underlying anisotropic structure.

Across the iMUSH array there appears to be little lateral variability in
splitting parameters (Figures 3 and S6), suggestive of a common anisotro-
pic structure at depth. In the asthenosphere, the Fresnel zone of SKS
waves (i.e., the region over which the waves are sensitive to anisotropy)
has a width of 136 km at 200‐km depth (Gudmundsson, 1996). Given
our small 10‐km station spacing, the width of the iMUSH array
(Figure 1b) extending from 123°W to 121.5°W is only ~165 km, which is
comparable to the width of the SKS Fresnel zones in the upper mantle.
Therefore, for most iMUSH stations, SKS phases with near vertical inci-
dence (<10°) will overlap considerably throughout the upper mantle with
sensitivity to the same underlying mantle volume; thus, this explains why
the splitting parameters are so similar from station to station. This
uniquely dense array acts as a focused telescope into the mantle beneath
MSH, allowing us to combine all our results to analyze subtler

Figure 3. Map of average (a) and individual (b) shear wave splitting measurements retrieved at each station. Non‐null
measurements (i.e., splits) are represented by blue bars aligned with the fast direction (Φ) and scaled by the delay time
(∂t) according to the legend shown. Null measurements are indicated by gray crosses aligned with the back azimuth
indicating a potential fast and slow orientation. Previous measurements in the vicinity made by earlier studies are shown
in orange (Bodmer et al., 2015; Currie et al., 2004; Eakin et al., 2010; Long et al., 2009; Martin‐Short et al., 2015; Silver &
Chan, 1991; Vinnik et al., 1992).

Figure 4. Rose diagram of the fast direction (Φ) found by results across all
stations. Similar to Figure 3, both the back azimuth and orthogonal to the
back azimuth are plotted for nulls (in gray), as either is a potential fast
orientation. The majority of split (blue) and null (gray) results are in agree-
ment for an ENE‐WSW fast direction.
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variations and make more robust interpretations that are not possible
using just a single station.

4. Interpreting Variation in Splitting ParametersWith
Back Azimuth

When all the results are combined and the splitting parameters (Φ and ∂t)
are plotted as a function of back azimuth, interesting patterns emerge
(Figures 6a–6d). In particular, the observed fast directions increase (i.e.,
rotate clockwise) from 0–60° back azimuths, followed by a sharp change
at back azimuths of 60–75° (Figures 6a and 6c). The location of this sharp
change is consistent with the back azimuthal distribution of nulls in
Figure 5 which also peak at 60–70°. This 90° periodicity with back
azimuth is a clear yet intriguing feature of our data set. Importantly, the
rotation of the observed fast direction follows a sawtooth pattern with a
well‐defined 45° slope (Φ = back azimuth ±45°). This pattern is seen for
both the RC and SC methods but is most pronounced for the RC method.
It cannot be reproduced by multiple layers of anisotropy (Figure S8),
which only produce a 45° trend approaching the null lines (dotted black
lines) in Figures 6a and 6c (Φ = back azimuth ±90°).

Similar patterns with 45° trends have been observed previously in syn-
thetic tests by Monteiller and Chevrot (2010), Vecsey et al. (2008); and
Wüstefeld and Bokelmann (2007), as well as briefly noted by Menke and
Levin (2003). In Wüstefeld and Bokelmann (2007), characteristic differ-
ences between the RC and SC methods were used to define a null classifi-
cation system whereby it was observed that the measured fast direction
tends to differ by 45° between the two methods when the back azimuth
approaches the fast/slow axis orientation. At such back azimuths, the
RC delay time tends to zero. This is easily explained within the context
of the rotation correlation method. For null observations where all the
SKS energy is contained on the radial (Q) component, and none on
the transverse (T) component, a maximum in cross correlation between
the two horizontal components is found when Q and T are rotated 45°.
In such cases the SKS energy on Q will be subdivided equally between
the test fast and slow components producing identical waveforms on each
component with a zero time lag.

The characteristic differences between the RC and SC methods described by Wüstefeld and Bokelmann
(2007) were primarily based on synthetic seismograms with SNRs of 15 and moderate delay times (1.3 s).
As seen in Figure S5 a SNR of 15 is unusually high for real data with SNRs of 5–10 more typical for measur-
able events. If instead the results of the same set of synthetic tests are compared for seismograms with amore
realistic SNR of 5 and input delay time of 1.0 s (similar to the characteristics of our data set) then both the RC
and SCmethods generate a 45° trend inΦ (Figure 7) similar to what we observe (Figures 6a–6d). It is notable
that the fast direction is much more scattered for SC, but that the greatest deviation still occurs at back azi-
muths close to the fast axis orientation where a sharp change or discontinuity inΦ also occurs. This is likely a
consequence of the SC method becoming less reliable and predictable at near null back azimuths, where it
generates a wide range of possible values (Wüstefeld & Bokelmann, 2007). Those that by chance happened to
agree with the results of the RC method would have been classified as splits, based on our measurement cri-
teria. The 45° trend in Φ retrieved by the SC method in our results is therefore likely due to the requirement
that the two methods should be in agreement (Figures 6 and 7). The results of the SC method will therefore
have a tendency to mimic the RC method, especially when the SNR is relatively low, and the SC method is
more scattered over a greater back azimuthal range.

This apparent misbehavior of our measurement methods in the presence of realistically noisy seismograms
is actually helpful in that the RC method produces systematic errors that are well constrained and

Figure 5. Histogram of the number and type of measurements made
according to back azimuth (modulated over 90°). (top panel) Dashed blue
line is the average fast direction of the splits (mean Φ = 74°). The bottom
panel (black bars) indicates the total number and back azimuthal distribu-
tion of event‐station pairs available to this study.
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Figure 6. Splitting parameters (Φ and ∂t) with respect to back azimuth. SKS splitting results (blue circles with black error
bars) display clear trends and 90° periodicity for both the RC method (a, b) and SC method (c, d). The results follow the
predictions of systematic error (red line, equations (1) and (2)) by Wüstefeld and Bokelmann (2007), which would be
expected for a single anisotropic layer with a fast direction of 73° and delay time of 1.1 s (Figures 7 and S7). The dotted
black line in (a) and (c) indicates values where splitting would not occur, where the fast direction equals the back azimuth
±90°. In Figures 6e and 6f the RC splitting parameters have been corrected for the effects of systematic error, as
demonstrated in (a) and (b), by subtracting out the trend of the solid red line. These corrected results, plotted over the full
360° back azimuth range, are compared to predicted splitting parameters for entrainedmantle flow for various anisotropic
mediums described in the text (indicated by different colored dotted lines). In all cases the modeled anisotropic layer
is 100‐km thick, dipping at 30° with a down dip direction of 100° from north, based on the subduction geometry beneath
the iMUSH array (Figure 9: Hayes et al., 2018). The shear direction is assumed to be parallel to the absolute plate motion of
the Juan de Fuca plate as it subducts (dotted gray curves in Figure 8) which is ~75° beneath Mount St Helens. The
dashed black line indicates the mean corrected Φ and ∂t values. RC = rotation correlation; SC = transverse component
minimum energy method of Silver and Chan (1991); iMUSH = Imaging Magma under St. Helens.
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predictable as a function of back azimuth (orange line, Figure 7). The important characteristics are as
follows: (1) the true Φ and ∂t values are found at back azimuths 45° away from the fast/slow axis
orientations, (2) at all other back azimuths the apparent Φ follows a 45° slope except for a discontinuity at
the fast axis orientation where a zero delay time also occurs, (3) Φ spans a range of ±45° from the true
value. We can use these inherent characteristics to mathematically express the expected or apparent fast
direction (Φapp) and delay time (∂tapp) as a function of the back azimuth (ψ) and the true values (Φtrue

and ∂ttrue)

ϕapp ¼ ϕtrue−
90
π
tan−1 cot

π
90

ψ−ϕtrueð Þ
� �� �

(1)

δtapp ¼ δttrue* sin
π
90

ψ−ϕtrueð Þ
� ���� ��� (2)

where all angles are in degrees. The equation for the apparent fast direction is based on the general equation
for a sawtooth wave with a period of 90° and an amplitude of 45°. The apparent delay time equation is based
on the absolute value of a sine wave. It should be noted that we have empirically derived these equations
based on the synthetic tests of Wüstefeld and Bokelmann (2007) for waveforms with a SNR of 5 and delay
times on the order of 1.0 s (Figure 7). The form of the equations is expected to depend on both the noise level
and the magnitude of delay times; higher SNR and larger delay times are expected to generate the true split-
ting parameters (i.e., a constant value) over an increasingly large range of back azimuths.

Comparing our empirically derived equations to our results produces an excellent match (red line on
Figures 6a–6d). The best fit Φtrue and ∂ttrue parameters of 73° and 1.1 s have been determined through a grid
search and forward modeling. We compared our results against models with fast directions varying from

Figure 7. Results of a synthetic test by Wüstefeld and Bokelmann (2007) demonstrating the expected systematic back azi-
muthal variation of apparent splitting parameters from both the RC (left column) and SC (right column) measurement
methods. Non‐null measurements (green symbols) are retrieved for synthetic seismograms with a signal‐to‐noise ratio of
5, for a single anisotropic layer with a fast direction of 0° and delay time of 1.0 s (dashed black lines). The RC method
produces a clear linear 45° trend in Φ and 90° periodicity in splitting parameters (orange line, plotted according to
equations derived in section 4). The SC method follows a similar pattern, but the results are more scattered. Results are
modified from Figures A7 and A8 of the supporting information of Wüstefeld and Bokelmann (2007). RC = rotation
correlation; SC = transverse component minimum energy method of Silver and Chan (1991).
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0:179° in 1° increments and delay times of 0:4 s in 0.1‐s increments. The difference in the modeled and
observed fast direction, and the delay time, is calculated for each data point and summed over all measure-
ments to find the total misfit inΦ and in ∂t for each pair of model parameters (Figure S7). It is found that the
minimummisfit in Φ occurs for model Φtrue values ranging from 60–78° (Figure S7a). This is constrained by
the possible location of the sharp change or discontinuity in Φ in Figure 6a. The minimum misfit in ∂t
further suggests that within this range the best‐fit Φtrue value is 73° (Figure S7b), which is very similar to
the previously determined mean value of the data set (74°). The minimum misfit in ∂t also suggests a
best‐fit model ∂ttrue value of 1.1 s (Figure S7c), again very similar to the mean value of the observational data
set (1.0 s).

Using these best‐fit Φtrue and ∂ttrue model parameters and our equations for the apparent splitting para-
meters Φapp and ∂tapp we can then correct our measurements for the systematic error in the RC method
(Figures 6e and 6f). Any back azimuthal variations remaining should therefore reflect anisotropic structure
rather than measurement error. The corrected results now follow a flat line (i.e., invariant to back azimuth)
consistent with a single layer of anisotropy.

To the best of our knowledge, this is the first time a 90° periodicity in splitting parameters with a 45° slope
with respect to back azimuth has been robustly observed and described in a real data set. This is likely due to
the limited back azimuthal coverage per station of most SKS studies limited by the availability of global seis-
micity. We have been partially able to overcome this by combining results across the dense iMUSH array.
Each station only records an average of one split and six nulls across the 2‐year time window, but the parti-
cular events that record results can vary slightly between stations (likely dependent on local noise conditions
at each site). When the results from all the stations are combined, this encompasses a much wider range of
back azimuths than is available at any one particular station. With such a well‐sampled back azimuthal
range our results confirm that even a single layer of anisotropy can produce strong back azimuthal variations
with 90° periodicity that could otherwise be misinterpreted as a sign of more complex anisotropy, for exam-
ple, multiple layers. It should however be easy to distinguish between systematic errors in the RC method
and multiple anisotropic layers as the former will follow a strict 45° trend (Φ = back azimuth ±45°).

5. Discussion

Given the overall properties of our shear wave splitting results and outcome of our forward modeling
(Figure 6), we infer the presence of a substantial layer of anisotropy beneath MSH, enough to generate
~1 s of splitting time, with an ENE‐WSW fast direction of ~73°. Given that most of the corrected results
now conform to a mean value (i.e., follow the dashed black line in Figures 6e–6f), it is unlikely that steep
dips or additional significant layers of anisotropy exist beneath MSH, unless the layers have a similar fast
direction. However, we cannot rule out the presence of other thin or weakly anisotropic layers, as might
be expected in subduction zones.

As an example, a thin layer of anisotropic serpentinite has been inferred in the cold hydrated forearc mantle
wedge of Cascadia by several seismic studies (Hansen et al., 2016; Krueger & Wirth, 2017; Nikulin et al.,
2009; Park et al., 2004; Wagner et al., 2013). Most significantly, using sources and receivers from the active
source component of the iMUSH array and studying Moho reflectivity, Hansen et al. (2016) inferred that
MSH directly straddles the eastern inboard limit of the serpentinized mantle wedge. The top of the Juan
de Fuca slab, however, is only 68‐km deep beneath Mount St. Helens (Mann et al., 2019), meaning that
any serpentinized layer can only be a few tens of kilometers thick. This is unlikely to be detected by SKS split-
ting, which has aminimal resolution of 0.5 s (~50 km for 4% anisotropy) for a typical characteristic frequency
of 0.1 Hz (Eakin et al., 2018). This explains why we do not see any variability in shear wave splitting across
the iMUSH array despite the possible presence of a serpentinized mantle wedge toward the west
(see Figure S6).

Other localities where a thin anisotropic layer is likely to exist, but we cannot constrain with SKS splitting,
include the overriding plate (e.g., Balfour et al., 2012; Cassidy & Bostock, 1996; Matharu et al., 2014), and the
subducting Juan de Fuca slab (Audet, 2013; Piana Agostinetti & Miller, 2014). The Juan de Fuca plate sub-
ducting at the trench is very young, less than 10 Myr old (Müller et al., 2008), and is therefore expected to be
thin, less than 50‐km thick according to lithospheric cooling models (Goes et al., 2013). Additionally, it
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appears to be a relatively dry slab (Canales et al., 2017), particularly lacking in serpentization of the
lithospheric mantle from limited offshore bending faults, as is typically associated with strong intraslab
anisotropy (e.g., Faccenda et al., 2008).

This leaves the subslab mantle as the most likely location for where our layer of ENE‐WSW aligned aniso-
tropy resides. Such a trench‐normal anisotropic fast direction is very similar to the absolute plate motion
of the subducting Juan de Fuca plate beneath MSH (~75° from north, Figure 8). This would be equivalent
to the expected shear direction in the case of entrained subslab mantle flow. However, beneath our study
area the Juan de Fuca slab is dipping at 30° toward the east (downdip direction of 100°) based on the most
recent slab contours (Hayes et al., 2018). Any entrained mantle layer would be expected to possess a similar
dipping geometry.

In Figures 6e and 6f we compare SKS splitting predictions against our corrected results for a range of pos-
sible anisotropic fabrics (dotted colored lines) under the geometrical assumptions of subslab entrainment
and a layer thickness of 100 km. We compare predictions from six different elastic tensors. These include
four different olivine LPO fabrics (A‐, B‐, C‐, and E‐types) derived from laboratory experiments exploring
different physical and chemical conditions present in the upper mantle (Karato, 2008). We also compare
predictions from natural samples of San Carlos olivine, which display single‐crystal hexagonal symmetry
characterized by a fast direction along the crystal a axis [100] (Abramson et al., 1997). Given that the ani-
sotropic strength of a single crystal is considerably higher than that expected in the upper mantle where
crystal alignment is imperfect, we dilute the anisotropy by a factor of 2.6 to achieve 4% anisotropy, consis-
tent with natural peridotites (e.g., Christensen, 1984). Lastly, we include predictions from the entrained
orthorhombic anisotropy model of Song and Kawakatsu (2012), which assumes that the suboceanic asthe-
nosphere has combined azimuthal and radial anisotropy. In all cases the elastic tensor undergoes a 3‐D

Figure 8. Regional splitting patterns across Cascadia and the western United States overlain on upper mantle velocity
anomalies at 200‐km depth. The mean splitting parameters retrieved from this study (Φ = 74° and ∂t = 1 s) are shown
by the black bar. Previous splitting results averaged over 1° × 1° latitude and longitude bins are plotted in gray. These
demonstrate a coherent splitting pattern throughout Cascadia that closely follow motion of the Juan de Fuca plate and its
subduction. Averaged splitting is based on all prior results cataloged in the IRIS Shear‐Wave Splitting Database (IRIS
DMC, 2012) originating from a wide compilation of studies (Table S2). The velocity anomaly shown is a horizontal cross
section at 200 km from the CASC16 P wave model (Hawley et al., 2016) highlighting the position of the Juan de Fuca slab
at this depth (north‐south high velocity feature in blue). Curved dotted gray lines represent the rotational nature of the
absolute plate motion of the Juan de Fuca plate about its Euler pole (gray dot) as it subducts beneath North America
(Gripp & Gordon, 2002). This figure is an updated version of Figure 2 in Eakin et al. (2010).
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rotation into the subduction geometry utilizing the calculations for a dip-
ping anisotropic layer within the Matlab Seismic Anisotropy Toolbox,
that is, MSAT (Walker & Wookey, 2012). Splitting parameters are
predicted by solving the Christoffel equation for a given raypath (back
azimuths ranging 0–360°, incidence angle: 10°, SKS period: 10 s) through
the defined anisotropic medium.

We find that predictions from single crystal olivine (pink dotted line), and
olivine LPO fabrics of A‐type (purple) or E‐Type (light blue) are consistent
with our corrected results passing through the majority of measurements
(Figures 6e and 6f). Predictions of an entrained layer of B‐type (yellow) or
C‐type (red‐orange) olivine LPO, or the orthorhombic anisotropymodel of
Song and Kawakatsu (2012; green) are found to be inconsistent with our
results. We note that in any of these cases the delay times could be better
matched by adjusting the layer thickness, but the current configuration
illustrates the relative anisotropic strengths of eachmedium. Overall these
models suggest that our results can be fully explained by an entrained
upper mantle that is either dry (A‐type) or moderately hydrated (E‐type)
and under ambient stress and temperature conditions (Karato et al.,
2008). Olivine fabrics representing the most hydrated mantle states (C‐
type and B‐type) can be ruled out.

We therefore infer that our ENE‐WSW anisotropic fast direction most
likely represents a layer of the asthenosphere (on the order of 100‐km
thick) entrained with the downgoing Juan de Fuca slab (Figures 7 and
8). Similar SKS splitting patterns are seen throughout the length and
breadth of the Cascadia subduction zone (Figure 8). This includes offshore
SKS splitting results that closely follow the Juan de Fuca plate motion sug-
gesting the development of asthenospheric shear as the plate spreads

away from the mid‐ocean ridge (Bodmer et al., 2015; Martin‐Short et al., 2015). Moreover, from the trench
eastward, there is a progressive clockwise rotation of the fast splitting direction from NE‐SW to E‐W. This
rotation in Φmatches the rotation of the absolute Juan de Fuca plate motion exceptionally well (dotted gray
curved lines in Figure 8). The Euler pole of the Juan de Fuca plate in the hotspot mantle reference frame
(Gripp & Gordon, 2002) is close by (39.2°N, 119.4°W; gray dot in Figure 8), which generates a strong rota-
tional motion. This factor is often overlooked by other studies that simply plot one arrow vector to capture
the plate motion.

Previously, the change in fast direction from NE‐SW in the forearc to E‐W in the backarc, particularly
beneath Oregon, has been cited as a crucial piece of evidence for large‐scale toroidal mantle flow driven
by slab rollback (Druken et al., 2011; Long, 2016; Long et al., 2009, 2012; Zandt & Humphreys, 2008).
Considering the rotational motion of the Juan de Fuca slab and entrainment of the upper mantle, large‐scale
toroidal flow does not need to be invoked to explain the E‐W splitting patterns. However, it may still be
required to explain the unusual pattern of backarc volcanism in the High Lava Plains located at 43°N,
120°W (Long et al., 2012).

The exceptional consistency between the fast direction and the motion of the Juan de Fuca plate as it sub-
ducts suggests that there is coherent along‐strike entrainment of the mantle asthenosphere by the down-
going slab (Figures 8 and 9). While entrained subslab mantle flow has occasionally been inferred from
shear wave splitting in some other subduction settings (e.g., Eakin et al., 2015; Lynner & Long, 2014;
Reiss et al., 2018; Soto et al., 2009), Cascadia is unique in the consistency and simplicity of its trench‐normal
splitting pattern seen throughout the entire subduction zone. This has several implications for the degree of
coupling and style of interaction between the slab and the upper mantle in Cascadia versus other subduction
zones globally.

First, it implies efficient and consistent coupling of the underlying asthenosphere with the subducting slab in
order to produce such coherent splitting. This could be related to the prominent low‐velocity asthenospheric
material recently imaged beneath the Juan de Fuca plate at the Cascadia forearc (Bodmer et al., 2018;

Figure 9. Schematic east‐west cross section through the Cascadia subduc-
tion zone beneath Mount St. Helens illustrating inferred mantle flow
entrained with the downgoing slab. The Fresnel zone of SKS waves at
asthenospheric depths (~200 km) is calculated to be similar in lateral extent
to the width of the iMUSH seismic array (Gudmundsson, 1996). Slab geo-
metry is plotted based on the Slab2 model for Cascadia (Hayes et al., 2018).
Extent of serpentinized mantle wedge as proposed by Hansen et al. (2016) is
outlined in green. iMUSH = Imaging Magma under St. Helens.
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Hawley et al., 2016), and as seen west of the high‐velocity slab in Figure 8. Widespread subslab entrainment
would appear to contradict the authors' idea that this low‐velocity region reflects buoyant low‐viscosity
material that may decouple the subducting plate from the underlying asthenosphere. Conversely, mantle
viscosity may be dynamically lowered due to strong slab‐induced mantle flow where the rheology is non‐
Newtonian and strain rate dependent, particularly close to slab edges (e.g., Jadamec, 2016). Nonetheless this
north‐south trending low‐velocity anomaly is imaged along‐strike underneath the slab down to 300 km sug-
gesting at least some entrainment of the asthenospheric material to depth (Hawley et al., 2016).

Second, the fragmentation of the Juan de Fuca slab imaged by many studies is thought to be particularly
important for the resulting mantle flow field (Pavlis et al., 2012); an example of the weak (or absent) slab
anomaly beneath northern Oregon can be seen in Figure 8. This would provide an escape route for the
entrained mantle flow either under the slab or through a slab gap as first suggested by Eakin et al. (2010)
and Obrebski et al. (2010).

Lastly, a notable feature of the broader Cascadia splitting pattern is the striking change in fast direction at
the Mendocino Triple Junction (MTJ) at the southern end of the Cascadia subduction zone (124°W, 40°N;
Figure 8) suggestive of localized mantle flow around the slab edge (Eakin et al., 2010). Diversion of the asth-
enosphere around the southern edge of the Juan de Fuca slab is consistent not only with the pattern of SKS
splitting but also with the curvature and continuation of the low‐velocity anomaly from west to south of the
slab (Figure 8; Hawley et al., 2016). Similar patterns have also been observed at the northern end of Cascadia
(Mosher et al., 2014). This abrupt change in ENE‐WSW fast directions where the slab ends lends further sup-
port to our argument that the detected anisotropy beneathMSH primarily reflects entrainment of the mantle
with the subducting Juan de Fuca slab.

6. Conclusion

Analysis using the iMUSH array has provided an unprecedented density and azimuthal coverage of SKS
splitting measurements beneath MSH in the Cascadia subduction zone. A 90° periodicity of splitting para-
meters with back azimuth has been revealed, which we demonstrated to be the result of systematic error
inherent within the measurement method. The corrected results are consistent with a ~100‐km‐thick layer
of the subslab mantle of either A‐type or E‐type olivine LPO fabric entrained with the downgoing Juan de
Fuca plate. In Cascadia, pervasive entrainment of the subslab mantle is thought to be aided by the fragmen-
ted nature of the Juan de Fuca slab in the upper mantle and transition zone. This relationship can likely be
further tested by combining mantle flow indicators with high‐resolution images of tears, gaps, and holes in
subducting slabs worldwide (e.g., Lynner et al., 2017). The outcome of this work will have implications for
the degree of coupling between slab fragments and the surrounding mantle flow field and, in general, for
subducting slabs as drivers of the global mantle convection system. This is likely to have important conse-
quences for volcanism and dynamic topography in subduction zones and the associated patterns of surface
topography and deformation (Eakin & Lithgow‐Bertelloni, 2018).
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