
1.  Introduction
Seismic anisotropy, or the dependence of seismic wavespeeds on polarization or propagation direction of the 
wave, has been extensively studied in the upper mantle (e.g., Liu et al., 2014; Savage, 1999; Silver, 1996; Zhu 
et al., 2020). It can be characterized using surface waves, which permit a relatively good depth resolution of seis-
mic anisotropy (e.g., Panning & Nolet, 2008; Yu & Park, 1993; Yuan & Beghein, 2014); alternatively, shear-wave 
splitting of body waves can be used for a higher lateral resolution (e.g., Lopes et al., 2020; Russo et al., 2010; 
Walpole et al., 2014). The typical motivation to study seismic anisotropy is to map mantle deformation and flow 
(e.g., Karato et  al.,  2008). The fast polarization direction of upper mantle anisotropy often aligns with plate 
motions (e.g., Becker & Lebedev, 2021; Long & Becker, 2010; Silver, 1996), although there are some excep-
tions, particularly in subduction zones (e.g., Kneller et al., 2005; Long, 2013). Therefore, measurements of upper 
mantle seismic anisotropy are a powerful tool to map the global upper mantle flow field.

Measurements of shear-wave splitting are commonly applied to SKS, SKKS, and PKS (*KS) phases and 
are generally thought to mainly reflect seismic anisotropy in the upper mantle beneath the station (e.g., Liu 
et al., 2014; Silver, 1996; Walpole et al., 2014), although contributions from the lowermost mantle are possible 
(e.g., Grund & Ritter, 2018; Lynner & Long, 2012; Niu & Perez, 2004; Wolf & Long, 2022; Wolf et al., 2019). 
*KS are popular target phases because they are initially radially polarized due to the P to SV conversion at the 
core-mantle boundary (CMB). Splitting measurements from *KS phases have been applied to a large number 
of stations across the globe, and many measurements have been made available in open access databases (e.g., 
Barruol et al., 2009; Liu et al., 2014; Trabant et al., 2012). These databases give an excellent overview of upper 
mantle splitting world-wide, although there are some poorly sampled areas. The abundance of splitting data is 
controlled by the station density in any particular region. For example, data coverage is sparse beneath ocean 
basins (e.g., Barruol et al., 2009; Liu et al., 2014; Trabant et al., 2012) because seismic receivers are difficult and 
expensive to install there.
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our study region mostly reflects shearing due to the Pacific plate. North of Fiji, we observe a rotation of fast 
polarization directions, away from the direction of absolute plate motion of the Pacific plate. This may reflect 
far-field mantle flow effects associated with the subduction of the Australian plate beneath the Pacific.
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infer upper mantle seismic anisotropy beneath the Pacific Ocean in places without nearby seismic stations. Our 
measurements show that while seismic anisotropy varies laterally beneath the Pacific Ocean, in most cases it 
can be explained by the movement of the Pacific tectonic plate, leading to horizontal shearing of the underlying 
mantle. North of Fiji, we can observe the effects that the subduction of the Australian beneath the Pacific 
tectonic plate has on upper mantle flow.
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Su and Park  (1994) suggested that the global resolution of upper mantle 
anisotropy can be improved by comparing shear-wave splitting of PS and 
SKS phases (Figure 1b), a method that has not been used since. PS and SKS 
are both initially SV polarized before sampling anisotropy due to the P-SV 
conversions along their raypaths. They both sample similar upper mantle 
anisotropy beneath the receiver; however, PS additionally accumulates split-
ting on the portion of its raypath that travels through upper mantle anisotropy 
after bouncing off the surface. Therefore, differential splitting of PS and SKS 
for the same station-event pair, or for sets of waves with similar paths, indi-
cates an upper mantle anisotropy contribution close to the PS bounce point. 
If seismic stations are available in the vicinity of the PS bounce point, there 
is no clear advantage of using PS-SKS splitting instead of traditional SKS 
splitting measurements. However, if no seismic stations are available, then 
PS-SKS splitting is an excellent option. Thus, PS-SKS splitting holds poten-
tial to fill in sampling gaps of upper mantle anisotropy studies, particularly 
beneath ocean basins.

In this study, we analyze upper mantle anisotropy beneath the Pacific Ocean, 
which has only been sparsely sampled to date using shear wave splitting meas-
urements (e.g., Barruol et al., 2009; Liu et al., 2014; Trabant et al., 2012). 
We apply the PS-SKS splitting technique to events with moment magnitudes 

>6.0 that occurred between January 2006 and December 2022 in an epicentral distance of 90°–115° from USAr-
ray (IRIS Transportable Array, 2003) stations, in the continental United States and Alaska. This allows us to 
construct a large data set (consisting of 320,000 seismograms in total; Figure 1a). We show that fast polarization 
directions of upper mantle anisotropy tend to align with the absolute plate motion of the Pacific plate for much 
of our study region; however, far-field effects on flow from the circum-Pacific subduction zones complicate this 
pattern.

2.  Shear-Wave Splitting Measurements
When a shear wave travels through an anisotropic medium, it splits into two components, one traveling rela-
tively slow and the other traveling fast. The time delay between these two components is usually referred to as 
δt, while the polarization direction of the fast traveling wave (measured clockwise from the north) is called ϕ. 
We call the fast polarization direction measured at the station ϕR. This parameter, translated to the bounce point 
reference frame for PS, can be expressed via ϕ = b − (ϕR − b), with b denoting the backazimuth. This conver-
sion to the  bounce point geographical frame is necessary because the PS wave accumulates splitting close to the 
bounce point on the downgoing (but not upgoing) raypath leg. Therefore, the fast polarization direction needs to 
be reflected across the backazimuthal direction, analogous to the conversion commonly applied for source-side S 
splitting measurements (e.g., Lynner & Long, 2014; Russo et al., 2010).

A parameter that can be used to define the strength of splitting for a given seismogram is the splitting intensity 
(Chevrot, 2000), SI, defined as

SI = −2
� (�)�′(�)
|�′(�)|2

≈ �� sin[2(� − ��)]� (1)

where R(t) is the radial component, R′(t) is the time derivative of the radial component and T(t) is the transverse 
component. The splitting intensity is large if the transverse component, T(t), and the radial component time deriv-
ative, R′(t), have a similar waveform shape, and if the amplitude of the transverse component is large, reflecting 
energy that has been partitioned from the radial to the transverse component. The 95% confidence interval of SI 
is determined using the formulas from the appendix of Chevrot (2000).

We use SplitRacer_auto (Link et al., 2022; Reiss & Rümpker, 2017) to automatically measure the splitting param-
eters (ϕ, δt, and SI) for our large PS-SKS data set. We filter our data retaining periods between 6 and 25  s. 
Then, we calculate splitting parameters for 30 randomly selected time windows, and only retain measurements 
if they are largely independent of the measurement window. SplitRacer_auto uses the transverse component 

Figure 1.  (a) Source-receiver distribution for all event-station pairs for 
which at least one well-constrained differential PS-SKS splitting intensity 
measurement could be obtained. Events are represented as yellow stars and 
stations as black circles. (b) Cross-section showing SKS (black) and PS (red) 
raypaths for an epicentral distance of 110°.
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minimization technique (Silver & Chan,  1991), and calculates 95% confidence intervals using the corrected 
algorithm of Walsh et al. (2013). We modify SplitRacer_auto slightly to be able to make splitting measurements 
for PS phases.

3.  PS-SKS Splitting: Method Verification
At an epicentral distance of ∼90°, SKS starts to be clearly separated from S and ScS. The PS turning point in 
the mantle is more than 500 km above the CMB for epicentral distances <115°, such that no major contribution 
from deep mantle anisotropy (typically confined to D′′ layer; e.g., Panning & Romanowicz, 2006) is expected 
to influence PS at these distances. We therefore choose to investigate PS-SKS splitting in the epicentral distance 
range between 90° and 115°.

Before we can apply the PS-SKS splitting technique systematically, however, we explore two possible sources 
of uncertainty. First, while the raypaths of PS and SKS are similar in the upper mantle beneath the receiver, 
they are not completely identical (Figure 1b). We therefore investigate the threshold difference in PS and SKS 
splitting for which differential splitting is robustly indicative of anisotropy close to the PS bounce point. Second, 
we investigate whether SP, which arrives at the same time as PS for a focal depth of 0 km but mainly on the 
vertical component, does influence the measured PS splitting parameters. To explore these two questions we use 
global wavefield simulations with AxiSEM3D (Leng et al., 2016, 2019), following previous work (Tesoniero 
et al., 2020; Wolf & Long, 2023; Wolf et al., 2022b, 2023).

For our simulations we always place the source at the North Pole, simulating an earthquake with either 0 or 
500 km focal depth. The background velocity structure in our simulations is always isotropic PREM (Dziewonski 
& Anderson, 1981), which is replaced at certain depths in the upper mantle by seismic anisotropy. To describe the 
seismic anisotropy, we use the olivine elastic tensors from Table 21.1 in Karato (2008) for the fabric types that are 
potentially widespread in the upper mantle (A, C, and E), assuming a horizontal simple shear configura tion. These 
fabric types occur under different temperature, stress, and different water contents and have different elastic proper-
ties. We incorporate these elastic tensors starting at a depth of 24 km and then adjust the anisotropic layer thickness 
such that the maximum (sampling azimuth dependent) delay time (depending on the sampling azimuth) is ∼1 s. 
The starting depth is selected arbitrarily, and the maximum delay time is selected to represent moderate splitting.

In the first set of simulations we investigate the maximum difference in PS and SKS splitting for an anisotropic 
layer beneath the receiver and no seismic anisotropy at the bounce point. To test this, we conduct simulations 
for an epicentral distance of 90° (Figure 2a inset), for which the spatial separation of PS and SKS raypaths in the 
upper mantle beneath the receiver is the largest. We simulate an earthquake at 500 km depth, whose focal mecha-
nism is chosen to maximize PS and SKS amplitudes by yielding an initially fully radially polarized S wave, with 
Mtt as the only non-zero component of the moment tensor (corresponding to a strike direction of 0°). The event 
initial polarization is chosen to lead to high-amplitude SKS arrivals but is arbitrary apart from this. Our results 
in these simulations mainly depend on the difference of PS and SKS raypaths in the receiver side upper mantle 
and are therefore largely independent of source depth. We rotate the A-, C-, and E-type elastic tensors around the 
vertical axis in increments of 15°, thus sampling different portions of the tensor with propagating PS and SKS 
waves, and measure PS and SKS splitting intensities (Figures 2a–2c).

We find that while the detailed patterns depend on the fabric type, upper mantle anisotropy beneath the receiver 
leads to SI differences up to 0.4 s between PS and SKS (Figures 2a–2c). Splitting intensity differences of PS 
and SKS phases depend on the olivine fabric type and the orientation of the anisotropy (Figures 2a–2c). For 
example, SI difference patterns vary for a fast axis dip angle of 45°, although the absolute value is always <0.4 s 
irrespective of the rotation angle (Figures 2a–2c). As described above, we test moderate strengths of upper mantle 
splitting. For weaker splitting close to the receiver, the 0.4 s SI difference threshold will likely be lower and for 
stronger splitting, higher. However, such effects at single stations can be mitigated either by binning and stacking 
data from multiple events, or by focusing on source-event pairs for which the upper mantle beneath the receiver 
leads to null SKS splitting. We will use both approaches in our analysis.

To test whether the contemporaneous SP arrival influences the measured PS splitting parameters, we conduct a 
second set of simulations. We simulate a strike-slip and a normal faulting event with a focal depth of 0 km and 
a strike direction of 0° at the North Pole and place stations at an epicentral distance of 100°, spaced every 5° in 
longitude (Figures 2d and 2e inset). We measure PS-SKS splitting for waves arriving from backazimuths from 
0° to 90°. This measures energy from one quadrant of the moment tensor, thereby effectively varying PS/SP 
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amplitudes as a function of backazimuth. For all simulations, we incorporate the same olivine A-type elastic 
tensor in  the upper mantle, such that splitting parameters should be independent of backazimuth. For the strike-
slip event, for backazimuths around 0° and 90°, there is little initial SV energy due to the radiation pattern; in 
practice, such seismograms would be discarded in the pre-processing (Figure 2d). Apart from that, for both the 
strike-slip (Figure 2d) and the normal fault event (Figure 2e), PS splitting intensities are essentially the same 
regardless of backazimuth. Thus, we infer that the influence of different PS-SP amplitudes on PS splitting meas-
urements is negligible, and SP cannot be expected to interfere substantially with PS splitting measurements.

Summarizing our modeling results, we have shown that PS-SKS splitting intensity differences greater than ∼0.4 s 
can likely be attributed to anisotropy near the PS bounce point. This 0.4 s cutoff is chosen considering a worst-
case scenario with an epicentral distance of 90° (Figures 2a–2c). Additionally, we have demonstrated that SP 
does not interfere strongly with PS splitting, which enables us to measure PS-SKS splitting for any focal depth 
(Figures 2d and 2e).

4.  Results
From our USArray data set, we obtain ∼6,000 PS-SKS pairs for which both phases have well-constrained split-
ting intensities, which we define as having a maximum size of the 95% confidence interval of ±0.4 s. We addi-
tionally obtain 30 splitting measurements for which SKS splitting is null (|SI| < 0.3 s) and ϕ-δt-measurements for 

Figure 2.  Results from global wavefield simulations that investigate (a–c) PS-SKS splitting in the presence of (only) receiver 
side anisotropy and (d, e) the influence of the SP phase on splitting parameters. (a) PS (red) and SKS (black) splitting 
intensities along with their absolute differences (blue) as a function of rotation angle (in the horizontal plane) of an olivine 
A-type elastic tensor (see text) in a horizontal simple shear configuration. Gray shading indicates splitting intensities between 
−0.4 s and 0.4 s. The source-receiver configuration is shown on the inset at top right. The inset at the bottom shows the SI 
difference results from analogous simulations for a fast axis with a dip angle of 45°. (b) Same as (a) for an olivine C-type 
elastic tensor. (c) Same as (a) for an olivine E-type elastic tensor. (d) PS (red) and SKS (black) splitting intensities and their 
absolute differences (blue) as a function of backazimuth for an olivine A-type elastic tensor and a strike-slip event. Other 
plotting conventions are as in panel (a). (e) Same as panel (d) for a normal fault event.
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PS are well-constrained. We consider PS (ϕ, δt) measurements well-constrained whenever the size of the 95% 
confidence intervals is smaller than ±25° for ϕ and ±1.0 s for δt. A splitting measurement example for such a 
PS-SKS pair is shown in Figure 3. In this case, the SKS transverse component energy is close to the noise level, 
suggesting null or near-null splitting; in contrast, we can observe clear PS splitting. Since SKS splitting is null, 
PS splitting can mainly be attributed to bounce point anisotropy. Besides the splitting intensity, for this example 
ϕ and δt are also well-constrained for PS, revealing the fast polarization direction and time delay associated with 
upper mantle anisotropy near the bounce point.

To increase the number of useable measurements, we also implement an alternative approach that does not 
only focus on PS-SKS pairs for the same source and receiver. For every well-constrained PS splitting intensity 
measurement, we calculate the average SKS splitting intensity at the station in a 5° backazimuthal swath around 
the incoming PS backazimuth. We then calculate the SI difference between the PS measurement and the SKS 
average for the bin. In a similar way, we backazimuthally bin SKS to obtain reliable (ϕ, δt) measurements for PS: 
If at least 70% of the SKS SI measurements in a backazimuthal bin of up to 10° around the PS backazimuth are 
null, we report well-constrained (ϕ, δt) measurements from PS. If we can obtain a sufficient number (∼10) of 
well-constrained SKS measurements in a tighter bin than 10° around the backazimuthal direction of whom 70% 
are null (avoiding potential backazimuthal spread of values), we also report the PS splitting measurement. Using 
this approach, we increase the number of useable SI and (ϕ, δt) measurements between two- to three-fold, thereby 
increasing coverage. Importantly, the general patterns are the same as when we use PS-SKS pairs (Figure 4).

Figure 3.  Differential PS-SKS splitting measured at station Q31A for an event that occurred on 11 August 2010 (moment 
magnitude: 7.3; focal depth: 34 km; distance: 103°; and backazimuth: 258°). (a) SKS (top) and PS (bottom) radial (R) and 
transverse (T) waveforms. The PREM-predicted phase arrival time is shown by a light green line and the start/end of the 
automatically selected measurement windows are shown as orange lines. SKS transverse energy is at the noise amplitude 
level; therefore, SKS splitting is null. (b) PS particle motions before (left) and after (right) correcting for the phase's best 
fitting splitting parameters. Both are linear for SKS whose splitting is null (top), while only the corrected particle motion of 
the split PS phase is linear (bottom). (c) Best fitting splitting parameters (crossing red lines) for SKS (left) and PS (right) in 
the ϕR-δt plane. The 95% confidence interval is shown in black. SKS splitting is null, while ϕ, δt, and SI, given by the values 
at lower right, are well-constrained for PS.
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In general, splitting intensity discrepancies will depend on the sampling direction of the anisotropy, as well as on 
the strength and geometry of anisotropy. However, since all data sample the upper mantle from a similar direction 
in any particular region in our data set, it is useful to average our differential splitting intensity measurements 
in spatial bins, since individual data points (plotted at the PS bounce point) lie on top of each other (Figures 4a 
and 4b). We bin our bounce point splitting data using bins with a size of 2.5° × 2.5°; the results are shown in 
Figures 4a and 4b. We select this bin size as the approximate radius of the first Fresnel zone for PS, assum-
ing a dominant period of 10 s and a source-receiver distance of 110°, inferred following Su and Park (1994). 
(Strictly speaking, the shape of the first Fresnel zone will be elliptical, but we neglect this for the purpose of this 
calculation.)

We first focus on spatial patterns of differential PS-SKS splitting intensity discrepancies. We can identify four 
distinct anisotropic regions labeled 1–4 in Figure 4b. For the identification of these regions we only focus on 
clusters of bins that indicate strong PS-SKS splitting discrepancies (Figure 4b), and only select those bins that 
exhibit a good ray coverage (Figure 4c) with more than 10 measurements per bin. The distribution of those 
regions illustrates that the upper mantle beneath the Pacific Ocean is anisotropic in many areas. We emphasize 
that with our approach, we are not able to exclude the possibility of upper mantle anisotropy in regions that do not 
exhibit large PS-SKS splitting discrepancies. While the absence of seismic anisotropy is one explanation for low 
PS-SKS splitting intensity discrepancies, another explanation is that the upper mantle seismic anisotropy close 
to the PS bounce point is sampled from a direction that does not lead to strong PS splitting (i.e., a null direction).

More informative than the differential PS-SKS splitting intensities are measurements of fast polarization direc-
tions and delay times caused by upper mantle anisotropy close to the PS bounce point. To avoid applying explicit 
ray-theoretical corrections for receiver side upper mantle anisotropy, which can have significant uncertainties 
(Wolf et al., 2022a), we focus on PS measurements for which (ϕ, δt) is well-constrained and the corresponding 
SKS splitting is null, using either the PS-SKS pair approach or the SKS backazimuthal binning approach. For 

Figure 4.  Differential PS-SKS splitting results. (a) Average PS-SKS splitting intensity discrepancies plotted at the PS bounce 
point and binned spatially (δSI, see legend) for a bin size of 2.5° × 2.5° only using PS-SKS pairs from the same seismogram. 
(b) Same as panel (a) using the backazimuthal averaging of SKS splitting parameters described in Section 4. Distinct regions 
(1–4) with high splitting intensity discrepancies are marked as colored boxes. (c) Number of measurements per bin (see 
legend) for the differential SI measurements shown in panel (b). (d) Well-constrained PS (ϕ, δt) measurements (black sticks) 
for null SKS splitting, plotted in ray-centered coordinates at the PS bounce point, using backazimuthal averaging of splitting 
parameters. The same four regions are marked as in panel (b). Dashed arrows represent absolute plate motions (DeMets 
et al., 2010). Plate boundaries (Coffin et al., 1997) are shown by blue lines. Light gray lines indicate azimuthal anisotropy at 
200 km depth from Debayle et al. (2016).

 19448007, 2023, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104402, W

iley O
nline L

ibrary on [18/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

WOLF AND LONG

10.1029/2023GL104402

7 of 9

the anisotropic regions marked in Figure 4b, we obtain multiple well-constrained (ϕ-δt) measurements for PS 
(Figure 4d). Fast polarization directions are oriented roughly east-southeast/west-northwest for regions 1 and 2 
(Figure 4d); average delay times are approximately 30% larger for region 2. In the west of region 2, fast polar-
ization directions are oriented almost south/north. Region 3 shows approximately east/west fast directions, and 
region 4 southwest/northeast fast direction orientations. Most of the other measurements are scattered across 
different locations and generally show no consistent orientation of fast polarization directions.

5.  Discussion
For much of our study region, no traditional SKS splitting measurements are available in global databases. 
Measurements made using ocean bottom seismometer (Takeo et al., 2016) data and using ocean island stations 
(Fontaine et al., 2007) around French Polynesia, to the south and east of regions 1 and 2 (Figure 4d), show fast 
polarization directions that generally align with the absolute plate motion direction of the Pacific plate. Previ-
ous PS-SKS splitting results from Su and Park (1994) focused on a region slightly to the south of region 2, and 
agree with the fast polarization directions measured in this study. Additionally, patterns of azimuthal anisotropy 
at ∼200 km depth that have been inferred from surface waves in multiple studies (e.g., Becker, 2012; Debayle 
et al., 2016; Eddy et al., 2022; Lebedev & Van Der Hilst, 2008; Yuan & Beghein, 2014) are similar to our meas-
urements in regions 1 and 2 (Figure 4d). Taken together, our results and the results from previous studies suggest 
consistent east-southeast oriented fast directions in and around regions 1 and 2. These fast polarization directions 
agree well with the direction of absolute plate motion of the Pacific plate (Figure 4d), and are therefore likely 
primarily caused by plate motion induced shearing in the asthenospheric upper mantle.

In the west of region 2, we can observe a rotation of fast polarization directions to being nearly south-north 
(Figure 4d). However, given the limited number of measurements, it is unclear how robust this trend is. This 
geometry is generally consistent with some azimuthal anisotropy models derived from surface waves (e.g., Eddy 
et al., 2022; Yuan & Beghein, 2014), which show weak anisotropy in this region for depths >100 km and approx-
imately north-northeast fast polarization directions above that depth. In fact, measurements of azimuthal anisot-
ropy from surface waves show fast polarization directions that differ from the direction of absolute plate motion 
in regions adjacent ot circum-Pacific subduction zones (e.g., Debayle et al., 2016; Eddy et al., 2022; Yuan & 
Beghein, 2014). We hypothesize that the rotation of fast polarization directions in the west of region 2 may be 
caused by far-field effects of three dimensional flow associated with the subduction of the Australian underneath 
the Pacific plate (Faccenda & Capitanio, 2012; Paczkowski et al., 2014).

Measurements in region 3 agree well with surface wave models (e.g., Debayle et al., 2016; Eddy et al., 2022; 
Yuan & Beghein, 2014) and with the direction of absolute plate motion. We also compare our measured fast 
polarization directions in region 4 to surface-wave derived azimuthal anisotropy, and find they agree well. Addi-
tionally, region 4 fast directions agree well with previous SKS splitting results from Hicks et al. (2012) just to 
the north. This direction is not parallel to the absolute motion of the Nazca plate; rather it is oblique to the trench 
of the south American subduction zone. This direction may indicate a component of three-dimensional flow in 
the South American subduction system, consistent with inferences from elsewhere along the margin (e.g., Eakin 
et al., 2014; Long et al., 2016; Lynner & Beck, 2020).

6.  Conclusion
We used the PS-SKS splitting technique to measure upper mantle anisotropy beneath the Pacific Ocean, a region 
in which splitting measurements using traditional *KS splitting techniques are hard to obtain due to a paucity of 
seismic stations. Our results indicate that seismic anisotropy is mostly caused by shear associated with the motion 
of the Pacific plate. A subtle rotation of upper mantle fast polarization directions north of Fiji may reflect three 
dimensional flow associated with the Vanuatu subduction zone.

Data Availability Statement
All USArray data (IRIS Transportable Array, 2003) are publicly available at IRIS (https://service.iris.edu/). The 
synthetic seismograms for this study were computed using AxiSEM3D which is publicly available at https://
github.com/AxiSEMunity (Leng et al., 2016, 2019). SplitRacer_auto, a modified version of which was used in the 
splitting analysis, is available at https://www.geophysik.uni-frankfurt.de/64002762/Software (Link et al., 2022).
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